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Abstract

The basal ganglia play an essential role in movement selection and control. It is
therefore not surprising that they are central to neurodegenerative diseases like
Parkinson’s disease and Huntington’s disease. As such, greater knowledge of how the
different parts of the basal ganglia behave, both in their normal and in disease states,
will increase our understanding of the system and help in finding new and improved
ways to treat the possible disorders.

In this thesis we were interested in the starting point of the basal ganglia, the medium
spiny neurons of the striatum. Generally categorized into two groups, the direct
pathway medium spiny neurons, projecting to the substantia nigra and responsible for
activating action, and the indirect pathway medium spiny neurons, projecting to the
globus pallidus and responsible for inhibiting action. We were interested in exploring
their respective miRNA profiles to find if there were large differences between the two.
MiRNA are small ssRNAs, around 22 nt in length that function as guides for the RNA-

induced silencing complex to downregulate protein expression.

Through the expression of a fusion-protein composed of one of the components of the
RNA-induced silencing complex responsible for miRNA binding, and GFP, it is
possible to isolate the miRNA populations of cells expressing this fusion-protein. We
injected virus, expressing the fusion-protein and capable of retrograde transport, into
these areas. We were able to show that both a lentivirus containing a rabies virus fusion
envelope, and an adeno-associated virus with a modified AAV2 capsid could be used
for this purpose. Following successful transduction of cells in the striatum by retrograde
transport, miRNA was sequenced and compared between the two populations. In total
eight different miRNA were found to be differentially expressed between them. One of
which had simultaneously also been identified by another group using a different set of
methods in mice. Finally, we also explore the expression profile of a dopamine receptor
D2 specific promoter element within the dorsal striatum.
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Populirvetenskaplig sammantfattning

De basala ganglierna ir en grupp av omraden i hjirnan som spelar en central roll f6r
var forméga att utfora handlingar. Det 4r dérfér foga forvanande att sjukdomar som
har en inverkan pa deras funktion kan fa langtgéende negativa konsekvenser. Férutom
neurodegenerativa sjukdomar sisom Parkinsons sjukdom och Huntingtons sjukdom,
sd dr de basala ganglierna 4ven involverade i neurologiska sjukdomar som Tourettes
syndrom, Cerebral pares, OCD och Tardiv dyskinesi. Den stora mangden sjukdomar
kopplade till dem basala ganglierna motiverar behovet av att 6ka férstaelsen for hur de
olika delarna av detta komplexa nitverk fungerar.

Det finns tva kanaler lings vilken informationen flédar genom dem basala ganglierna,
den direkta kanalen samt den indirekta kanalen. Nir informationen leds igenom dessa
tva olika kanaler sa bearbetas och modifieras den beroende pa tidigare erfarenheter, innan
den slutligen leder till handling. De byggstenar som utgor dessa kanaler 4r nerveeller,
celler som 4r kapabla till att leda vidare och modifiera elektriska impulser. En signal tas
emot i dendriterna, ett férgrenat nitverk av utskott frdn cellkroppen som andra nerveeller
kan ansluta till via sina axoner. Dirifrin leds signalerna vidare till cellkroppen. Vil i
cellkroppen sd summeras signalerna fran alla dendriter och leder antingen till att en signal
skickas vidare lings axonen till nista cell, eller till att ingenting hinder. Dessa axoner kan
vara vildigt langa och tillater en nervcell som har sina dendriter och sin cellkropp i en del
av hjirnan, att skicka signaler till en helt annan del av hjdrnan. Den direkta samt den
indirekta kanalen tar sin bérjan i en del av hjdrnan som kallas striatum. Hirifrén skickar
neuroner sina axoner antingen till substantia nigra om de tillhér den direkta kanalen, eller

till globus pallidus om de tillhor den indirekta kanalen.

Det finns vissa virus som kan infektera nervceller via deras axoner och sedan
transporteras tillbaka till cellkroppen lings dessa. Genom att injicera ett sidant virus
antingen i substantia nigra eller i globus pallidus, si kan vi infektera nervceller som
tillhér endast den direkta eller indirekta kanalen. Nervceller som blir infekterade av
viruset uttrycker ett protein, Argonaute2 som binder till en specifik typ av RNA som
kallas f6r microRNA (miRNA). Vi kan sedan fiska ut detta protein fran krossade celler

tillsammans med miRNAt frin de infekterade cellerna. Det finns manga olika typer av
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miRNA som férekommer i olika kvantiteter i olika celler. De tilliter celler att modifiera
uttryck av protein och spelar en viktig roll for att cellerna ska fungera korrekt.

I denna avhandling s har vi bekriftat att ett specifikt virus kan anvindas for att
infektera nervceller frin striatum som tillhér den direkta eller indirekta kanalen genom
injektion i globus pallidus eller substantia nigra. Vi har modifierat viruset med hjilp av
vil etablerade metoder for att fi de infekterade neuronerna att uttrycka proteinet
Argonaute2. Med hjilp av det modifierade viruset har vi sedan lyckats extrahera
miRNA frin dessa tvéd typer av nervceller. Vi har sedan kvantifierat de olika typerna av
miRNA och jimf6rt vilka skillnader som férekommer i mingderna av specifika miRNA
beroende pa injektionsstille. Totalt har vi lyckats identifiera dtta olika miRNA som
forekommer i olika mingder mellan de tvd typerna av striatala neuroner. En av dessa
miRNA, miR-126a-3p har 4ven identifierats av en annan grupp som studerat miRNA
fran samma celler med en annan metod. Vi hoppas att i framtiden kunna utforska de
protein som #r reglerade av dessa miRNA, samt kunna studera skillnader i
sjukdomsmodeller.

14



Lay summary

The basal ganglia are a collection of areas in the brain that play a central role in our
ability to take actions. It is therefore not surprising that diseases that have an impact on
their function can have far-reaching negative consequences. In addition to
neurodegenerative diseases such as Parkinson's disease and Huntington's disease, the
basal ganglia are also involved in neurological diseases such as Tourette's syndrome,
Cerebral palsy, OCD and Tardive dyskinesia. The large number of diseases linked to
the basal ganglia show why there is a need to increase understanding of how the various
parts of this complex network functions.

There are two pathways along which the information flows through the basal ganglia,
the direct pathway and the indirect pathway. When the information is passed through
these two different channels, it is processed and modified in a manner dependent upon
previous experience, before it finally leads to action. The building blocks that make up
these channels are neurons, cells that can conduct and modify electrical impulses. A
signal is received in the dendrites, a branched network of protrusions from the cell body
that other neurons can connect to via their axons. From there, the signals are passed on
to the cell body. Once in the cell body, the signals from all dendrites are aggregated and
lead either to a signal being passed along the axon to the next cell, or to nothing
happening. These axons can be very long and allow a neuron that has its dendrites and
its cell body in one part of the brain, to send signals to a completely different part of
the brain. The direct as well as the indirect pathway start in a part of the brain called
the striatum. From here, neurons send their axons either to the substantia nigra if they
belong to the direct pathway, or to the globus pallidus if they belong to the indirect
pathway.

There are some viruses that can infect neurons at the end of their axons and then move
back to the cell body through the axons. By injecting such a virus either into the
substantia nigra or into the globus pallidus, we can infect neurons that belong to the
direct or indirect pathway. Neurons that become infected by the virus express a protein,
Argonaute2, that binds to a specific type of RNA called microRNA (miRNA). We can
then fish out this protein from homogenized cells along with the miRNA from the
infected cells. There are many different types of miRNAs that occur in different
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quantities in different cells. They allow cells to modify the expression of proteins and
play an important role in the proper functioning of the cells.

In this dissertation, we have confirmed thata specific virus can be used to infect neurons
from the striatum, that belong to the direct or indirect pathway, by injection into the
globus pallidus or substantia nigra. We have modified this virus using well-established
methods to get the infected neurons to express the protein Argonaute2. With the help
of the modified virus, we succeeded in extracting miRNA from these two types of
neurons. Following extraction, we quantified the different types of miRNAs, and
compared the differences following injection into either the substantia nigra or the
globus pallidus. We successfully identified eight different miRNAs that occur in
different amounts between the two types of striatal neurons. One of these miRNAs has
also been identified as being differently expressed by another group that studied the
same cells using a different method. We hope these findings can be employed to take a
closer look at the proteins targeted and to look at differences in disease models.
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Introduction

A very brief introduction to the basal ganglia

The basal ganglia (BG) play an essential role in movement selection and control. They
consist of a network of subcortical nuclei including the striatum (caudoputamen (CP)
and nucleus accumbens (Nac) in rats), the globus pallidus (GP), subthalamic nucleus
(STN) and the substantia nigra. The CP and Nac are thought to serve as input nuclei,
receiving efferents from cortical and thalamic nuclei (McGeorge & Faull, 1989), as well
as the substantia nigra pars compacta (SNpc), while the substantia nigra pars reticulata
(SNpr) serves as an output nucleus primarily to the thalamus. The other nuclei are
involved in processing the input information in order to deliver an output (Alexander
& Crutcher, 1990). This basic and straightforward connection pattern in combination
with information from different neuronal disorders led to the initial models of how
movement and action selection worked (Albin, Young, & Penney, 1989; Alexander &
Crutcher, 1990). While these models have served well in providing a very basic and
somewhat simplified understanding of how the BG work, improved tools and increased
knowledge, have yielded data that is not completely compatible with the original
models. However, before we take a closer look at the models, we should briefly discuss
the most numerous of the neurons of the BG (OQorschot, 1996). The neurons where it
all starts; the medium spiny neurons of the striatum (MSN).

The medium spiny neurons of the striatum

There are multiple different ways to separate neurons. One might look at their
morphological properties, their electrophysiological properties, their
transcriptome/proteome, their location within the brain, where they send projections
and whence they receive them. All these factors play a role in defining what larger group
of neurons a single neuron belongs to. How we chose to define these groups should be
dependent on the question we are trying to answer and the assumptions we are willing
to make to answer that question. Do we believe that all the neurons projecting from
one area to another is responsible for regulating behaviour in a specific manner? If so,
it might make sense to group these neurons together based on where they project. An
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example of this is the frequent grouping of all MSN into one of two groups. Either the
dopamine receptor D1 (DRD1) positive MSN of the direct pathway (AMSN), or the
dopamine receptor D2 (DRD2) positive MSN of the indirect pathway (iMSN). While
morphologically highly similar, essentially completely intermingled in the striatum, and
both inhibiting downstream targets through the release of gamma-aminobutyric acid
(GABA), the two groups are different with regards to their electrophysiological

properties, their transcriptome/proteome, and where they send projections.

The dMSN are characterized by a number of features. On the transcriptome/proteome
level they are primarily differentiated from iMSN through their expression of DRDI,
Adoral, dynorphin and substance P (Albin et al., 1989; Bateup et al., 2010; Gerfen et
al., 1990; Gertler, Chan, & Surmeier, 2008; Gokee et al., 2016). They send projections
terminating in the SNpr, but also send collaterals to the GP and entopeduncular
nucleus (EP) (Cazorla et al., 2014; Fujiyama et al., 2011). Morphologically they can be
distinguished by their increased dendritic length and total number of branch points
compared to iMSN (Gertler et al., 2008). When it comes to their electrophysiological
properties, dMSN have been found to be less excitable compared to iMSN, with
Dopamine acting to increase dMSN excitability (Brown, Planert, Berger, & Silberberg,
2013; Gertler et al., 2008).

The iMSN on the other hand are defined by their expression of DRD2, Adora2a and
enkephalin (Albin et al., 1989; Bateup et al., 2010; Gokce et al., 2016). They send
projections to the neighbouring GP (Cazorla et al., 2014; Fujiyama et al., 2011) and
Dopamine acts to inhibit their excitability (Herndndez-Lépez et al., 2000).

This division is made somewhat problematic by the presence of a population of
DRD1/DRD2 double-positive population expressing both dynorphin and enkephalin
detected through single-cell sequencing, co-labelling with antibodies, in situ
hybridization and through labelling in transgenic mice with a fluorophore (George,
O’Dowd, Hasbi, & Perreault, 2011; Perreault et al., 2010; Stanley, Gokce, Malenka,
Sudhof, & Quake, 2020). Some have suggested that these cells contain D1-D2
heterodimers that activate G4 and by extension phospholipase C (Rashid et al., 2006).
These heterodimers and their impact on behaviour has been further studied, primarily
in the context of the Nac and the heterodimers’ role in induction of depression- and
anxiety-like behaviours (Hasbi et al., 2014; Shen et al., 2015) However, whether the
D1-D2 heterodimers actually exist is contested with evidence both against (Frederick
etal., 2015; S.-M. Lee et al., 2014) and in favour of the presence and functionality of
a D1-D2 heterodimer (Hasbi et al., 2020; Perreault et al., 2010; Rashid et al., 2006).
Regardless of whether a D1-D2 heterodimer exists or not, the presence of cells
expressing both DRD1 and DRD2 has been detected through multiple different
methods. The features of this population of neurons, referred to as D1H by Gokce ez
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al. (Gokee et al., 2016) has to the best of my knowledge not been explored separately
from those of the DRD1 or DRD2-positive MSN within the caudate putamen. While
some tracing and immunostaining studies have suggested that they are primarily dMSN
(Deng, Lei, & Reiner, 2006), there have been no behavioural studies performed
targeting specifically this population of neurons.

Most of the behavioural studies performed to date looking at the impact of activation
of either the dMSN or iMSN employ the use of DRD1-Cre, DRD2-Cre or Adora2a-
Cre transgenic mice (Bateup et al., 2010; Cui et al., 2013; Klaus, Alves da Silva, &
Costa, 2019; J. Lee, Wang, & Sabatini, 2020; Nonomura et al., 2018) or modulate
dopamine receptor signalling through the use of small molecules (Eilam & Szechtman,
1989; Ralph & Caine, 2005). These studies generally show that activation of DRD1-
Cre or Tacl-Cre (a substance P precursor) neurons lead to increased movement, be it
either through ambulation, AIMS test or an increase in contralateral rotations. On the
other hand, activation of DRD2-Cre or Adora2a-Cre neurons generally lead to a
decrease in movement (Alcacer et al., 2017; Bateup et al., 2010; Eilam & Szechtman,
1989; Kravitz et al., 2010; Ralph & Caine, 2005). These observations are in line with
the “classical model” of the direct and indirect pathway (Figure 1) (Albin et al., 1989),
according to which activation of the dMSN causes release of GABA, leading to
inhibition of the SNpr neurons that are responsible for inhibition of the thalamo-
cortical glutamatergic neurons. The release of glutamate from these thalamo-cortical
neurons in turn lead to activation of locomotor action. Conversely, activation of the
iMSN causes release of GABA at the GP, inhibiting the activity of GABAergic GP
neurons projecting to the STN. This inhibition of the GABAergic GP neurons causes
an increased release of glutamate from the STN neurons projecting to the SNpr, which
in turn leads to increased inhibition of the thalamo-cortical glutamatergic neurons.

To simplify, activation of dMSN leads to an increase in thalamo-cortical stimulation,
while activation of iMSN leads to a decrease in thalamo-cortical stimulation (Albin et
al., 1989; Alexander & Crutcher, 1990).
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Figure 1: An illustration of the classical model of the basal ganglia. GABA-ergic neurons act to inhibit their target, while
Glutamate acts in an excitatory fashion. The role of dopamine is dependent on the target, with dMSN generally being
excited and iIMSN inhibited by its release.Function of the dMSN, iIMSN and the “classical model”

Updating the “classical model”
While the classical model, in broad strokes, holds up in terms of how the basal ganglia

impacts action selection and seems relevant for the gross disruption of motor actions
seen in some neurodegenerative disorders (DeLong & Wichmann, 2007; O'Callaghan,
Bertoux, & Hornberger, 2013; Roos, 2010; Vonsattel et al., 1985), it is becoming clear
that it does not properly describe the method by which the brain selects whether a
specific action should be performed or not. Calcium imaging studies to observe
neuronal activation in performing rodents (Cui et al., 2013; Jin, Tecuapetla, & Costa,
2014), indicate that both iMSN and dMSN are activated during initiation of actions.
More recent studies (Nonomura et al., 2018; Tecuapetla, Jin, Lima, & Costa, 2016)
further enforced the somewhat more complex manner in which the dMSN and iMSN
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are suggested to influence action selection and movement. They suggest that instead of
a general activation of dMSN initiating and maintaining movement, it seems that it is
necessary to activate the right set of dMSN to promote the “correct” action, and to a
lesser extent maintain it, while activating the correct iMSN to inhibit competing
actions. Furthermore, the iMSN also seem to be responsible for switching to a different
action when reward is absent rather than just universally downregulating movement.
Not all research supports this model however (Ueda et al., 2017) and more than likely
there is a lot of research left to be done before we can hope to completely understand
how this complex part of the brain works.

Neurodegeneration and the basal ganglia

As the number of people that live past 60 continues to increase, so will the number of
people whose lives are negatively impacted by neurodegenerative disorders (NDD).
While there are a wide variety of disorders that are of importance when studying the
striatum, we have chosen to briefly explore the two most common, and probably most
well-known degenerative disorders, Parkinson’s disease (PD) and Huntington’s disease

(HD).

Parkinson’s Disease

PD is the second most common NDD after Alzheimer’s disease, with approximately
1% of people aged 65 or above suffering from the disease (Wirdefeldt, Adami, Cole,
Trichopoulos, & Mandel, 2011). PD is primarily characterized by tremors at rest,
bradykinesia, postural instability and rigidity (Jankovic, 2008). In addition, non-motor
symptoms such as cognitive decline, depression, visual hallucinations, apathy and
anxiety can also occur (Meireles & Massano, 2012). The disease is caused by the gradual
degeneration and death of dopaminergic neurons of the SNpc, which leads to a lack of
dopamine innervation of the MSN of the direct and indirect pathway. PD is further
split into familial and sporadic forms, with familial being caused by genetic mutations,
while the sporadic form is caused by reasons not completely understood. The most
widely accepted theory is that aggregation of specific proteins like alpha-synuclein,
causes the death of the neurons with the exact cause for their aggregation not
completely understood (Baba et al., 1998; Meireles & Massano, 2012). Occurrence of
the sporadic form of PD has been linked to some external risk-factors such as exposure
to pesticides, a high intake of dairy products, methamphetamine use and melanoma.
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On the other hand, intake of coffee or tea, use of tobacco and physical activity was

found to decrease the likelihood of PD (Baba et al., 1998).
The standard treatment of PD for decades has been Levodopa (L-DOPA), a precursor

of dopamine that is taken up in the brain, converted to dopamine and then released
(Lopez, Munoz, Guerra, & Labandeira-Garcia, 2001). However, this treatment has
over time been complimented by Dopamine agonists, Monoamine oxidase-B
inhibitors, Catechol O-methyltransferase inhibitors, Anticholinergics, Amantadines
(Connolly & Lang, 2014) or deep brain stimulation of various nuclei like the STN, GP
internal (GPi) and ventralis intermediate nucleus (Groiss, Wojtecki, Siidmeyer, &
Schnitzler, 2009). Eventually however L-DOPA stops being effective, and an
unavoidable side effect of L-DOPA treatment is a disorder called Levodopa induced
dyskinesia (LID). LID manifests as involuntary movements that occur associated with
L-DOPA administration (Mercuri & Bernardi, 2005). Experiments on animal models
have shown that LID involves dysregulation of the dopamine receptors present in direct
and indirect pathway neurons and that restoring or counteracting this dysregulation
can potentially help restore the pathways to a more normal state (Fieblinger et al., 2018;
Santini, Heiman, Greengard, Valjent, & Fisone, 2009; Sebastianutto et al., 2020; Solis,
Garcia-Montes, Gonzalez-Granillo, Xu, & Moratalla, 2015). Due to its negative
impact on the patient’s quality of life, it is important to improve our understanding of
LID and to find ways to treat it.

Huntington’s disease

Huntington’s disease (HD) is another relatively well-known disease that occurs in
roughly 1/10-20000 people among Caucasians. It’s a genetic disorder inherited in an
autosomal dominant manner with an age of onset typically between 30 and 50 years of
age (Roos, 2010). Its symptoms include chorea (unwanted movements), motor
impairment, apathy, irritability and dementia. HD is caused by an overabundance of
CAG repeats within the huntingtin gene, with an increased CAG repeat length (>27)
generally increasing penetrance and severity of the disease (Rosenblatt et al., 2012).
These CAG repeats when present in too large numbers, are thought to increase the
likelihood of the formation of aggregates of the cleaved huntingtin protein, which in
turn leads to cell death starting with the MSN (Bates et al., 2015; Borchelt et al., 2012).
While the number of CAG-repeats is the single largest risk factor, it does not completely
explain the age of onset and penetrance of the disease and other genes have been
suggested as potential risk factors (Gusella, MacDonald, & Lee, 2014).

There is no cure for HD and it eventually leads to the death of the patient. However,
the symptoms can be managed to some degree. Treatments include tetrabenazine for
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Chorea (Group, 20006) as well as physiotherapy to deal with some of the other minor
motor-problems, like abnormal gait and poor balance. The neuropsychiatric symptoms
are treated as they would be in other diseases, with depression often being treated either

through cognitive behavioural therapy or through selective serotonin uptake inhibitors
(Bates et al., 2015; McColgan & Tabrizi, 2018).

Viral vectors for gene therapy

Viral vectors serve as a great tool for delivery of genetic material to a wide range of
different cells. They have evolved to efficiently transmit their own genetic material to
different cell-types in order to hijack the cellular machinery for their own replication.
Thanks to the tools of modern molecular biology, we can now hijack them in order to
introduce the genetic material we see fit into cells, allowing for (in theory) an
unparalleled level of control. This is done by replacing parts, or most of the viral
genome, with the desired genetic material to be introduced into the target cells. The
material necessary for viral replication is introduced to cells dissociated from the
sequences that tells a virus what genetic material to transport. Thus, the virus can
replicate within these cells, however the virus generated is incapable of replication, since
it lacks the necessary proteins to do so. We used two different types of viruses that are
widely used for gene therapy, lentivirus (LV) and adeno-associated virus (AAV).

Lentivirus

The LV commonly used today in gene therapy is a modified version of the Human
immunodeficiency virus (HIV)-1 (Dull et al., 1998; Naldini et al., 1996; Poznansky,
Lever, Bergeron, Haseltine, & Sodroski, 1991; Salmon & Trono, 2007; Trono, 2000).
HIV is a retrovirus that is responsible for causing acquired immune deficiency
syndrome through infection of the CD4" T-cells and Macrophages, severely disrupting
the immune-system which eventually leads to the death of the patient through other
diseases. At its peak, HIV caused approximately 2.4 million deaths worldwide in 2005,
but due to an increase in treatment with anti-retroviral drugs, these numbers have gone

down (Deeks, Overbaugh, Phillips, & Buchbinder, 2015).

The virus consists of a single-stranded positive sense RNA which in the wildtype carries
the genes gag, pol, env, rev, tat, vif, vpr, vpu and nef. The first generation of lentiviral
vectors retained all of these proteins for the production of recombinant LV with the
exception of the env gene which was instead originally replaced with the envelope
protein from vesicular stomatitis virus (VSV). The VSV envelope protein allowed for
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transduction of a greater number of different types of cells due to interacting with the
Low density lipo-protein receptor (Nikolic et al., 2018), as well as improving stability
of the viral particle to allow for purification using ultra-centrifugation. In order to
increase safety and prevent the creation of a replication competent virus through
recombination, production was performed using one plasmid for expression of the
envelope (envelope plasmid), one for the viral proteins (packaging plasmid) and a third
one containing the viral genome (transfer plasmid) to be delivered into the cells
(Naldini et al., 1996). Of these three plasmids, only the transfer plasmid possessed the
original 5" and 3’ LTRs, while the envelope and packaging plasmids relied on the CMV
promotor and a poly-A tail for transcription of messenger RNA (mRNA). These viruses
were found to be able to transduce neurons (Naldini et al., 1996), muscle (Kafri,

Blémer, Peterson, Gage, & Verma, 1997) and liver (Kafri et al., 1997).

The second generation of LVs saw the removal of the genes vif, upr, vpu and nef as these
genes are not necessary for the transduction of most cell lines, or the production of LVs
in the HEK293 or HEK293T cell-line (Romain Zufferey, Nagy, Mandel, Naldini, &
Trono, 1997). To further improve the safety of the recombinant LVs, modifications
were made to the 3° U3 sequence of the transfer plasmid. The 5° U3 sequence hosts the
transcription start site for the viral genome once integrated into the host genome. Thus,
in order for a virus-particle to be able to multiply, it needs a functional 5 transcription
start site to replicate the virus-proteins and genome. The reason that the 3’ U3 sequence
was changed, is that during reverse transcription of the viral RNA into a double-
stranded DNA, the 3’ U3 sequence serves as template to create the 5° U3 sequence (Hu
& Hughes, 2012; R. Zufferey et al., 1998). In our LV production we have used a
second generation packaging systems with self-inactivating (SIN) transfer plasmids,
however, especially for the purpose of production of LVs aimed at a clinical setting, a
third generation LV production system is available which offers even greater safety
(Dull et al., 1998). The third-generation system replaces the 5’ U3 sequence of the
transfer plasmid LTR with another promoter element such as one from CMV or Rous
sarcoma virus, removes the zaz gene, and moves 7ev onto a second packaging plasmid.
All these changes serve to reduce the likelihood of recombination into a replication
competent virus, without a major negative impact on transduction efficiency (Dull et

al., 1998).

Fusion glycoprotein
As mentioned before, LVs today are frequently pseudotyped with the VSV glycoprotein

(VSV-G) (Joglekar & Sandoval, 2017). This envelope protein has a broad tropism due
to its receptor being available on most cell types (Nikolic et al., 2018), but many other
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envelope proteins have been used (Joglekar & Sandoval, 2017), often to target a specific
cell-type. Because we were looking to transduce MSN based on whether they were
projecting to the GP or SNpr, we were looking for an envelope which would allow our
lentivirus to be retrogradely transported. A modified version of the Rabies virus
glycoprotein was published around 2011. This modified version, called fusion
glycoprotein B (FuG-B), is a fusion of the transmembrane domain of the Vesicular
stomatitis virus glycoprotein and the extracellular domain of the Rabies virus
glycoprotein. This glycoprotein is capable of being transported retrogradely by neurons
like the Rabies virus glycoprotein while yielding higher titers in viral production
(Hirano et al., 2013; Kato, Kobayashi, et al., 2011; Kato, Kuramochi, et al., 2011).
FuG-B, composed of the extracellular and transmembrane domain of the challenge
virus standard strain passaged in suckling mouse brain (Morimoto et al., 1998) as well
as the intracellular membrane of VSV-G was the first version developed and tested. Of
the different envelope configurations tested, it was found to be the most efficient both
for generating higher titers and for transducing neurons in vivo (Kato, Kobayashi, et
al., 2011). A second version of the envelope was later published with the same
configuration of domains, but instead based on the Pasteur virus strain of the rabies
virus (Kato, Kuramochi, et al., 2011). This envelope, termed FuG-B2, showed slightly
higher titers compared to FuG-B.

Adeno associated virus

AAYV is a small (roughly 22 nm) single strand DNA virus. It was discovered in 1965 as
part of Adenovirus preparations (Atchison, Casto, & Hammon, 1965; Hoggan,
Blacklow, & Rowe, 1966). It consists of a single DNA strand which contains the rep,
aap, and cap genes (Lusby, Fife, & Berns, 1980). Cap codes for the capsid proteins VP1,
VP2 and VP3 which together make up the capsid surrounding the viral genome
(Wistuba, Kern, Weger, Grimm, & Kleinschmidt, 1997). There are several different
wildtype capsid proteins, as well as a large number of engineered capsids, with
modifications usually intended to change tropism, susceptibility to antibodies,
retrograde transport, ability to cross the blood-brain-barrier, etc. The aap gene codes
for the assembly-activating protein which is involved in capsid assembly (Sonntag et
al., 2011). While 7¢p codes for the proteins Rep40, 52, 68, and 78 which play an
integral role in viral replication. Rep 40 and 52 are thought to be responsible for
packaging of the viral genome into the assembled capsid (King, 2001), while 68 and
78 are essential to viral genome replication and integration (Bardelli et al., 2016; R.
Jude Samulski & Muzyczka, 2014). Not all proteins needed for viral replication are
however found in the AAV genome. As a member of the Dependoparvovirus genus,
AAV replication is greatly enhanced in the presence of other helper-viruses (Nash,
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Chen, & Muzyczka, 2008). The two most studied helper viruses are probably
Adenoviruses type 5 and Herpes simplex virus type 1, although other viruses are also
known to serve as helper viruses (Meier, Fraefel, & Seyffert, 2020).

For the purposes of production of recombinant AAVs (rAAV) the Adenoviral proteins
El, E4, E2a, and VA are commonly used as helper virus proteins (Meier et al., 2020;
Xiao, Li, & Samulski, 1998). They are used in addition to the previously mentioned
rep, cap and aap proteins. E1 is present in HEK293 cells already and so does not need
to be added in the helper plasmid for rAAV production in this commonly used cell-
line. These helper proteins are involved in initiation of transcription of Rep proteins
(Chang, Shi, & Shenk, 1989), exporting of viral mRNA (Pilder, Moore, Logan, &
Shenk, 1986), replication of viral DNA (Stracker et al., 2004), and inhibition of protein
kinase R to prevent degradation of AAV proteins (Nayak & Pintel, 2007). Similarly to
the process of LV production, the desired transgene construct is inserted between two
inverted terminal repeats (ITR) as part of the transfer plasmid. The ITRs serve as a
necessary motif for replication of the viral genome due to their ability to form a hairpin
and prime formation of a double stranded (ds)DNA from the single stranded DNA
that makes up the viral genome (R. J. Samulski, Berns, Tan, & Muzyczka, 1982;
Senapathy, Tratschin, & Carter, 1984). They also serve as an identification site for the
Rep 78/68 proteins for nicking of viral dsSDNA, a process necessary for replication (Im
& Muzyczka, 1990). In addition to the transfer plasmid containing the viral genome,
usually one or two plasmids are added containing the previously mentioned AAV
proteins as well as the helper virus proteins. These viral proteins allow the producer-
cells to create and package the rAAV. Following transduction of target cells by the
rAAV, the single stranded DNA is turned into a double stranded viral genome by
hijacking the cells replication machinery. This viral genome persists primarily in an
episomal state, but integration into the host genome has been reported. The transgene
or transgenes are then produced from the viral dSsSDNA (Hanlon et al., 2019; McCarty,
Young, & Samulski, 2004; X. Sun et al., 2010).

AAV capsids for retrograde transport

As was briefly mentioned before, modifications of AAV capsid proteins in order to
modify immunogenicity (Barnes, Scheideler, & Schaffer, 2019), change tropism
(Girod et al., 1999; Ho et al., 2009), or add some other feature has seen a lot of interest
(Viney et al., 2021). One such feature which has been of great interest to the
neuroscience community is the introduction of capsids with significant amounts of
retrograde transport (Davidsson et al., 2019; Tervo et al., 2016). While some wildtype
(wt) AAV capsids have been found to be able to confer a certain degree of retrograde
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transport to rAAVs, modified capsids have been developed which perform significantly
better than wildtype capsids. Insertion of a polypeptide into the heparan sulphate
proteoglycan-binding motif, followed by iz vivo selection generated capsids capable of
retrograde transport in different neurons. One of these, AAV2-Retro has seen extensive
use and the first round of iz vivo selection was performed through injection in the SNpr
followed by harvesting of virus in the striatum. This and the fact that it has been used
to transduce dMSN and iMSN in a different paper, made it seem like an ideal candidate
to complement the LV approach (Tervo et al., 2016).

An introduction to miRNA biogenesis

MiRNA are small 20-24 nucleotide single stranded RNAs used by cells for regulation
of protein expression (Ambros, 2004; Fabian, Sonenberg, & Filipowicz, 2010; Huang
et al., 2011; R. C. Lee, Feinbaum, & Ambros, 1993). They are produced either by
transcription of primary miRNA (pri-miRNA) from miRNA genes by RNA
polymerase II (Y. Lee et al., 2004) or III (Babiarz, Ruby, Wang, Bartel, & Blelloch,
2008; Pfeffer et al., 2005). These pri-miRNA are then cut into precursor-miRNA (pre-
miRNA) by the RNA nucleases DGCRS8 and Drosha (J. Han, 2004). Pre-miRNAs may
also be formed as part of an exon or intron (Babiarz et al., 2011). Once this pre-miRNA
has been formed, it is transported out of the nucleus by Exportin 5 and further cut in
the cytosol into the passenger and guide strand by Dicer. The passenger and guide
strand are loaded onto Argonaute (AGO) protein which then removes the passenger
and keeps the guide to act as the mature guide miRNA to form the RNA induced
silencing complex (RISC) (O'Carroll & Schaefer, 2012).

Regulation through the RISC

The central component of the RISC is the AGO protein. In humans there are four
different AGO proteins, 1-4, of which only AGO 2 has nucleolytic activity (Liu, 2004).
If the sequence is completely complementary, the AGO2 protein is capable of cutting
the targeted mRNA, causing its degradation and preventing any translation from it
(Ambros, 2004; Fabian et al., 2010; Huang et al., 2011; R. C. Lee et al., 1993). For
sequences that are not fully complementary, or when the miRNA is bound to one of
the AGO proteins lacking nucleolytic activity, the RISC usually downregulates
transcription either by sterically blocking the interaction of eukaryotic initiation factor
4E and 4G or through deadenylation of the poly-A tail (Iwasaki, Kawamata, & Tomari,
2009). For deadenylation, interaction with the protein GW-182 is required, which
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helps recruit the CCR4:NOT and DCP1:DCP2 complexes, responsible for
deadenylation and de-capping (Behm-Ansmant, 2006; Eulalio, Huntzinger, &
Izaurralde, 2008; Rehwinkel, 2005). The RISC has also been found to locate bound
mRNA to P-bodies, cellular compartments involved in mRNA storage and degradation
(Hubstenberger et al., 2017; Sheth, 2003).

S
{\
&

the miRNA
biogenesis pathway

Figure 2: lllustration of the most common pathways for miRNA biogenesis.

MiRNA in brain development

Considering as much as 60% of all genes within the human genome are thought to be
regulated by miRNA (Friedman, Farh, Burge, & Bartel, 2008), it is perhaps not
surprising that they play an important role in brain development. Knockdown of Dicer
in mice leads to death of the embryo during development (Bernstein et al., 2003), while
the effect of knockdown of Dicer in neuronal cells varied somewhat, severe
developmental defects of the brain, or premature death of the animal was consistently
observed (Kawase-Koga, Otaegi, & Sun, 2009; McLoughlin, Fineberg, Ghosh,
Tecedor, & Davidson, 2012). Targeting of Dicer in specific neuronal populations did
however have more varied effects. Cuellar ez a/. looked at the effects of knocking out
Dicer in D1-R cells. These mice died after roughly 74 days due to a lack of food intake
causing severe weight loss from roughly 6 weeks of age. Examination of brains from 5
weeks old mice showed a reduced brain weight when compared to wt and as expected
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a marked decrease in miRNA in the striatum. They had expected to see a degeneration
of neurons within the striatum; however, they found no decrease in neuronal numbers
compared to wt. Looking at the neuronal cell-bodies they did however find that they
were 20-30% smaller in Dicer knockout mice (Cuellar et al., 2008). Similar studies
have been performed in other neurons, such as dopamine neurons (J. Kim et al., 2007),
Purkinje cells (Schaefer et al., 2007) and Calmodulin kinase II positive neurons (Davis
et al., 2008). Dicer knockout consistently has a negative impact on the cells, leading
either to abnormal morphology, behaviour, cell death, or death of the animal.

Knocking out Dicer is a major disruption of cellular function; an interesting question
is whether major impact on the developmental level can also be achieved through
disruption of specific miRNA. Indeed, disruption of miR-9 in mice led to live-born
pups, but with severe growth retardation that died within one week. Further analysis
of the brains of these mice showed reduction in size of the cerebral hemispheres and
olfactory bulb (Shibata, Nakao, Kiyonari, Abe, & Aizawa, 2011; Zhao, Sun, Li, & Shi,
2009). These severe effects on brain development were seen, despite the fact that
roughly 25% of the miRNA was still being expressed, further emphasizing the
importance of proper expression levels. Many other miRNAs such as miR-124, let-7b,
the miR-17-92 cluster, miR-137 and others have also been found to play a necessary
role for proper development of the brain or specific parts of it (Akerblom et al., 2014;
Akerblom et al., 2012; Bian et al., 2013; Lim et al., 2005; Rebecca Petri, Malmevik,
Fasching, Akerblom, & Jakobsson, 2014; Rajman & Schratt, 2017; Sanuki et al., 2011;
G. Sunetal.,, 2011; Zhao et al., 2010).

MiRNA in neurodegenerative disorders

With such a significant impact on neural function, it is perhaps not surprising to find
that expression levels of specific miRNAs are altered in many neurodegenerative
disorders. Of course, a change in expression levels of specific miRNA does not
necessitate a causative correlation, rather the changes may occur as a consequence of
the cell trying to deal with the actual cause. Regardless, knowledge of differences in
miRNA expression levels because of disease, can still serve a purpose for detecting
proteins that might be interesting for disease progression, diagnostics, or for gene
regulation.
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MiRNA in PD

For the purpose of diagnostics, identification of differential expression (DE) of miRNA
from blood, saliva, or Cerebrospinal fluid (CSF) in PD patients has attracted much
attention. The ease with which saliva and blood especially can be extracted from a
patient, has made it very desirable to detect a miRNA profile that allows for reliable
diagnosis of disease. While there have been multiple different miRNAs reported to be
differentially expressed between PD patients and healthy controls, very few are found
across multiple different experiments. A meta-analysis looking at DE across post-
mortem brain tissue, blood-derived samples, and CSF, found only 3 miRNAs of the
125 analysed, 132-3p, 497-5p, and 133b, to be differentially expressed in brain tissue.
For blood derived samples, as many as 10 of 31 studied miRNA showed significant DE
with miR-221-3p and 214-3p showing the most significant down-regulation. An
interesting group of miRNAs are miR-29a/b/c two of which, miR-29a-3p and miR-
29¢-3p, were down regulated across several different studies (Bai et al., 2017; Botta-
Orfila et al., 2014; Maciotta, Meregalli, & Torrente, 2013; Margis, Margis, & Rieder,
2011; Schulz et al., 2019). In a study looking at this family more closely, increasing
down-regulation of in particular miR-29b was linked to decreased cognitive
performance in PD patients (L. Han et al., 2020). Something that becomes clear when
looking at reviews and summaries of papers published on the topic, is that many
miRNAs are found to be differentially expressed in only one or two papers (Cao et al.,
2017; Patil et al., 2019; Roser, Caldi Gomes, Schiinemann, Maass, & Lingor, 2018).
This lack of reproducibility of a clear miRNA PD profile poses a major hurdle for the
establishment of miRNA profiling as a reliable and more broadly applicable tool for
diagnostics.

MiRNA in HD

MiRNA DE has not been as widely studied in HD as in PD, however similarly to
miRNA DE studies performed in PD, there is a lack of overlap between different
studies. A recent study on miRNA levels in CSF identified 6 potential markers (E. R.
Reed et al., 2018). Another study looking at miRNA levels of specific miRNAs in brain
tissue yielded three different miRNA as significantly differentially expressed (Johnson
et al., 2008), the findings of which were in term partially contradicted by a different
study (Packer, Xing, Harper, Jones, & Davidson, 2008). More interesting is perhaps
studies involving the expression of miRNAs by rAAVs in large transgenic animal
models expressing mutant Huntingtin (mH77). One such study, targeting exon 48 of
human mHTT with 73 CAG repeats, expressed an artificial miRNA with which they
were able to downregulate the expression of H 77T mRNA and protein up to 6 months
post injection (Pfister et al., 2018). Another study, using a different artificial miRNA
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targeting exon 1 of a 124 CAG repeat human H77 expressed in minipigs showed
similarly encouraging results. Expression of the artificial miRNA was maintained for at
least 12 months and lead to as much as 84% lowering of mH T T protein in the putamen
and 78% in the caudate (Valles et al., 2021). Both studies demonstrated the possibility
of rAAV:s to drive long-term expression of transgenes and the abilities of miRNAs to
downregulate dysfunctional proteins in large animal models.

Determining DE between different miRNA populations

There are essentially two major steps involved in the determination of DE between
miRNA populations of different cell-types. First the miRNA of a specific cell-type
needs to be separated from that of other cell-types. This can be done through separation
of the cells themselves, often through fluorescence-activated cell sorting (FACS) or
affinity chromatography, or through marking of the miRNA specifically inside the cells
of interest. Both FACS and affinity chromatography require dissociation of cells, a
process which especially for cell-types like neurons, can be extremely stressful. This
stress can lead to changes in gene expression which, depending on what is being studied,
might occlude true DE (He et al., 2012; Richardson, Lannigan, & Macara, 2015; van
den Brink et al., 2017). The main advantage with sorting cells, is the fact that retention
of the whole cells means that miRNA and mRNA of the same cell-types can be
sequenced instead of only the miRNA. Laser microdissection (LMD) similarly to FACS
allows for sorting of whole cells. As implied by the name, a laser is used to cut out a
marked area in a sectioned piece of tissue. The tissue within the excised area is then
transferred to a well or tube for further processing (Merienne et al., 2019; Schiiitze &
Lahr, 1998).

Labelling of the miRNA in some way through expression of a transgene in specific cells
that either label the miRNA chemically, or that bind the miRNA, allows for more
immediate lysis and dissociation of cells. This prevents or reduces the impact of
dissociation induced cell stress on miRNA expression. Examples of chemically altering
miRNA includes mime-seq, TU-tagging of RNA, or EC-tagging. All these methods
rely on the introduction of a transgene, such as Arabidopsis thaliana methyltransferase
(Ath-HEN1) (Alberti et al, 2018), uracilphosphoribosyltransferase (UPRT)
(Matsushima et al., 2018), or UPRT and cytosine deaminase (Hida et al., 2017), to
convert or add a chemical group to the miRNA in a cell-specific manner. Cell-type
specific MiRNA purification is also possible through the expression of miRNA binding
proteins, fused to a tag targetable with antibodies, in a cell-type specific manner. This
has been done through attachment of a GFP or Myc tag to the previously described
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AGO-protein. The tag and by extension AGO-protein, along with bound miRNA can
be affinity purified using antibodies targeting the tag. The miRNA can then be
separated from the AGO-protein and quantified. Since only transduced cells express
the tag-AGO fusion protein, only the miRNA population of these cells will be
quantified. This method, known as miRNA affinity purification (miRAP) allows for
isolation of desired miRNA populations and if desired, attached mRNA targets.
Because of its proven history and due to the experience of other groups in our vicinity
with this method, it seemed like the best choice for our purpose (He et al., 2012; R.
Petri et al., 2017)

Quantification methods for small RNA

Having successfully isolated miRNA, it is necessary to quantify the specific miRNA
species present in each sample. There are three commonly used methods to do this,
quantitative Reverse Transcriptase PCR (RT-qPCR), microarrays, or RNA sequencing.
RT-qPCR requires less starting material, has a broader dynamic range and is cheaper
(depending on the number of miRNAs analysed). However, RT-qPCR requires specific
primers, meaning that it is only useful for examining relative expression levels of known
miRNA. As such it is generally not a suitable method for determining DE between
miRNA populations of different samples where there is no prior knowledge. Instead,
one needs to use one of the other two methods, microarrays or RNA-seq, both methods
with their own advantages and disadvantages. With microarrays the primary advantages
compared to RNA-seq are cost, smaller size of data output, reduced variation as well as
more standardized analysis methods. The advantages of RNA-seq on the other hand
are an increased dynamic range, improved detection of low-abundance transcripts, and
alower requirement for quantity of miRNA. For the purpose we had in mind, detection
of DE between miRNAs, both abundantly and scarcely expressed, in samples
containing small amounts of miRNA, RNA-seq seemed like the best choice (Giraldez
etal., 2018; Mestdagh et al., 2014).
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Aims of the thesis

The aim of the thesis was to determine the miRNA populations of the dMSN and
iMSN of the rat striatum. We sought to target these different populations based on
their projections, rather than their expression-profile and therefore used viruses capable
of retrograde transport. This was to be combined with miRAP to extract miRNA from
transduced cells followed by RNA-seq to attain the miRNA profile of these two

neuronal populations.

For Paper I we wanted to optimize the production and transduction of a lentivirus to
use for miRAP and confirm that we could transduce MSN following injection into the

SNpr and GP.

For Paper II we wanted to confirm that AAV produced using a simpler protocol for
production did not significantly change the virus ability to transduce cells or its toxicity.

For Paper III we wanted to apply the advancements we had made in paper I and II to
determine the miRNA populations of iMSN and dMSN.

For Paper IV we wanted to investigate expression profile of the dopamine receptor D2
specific promote (D2SP) that we had used in Paper II1.
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Summary of results and discussion

The MSN of the indirect and direct pathways of the basal ganglia play an important
role in understanding action selection in healthy animals as well as playing an important
role in some major neurodegenerative disorders. Knowledge of the miRNA populations
of these two neuronal populations might prove useful in expanding our understanding
of their role in both healthy and diseased brains. Because of the role miRNA play in
regulating a multitude of different genes under different circumstances, expression of
specific miRNA might vary from cell-type to cell-type. They might either be causing
the differences observed, occur as a consequence of them, or a combination of the two.
Regardless of whether this differential expression is causative or correlative, it offers a
possibility for identification of a cell as being either an iMSN or dMSN, regulation of
transgenes through miRNA target sites, or identification of potential genes of interest
that differ between the two types. Being able to determine these differences requires
successful isolation of the different small RNA populations. We chose to use the miRAP
method in order to do this. For us to be able to use miRAP we needed to express a
GFP-AGO?2 transgene in either dMSN or iMSN. We therefore targeted the two
neuronal populations separately using retrograde transport. In paper I we worked on
optimizing the production and use of a LV pseudotyped with the FuG-B/FuG-B2
envelope. We were able to significantly increase both the titers we were able to produce
and the number of transduced cells.

As a modified AAV capsid with strong retrograde transport was published around the
same time we were working on paper I, we started looking into using AAVs as a possible
alternative. In paper II we compared a method for AAV production that had been
developed by Negrini ez al., which was easier and faster than the commonly used
iodixanol gradient centrifugation method. We were able to show that AAVs produced
in this manner did not show any significant differences in their ability to express the
transgene or in eliciting an immune response compared to AV produced with iodixanol
gradient centrifugation.

Having established the functionality of the lentivirus and that we were able to easily
produce smaller batches of AAV, in paper III we established that AAVs with the AAV2-
Retro capsid expressing the GFP-AGO?2 transgene could be used to target MSN by
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injection into the GP or SNpr. We then employed both AAVs and LVs to transduce
MSN with vectors expressing the GFP-AGO?2 transgene. Cell specificity was achieved
either through injection of retrograde transport of a virus injected in the GP or SNpr,
or through use of the D2SP. Following miRAP and small RNA sequencing we were
able to detect 8 miRNA that were differentially regulated between the two cell-types.

Finally, in paper IV we explored the expression pattern of the D2SP used in paper III.
We found that the D2SP lead to expression of the transgene in ChAT* (Choline
acetyltransferase) interneurons as well as some of the transduced DRD1 positive MSN.

Paper I

Our initial pilots of LVs pseudotyped with FuG-B1 resulted in retrograde transport of
the virus and expression of the GFP-AGO?2 transgene in roughly 936+317 neurons in
direct pathway MSN. Judging from the literature on miRAP (He et al., 2012;
Malmevik et al., 2015) and the experience of our colleagues, we had concerns that this
number of neurons would be insufficient for purification of sufficient miRNA to detect
DE. We therefore decided to try to optimize both viral production and transduction
efficiency through changes in production protocols and our viral vector.

Exploring the impact of an immune response

During some of the initial viral injections we had seen signs of neuroinflammation, and
we therefore decided to look at CD11b staining. We did not observe a significant
correlation between an increased CD11b staining and a decrease in transgene
expression. However, since Backelandt ez a4l (Baekelandt, Eggermont, Michiels,
Nuttin, & Debyser, 2003) had previously shown that there was an impact of removing
serum, we decided to test the effects of serum removal from virus production on in vivo
expression. We attempted to remove bovine serum albumin (BSA) from the viral prep
either through the use of serum-free medium for the harvest, or spin columns with a

molecular weight cut-off (MWCO) of 100 kDa.

In order to verify that removal of serum albumin had been successful, we ran a western
blot with antibodies targeting BSA. We then analysed the blots for BSA bands and
found strong bands for the virus batches produced with medium containing BSA, even
when the virus-containing medium was filtered through a 100 kDa MWCO spin
column (Figure 3A and B), but no staining for the virus produced without bovine
serum (Figure 3A and B). BSA is capable of creating multimers that are greater in size
than 100 kDa and is also known to be prone to attach to other proteins. We suspect
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that both of these factors would likely have contributed to the inability of the MWCO
spin columns to remove BSA from the virus prep. Regardless, when injecting the serum
free batch into the SNpr of animals and counting the number of transduced cells in the
striatum we were unable to detect any significant improvements in transgene expression
compared to animals injected with a standard batch (Figure 3c). Furthermore, the
immune response we had detected initially was hard to reproduce and was in fact never
really something we had problems with later on in the project. It is possible that it was
quite simply a matter of an inexperienced operator. As was mentioned before we also
saw a non-significant correlation between CD11b staining and transgene levels. It is
quite possible that there is indeed a very real correlation between an immune response
and transgene expression levels, but that we were not able to detect it due to the
population size being rather small. Due to the presence of an immune response not
really having been an issue going forward, we decided to drop this line of enquiry.

Optimization of viral production

As we were unable to detect any significant improvements following removal of BSA, we
instead looked at ways to increase the titer of the virus. We decided to try using a different
version of the glycoprotein called FuG-B2 (Hirano et al., 2013) and combine it with
transfection using polyethyleneimine (PEI) instead of Calcium Phosphate transfection.
By combining these modifications to our production protocol, we were able to
consistently achieve high titers with less starting material. The average titer of virus
batches produced was increased to 4.6¥10° compared to 2.8%10° when using FuG-B1
(Figure 4a). We also found that FuG-B2 was about three times as effective at transducing
MSN (Figure 4B). Other researchers looking at the difference between the calcium
phosphate and PEI transfection methods often report similar titers, with some reporting
higher titers with calcium phosphate and some with PEI (S. E. Reed, Staley, Mayginnes,
Pintel, & Tullis, 2006; Toledo, Prieto, Oramas, & Sanchez, 2009). However, something
that is consistently reported is that the efficiency of calcium phosphate is extremely pH
dependent (S. E. Reed et al., 2006). We ended up using PEI for all our future

transductions and the initial high titers have been mostly consistently maintained.

We are unsure about what caused the observed increase in transduction efficiency. It is
possible that the reduced starting material necessary to achieve the desired titers lead to
a lower concentration of unwanted contaminants, or that the new glycoprotein caused
an increase in transduction efficiency. Regardless, we found that the estimated number
of total cells transduced, on average 35131612, were most likely still not sufficient to
allow for successful sequencing following miRAP and we therefore looked at other ways
to increase the amount of transgene expressed.
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Figure 3: A) Western blot for BSA in virus batches. Lanes are loaded from left to right with 37.5, 30.0, 12.0, 6.8, 4.5 ng
of BSA, a VSV-G pseudotyped lentivirus, a FUuGB1 pseudotyped lentivirus pooled from a 6 times larger amount of
starting material, a FuGB1 pseudotyped lentivirus pooled from a 6 times larger amount of starting material which has
been concentrated and purified using a 100 kDa Molecular weight cut-off spin column, and a FUuGB1 pseudotyped
lentivirus made with OPTIPro serum free medium. B) Protein staining of the gel used for western blotting in A. The
bands visible at roughly the same height as BSA in lanes 6-9 are most likely not BSA, but the LV envelope protein
which is of almost identical size. C) The number of cells stained for GFP in animals injected with a virus batch prepared
using the “standard” protocol for FuGB1 pseudotyped lentivirus or using the modified version of the protocol using
OptiPRO and a Vivaspin column. There is no significant difference between the two protocols.

Improving viral expression

We next considered the possibility that not all cells that had been transduced might
express the transgene in sufficient quantity to be detected. The CMV promoter that we
had been using was replaced with one that is specific to neurons, the human Synapsin

promoter (hSyn) (Kugler, Kilic, & Bahr, 2003; Yaguchi et al., 2013). Following this
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change in promoter we observed an approximately 4-fold increase in the number of
neurons expressing GFP-AGO2 compared to the CMV promoter element, with the
number of transduced cells increasing from 1023+210 with the CMV promoter to
4138+1094 with the hSyn promoter element. The increase was not as large when using
the GFP transgene, with a twofold increase from 6507+925 compared to 3047+976
cells (Figure 4C). The fact that the hSyn promoter led to higher transgene expression
in neurons was supported by previous studies (Kugler et al., 2003; Yaguchi etal., 2013).
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Figure 4: A) A comparison of the titer of several different batches of FUGB1 or FUuGB2 pseudotyped lentivirus, using
PEI or calcium phosphate as transfection agent. The titer was significantly increased, 4.6*10° TU/ml compared to
2.8*108 TU/ml, when using the FUGB2 envelope for pseudotyping. B) Counting the number of transduced cells using a
FuGB1 or FUGB2 pseudotyped lentivirus of the same titer (4-5*108 TU/ml) showed an increase in cells from 935 + 317.5
transduced cells, to 3513 + 612.9 transduced cells. C) A comparison of the CMV and hSyn promoter showed increase
numbers of transduced cells with hSyn.

Testing injections in the GP

Having confirmed the transduction of some 6000 neurons following injection of the
LV in the SNpr, we proceeded to test if we could achieve similar results when we
performed injections in the GP. Because the GP is adjacent to the striatum, we ensured
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that we could observe retrograde transport by counting the number of cells that were
stained for GFP and DARP32, a marker of MSN, close to the injection site or further
away. Our reasoning being that local diffusion of the virus would transduce cells
roughly 1 mm away from the injection site (de Almeida, Zala, Aebischer, & Deglon,
2001), while retrograde transport would lead to transductions of neurons further away.
We also expected to see only MSN transduced further away, since the interneurons
only make within the striatum. Indeed, this was also what we observed with almost no
non-MSN cells transduced in sections 2.4-2.8 mm from the injection site compared to

around 2% roughly 0.6 mm away (Figure 5).

Testing miRAP

Having increased the number of transduced cells roughly 6-fold, we performed
injection of virus in the SNpr and performed miRAP to purify miRNA using striatal
tissue. We then performed RT-qPCR with four sets of primers targeting miR-103-3p,
an endogenous control (Finnerty et al., 2010), miR-124-3p, a neuronally expressed
miRNA(Jovicic et al., 2013; Malmevik et al., 2015), miR-21a-3p, an astrocyte specific
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Figure 5: A) The number of GFP*/DARP32 cells were counted either within diffusion distance of the virus from the
injection site in the GP or further away in the striatum. The relative lack of GFP*/DARP32- cells further away indicate
successful retrograde transport of the virus. B) The number of transduced cells in the anterior part of the dorsal striatum
were compared following injection into GP or SN.

miRNA (Jovicic et al., 2013) and the U6 spike-in. While the amount of miRNA in the
samples affinity purified with a GFP antibody was up significantly compared to
controls using a Vmat2 antibody or the left hemisphere striatal section (Table 1), miR-
21a-3p was not present in sufficient quantities in most samples to be detected. Because
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of this we were unable to tell if there was any enrichment of neuronal miRNA in our
miRAP samples compared to miRNA purified from the total tissue.

In summary, with Paper I we showed that we were able to successfully transduce cells
using a FuG-B2 pseudotyped lentivirus and perform miRAP in order to purify miRNA
from transduced cells. We also optimized production methods and vector design to
increase the number of neurons we were able to transduce. Furthermore, we showed

that the LV could be used to transduce both dMSN and iMSN.

Table 1: RT-gPCR using primers targeting miR-124, miR-103, and U6 spike in controls. Neg ctrl and AB ctrl both had
much lower Cp-values of miR-124 and miR-103 indicating successful miRAP.

| 1 | 2 | Negctrl | ABctrl | 1tot | 2tot | Negctritot | AB ctrl tot
ue 2253 | 21.27 | 2073 | 2012 | 19.99 | 19.95 19.92 19.66
103 2741 | 2577 | 3111 | 2974 | 21.30 | 2205 2288 23.67
124 2424 | 2284 | 2806 | 2746 | 17.94 | 19.27 20.28 21.69
124 normalized to 103 | 24.24 | 24.48 | 2437 | 2513 | 24.06 | 24.62 24.81 2543

Paper II
Because of the publication of a modified AAV2 capsid with high degrees of retrograde

transport, we were interested in testing whether we could transduce a larger number of
cells using AAVs. However, the commonly used method for AAV production,
iodixanol purification (lod), produces large quantities of virus (commonly between
100-200 pl) which is not optimal when performing small pilots. Fortunately for us, our
colleagues (Negrini, Wang, Heuer, Bjorklund, & Davidsson, 2020) had established a
protocol (Chl) that allowed for production of smaller batches (25-50 pl) of high titer
AAV. In order to ensure the viability of virus produced by this method, we looked at
several parameters compared to virus produced using iodixanol purification.
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Viral batch protein analysis

By denaturing virus produced either through the Iod or Chl method and running it on
an SDS-PAGE gel and staining for proteins, we were able to detect that the Chl method
led to greater presence of BSA in the virus batch (Figure6A). To verify that there were
no major changes in the capsid produced we performed western blot with antibody
targeting the VP1, VP2 and VP3 protein. The three different proteins were present
regardless of production method in roughly the same amounts (Figure 6B). In order to
count the number of empty and loaded capsid particles, transmission electron
microscopy was used, with no significant differences present (Figure 6C and D).
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Figure 6: A) AAV batch produced either through the Chl or lod production method was stained using Coomassie Brilliant
Blue. A stronger BSA band (blue arrow) was visible in the batch produced using Chl production method. B) WB for
VP1/2/3 showed similar relative amounts of the different capsid proteins between the two different production methods.
C and D) Quantification of full and empty particles using TEM showed >90% full particles in both methods.

Testing transduction efficiency in vitro and in vivo

We first tested the two different virus production methods through transduction of
cells in vitro (Figure 7). GFP expression levels were almost identical when comparing
the two different production methods across a number of different titers. In order to
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Figure 7: GFP expression in HelLa cells at different dilutions showed similar expression levels between both production
methods.

test the virus iz vivo injections were performed in the SNpc and brains stained for GFP.
Once again, we were unable to detect significant differences in expression of GFP
between the two production methods (Figure 8A-]).

Controlling for differences in immunogenicity

Another key factor when comparing two different viral production methods is their
ability to elicit an immune response. The impact of viral production method on virus
immunogenicity was therefore controlled in two different ways. First, animals were
injected with virus unilaterally in the SNpc and rotations measured following
amphetamine injections. Because unilateral lesions of the SNpc cause animals to rotate
preferentially in the direction ipsilateral to their lesion, if one method of virus
production caused large amounts of cell-death in the SNpc, we would have expected to
see a preferential amount of rotation in one direction (Bjérklund & Dunnett, 2019).
No differences were observed between virus production methods (Figure 8K).
However, the observation of preferential rotation requires significant cell-death.
Toxicity that might still be significant and measurable on a cellular level might occur
even if there are not noticeable changes in behaviour. Sections were therefore stained
for tyrosine hydroxylase (TH), a marker for dopaminergic cells in the SNpc. Both the
number of TH positive cells in the SNpc and the striatal innervation of TH positive
fibres in the injected compared to the un-injected side was equal across the two different
production methods (Figure 8L-q).

45



Striatum E Midbrain

F Striatum G Midbraig

H ‘ T |
| = Chi GFP e
a’™ —lod noVG e
& J 1 ChinoVG 2
a” = lod Nil S0
2| Chi N 3
nl = PBS a
o
o — B
I —— o
K 0 L 10
s ™
50

, #rotations (190 min)
e

_0D.TH
I

Figure 8: The two production methods were compared in vivo to test both differences in expression of a transgene and
immunogenicity. Virus batches produced without transfer plasmids, without capsid plasmids and with a transfer plasmid
expressing GFP was injected unilaterally into the SNpc. A-H, 1) GFP expression following injection is compared between
different virus batches. GFP expression was only detected in virus produced using both GFP transfer plasmid and
capsid plasmid. There was no significant difference between the two production methods. K) Amphetamine rotations
were used to check for significant degeneration of the SNpc. J, P-q) Ox42 staining was used to check for an increase
in local microglia with no significant difference between the two production methods.

In summary, with Paper II we showed that virus produced with this chloroform
purification method was just as efficient at transducing cells as virus produced with the
standard iodixanol protocol. In addition, there were no measurable negative impacts
on its toxicity or ability to trigger an immune response upon injection.

Paper III

Having shown that we could successfully transduce dMSN and iMSN using LVs
pseudotyped with FuG-B2 and that we could produce AAVs through a less time-

consuming method, we employed both these methods to perform miRAP on dMSN
and iMSN.
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Expanding lentiviral transduction with the D2SP

Because the IMSN send collaterals onto the GP, we were concerned that injection into
the GP might transduce dMSN as well as iMSN. Fortunately, a promoter that had
been shown to be highly specific to DRD2 expressing MSN had recently been
published and so we decided to try it (Zalocusky et al., 2016). We observed successful
expression of both a fluorophore as well as GFP-AGO2 under regulation of the D2SP

following viral injection into the striatum (Figure 9).

Figure 9: GFP staining of brains injected with a LV expressing GFP-AGO2 under control of the D2SP promoter showed
successful transduction and expression. Localization of the imaged area was marked on a sketch.

Employing AAV2-Retro for retrograde transport of Cre

To complement our strategy of using LV for retrograde transport, we also tested using
AAVs with the AAV2-Retro capsid, to transport Cre to the dMSN or iMSN and
injected an AAV with a floxed GFP-AGO?2 locally in the striatum. While we did not
see the numbers of transduced cells we had hoped for, it was still sufficient to perform
miRAP based on transduction numbers following LV injection (Figure 10).
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MiRAP on iMSN and dMSN

Having transduced iMSN and dMSN using both retrograde transport of LVs and
AAVs, as well as what we thought would be iMSN with the D2SP, we performed
miRAP to purify miRNA. Sequencing of the miRNA showed very large differences
between the miRNA population of the neurons transduced with the D2SP regulated
GFP-AGO?2 virus and the miRNA populations of the neurons transduced through
retrograde transport (Figure 10A). Based on the fact that the differences were so large,
compared to what we saw when comparing the miRNA populations of neurons
transduced through retrograde transport, we concluded that the D2SP also allowed for
expression in interneurons. We therefore chose to just compare neurons transduced
following injection in the GP to neurons transduced following injection in the SNpr.
This comparison gave a total of 8 miRNA that were differentially expressed (Figure
10B), although none more than 6-fold. Of these miRNAs only one was detected as
differentially expressed in a similar comparison (Table 2)(Merienne et al., 2019).

In summary, in paper III we combined progress made in paper I and II and
implemented developments made by other groups in order to be able to perform
miRNA purification. Based on these results we were able to discover DE of 8 miRNA,
one of which was also discovered by another group performing a similar experiment.

A GEP

Figure 10: Expression of GFP in animals injected with AAV-Retro expressing Cre in GP (A) or SN (B). GFP and DARP32
was labelled with antibodies and counted to check whether co-labelling was lower or higher than expected through
diffusion.
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Figure 11: A) MDS plot comparing the miRNA expression of 8 different samples. As can be seen the D2SP samples
were very different from the GP and SN samples. B) MD plot showing DE of miRNA between the dMSN (SN) and iMSN
(GP) with the 8 miRNA found to be differentially expressed between the two populations.

Table 2: Table showing the log fold change, log counts/million, p-value and false discovery rate for the 8 miRNA found
to be differentially expressed in SN compared to GP.

miRNA LogFC LogCPM P-value FDR

rno-miR-543-3p -1.83 14.94 1.86e-05 0.0048
rno-miR-126a-3p 217 12.53 1.14e-03 0.0868
rno-miR-382-5p -1.39 15.34 1.26e-03 0.0868
rno-let-7d-3p -1.71 12.31 1.61e-03 0.0868
rno-miR-877 -2.57 11.16 1.89e-03 0.0868
rno-miR-485-3p -1.32 13.28 2.21e-03 0.0868
rno-miR-181a-5p 1.24 12.45 2.40e-03 0.0868
rno-miR-423-3p 1.43 11.84 2.68e-03 0.0868
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Paper IV

In the original paper the expression of a transgene regulated by D2SP was investigated
in the Nac. They had found minimal expression in cells positive for ChAT, a known
marker of a type of interneuron that also expresses DRD2. Since the ChAT positive
interneurons are also found in the dorsal striatum, and because of the results of the
miRNA sequencing performed in Paper III, we wanted to investigate whether the
D2SP would express exclusively in MSN or also in ChAT interneurons in the dorsal
striatum.

Expression in ChAT interneurons

To investigate the expression profile, we injected an AAV2/5 expressing mCherry under
control of the D2SP. The number of cells that were positive for ChAT, mCherry or
both were then counted to determine how specific the promoter was to MSN. We
found that 91% of ChAT interneurons in the area of injection expressed the transgene,
indicating that the promoter is not specific to MSN (Figure 12).

Figure 12: Staining of mCherry (A) and ChAT (B) following injection of an AAV5 expressing mCherry, under the
regulation of the D2SP, in the striatum. C) Merger of A and B with ChAT in red and mCherry in green. D) Venn diagram
illustrating the number of mCherry+/ChAT- cells, mCherry+/ChAT+cells, as well as ChAT+/mCherry- cells that were
within the area of viral injection
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Figure 13: A-C) Images showing an example of the DAPI (A), GFP (B), and DRD1 (C) staining following injection with
a LV expressing GFP-AGO2 under regulation of the D2SP. D) Quantification of the number of GFP* cells that were also
found to be DRD1*.

Specificity to DRD2 positive neurons

We then investigated the ability of the D2SP to limit expression to DRD2 positive
MSN only. By staining for DRD1 positive cells and GFP (Figure 13A-C), we found
that roughly 75% of all cells expressing GFP were DRD1 negative. This still leaves
25% of cells which are DRD1 positive (Figure 13D). The discrepancy between our
results and previously published ones has a number of possible explanations. First the
method by which we have determined whether a cell is DRD1 positive or not is not
optimal with a lot of room for subjective interpretation. It is also possible that a cell is
both DRD1 and DRD2 positive, something we have not controlled for. Another
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explanation could be differences in expression between the MSN of the Nac and the
dorsal striatum.

In summary, in Paper IV we show that the D2SP does not express exclusively in DRD2
positive MSN, but also in ChAT interneurons. Furthermore, expression also seems to
occur in DRD1 positive MSN, which although not contradictory to previous results,
might prove problematic if the aim is to target exclusively the indirect pathway.

In order to more accurately determine the specificity of the D2SP in regard to
expression within DRD1 or DRD2 MSN exclusively, we injected a LV expressing
GFP-AGO2 under control of D2SP into the striatum of rats (n=2). We used
RNAscope, an iz situ hybridization method, to determine specificity by making use of
probes targeting Adora2a, DRD1 and EGFP (Figure 14A-D) to count whether cells
were GFP*/DRD1* or GFP*/Adora2a*. To our surprise we found almost no specificity
towards Adora2a* cells at all, with no significant difference between the number of
GFP'/DRD1" and GFP*/Adora2a* cells (Figure 14E). None of the GFP* cells we
looked at were Adora2a*/DRD1".
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Figure 14: A-C) Images showing an example of the RNAscope staining using probes targeting GFP (A), Adora2a (B),
and DRD1 (C) as well as a composite of all three with GFP in green, Adora2a in red, and DRD1 in blue (D). E) GFP+
cells were counted and then checked for colocalization with either DRD1 or Adora2a. No significant difference was
observed in terms of expression level between DRD1+ and Adora2a+ cells.
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Conclusion and future perspective

The expression of specific miRNAs can play an important role in regulating protein
expression both in cell differentiation, normal cell states, and in diseased cell states.
Knowledge of differential expression between different neuronal populations can
therefore be exploited to direct expression of transgenes to specific cell types, for
diagnostics, or to generate leads on potential proteins of interest in disease states or for
development. Despite their important role in regulation, there is not an abundance of
data concerning miRNA expression in different neuronal populations. We sought to

remedy this lack of knowledge, specifically for the dMSN and iMSN.

In our pursuit of this goal, we were able to improve upon our previous production
methods and improve transgene expression levels within MSN in Paper I. While we
only made use of FuG-B2 pseudotyped lentivirus for expression of GFP or GFP-AGO2
in MSN, any transgene that fits into a LV could theoretically be expressed in specific
MSN using this method. Obvious examples that come to mind are of course
DREADDs or Channelrhodopsins useful for studying the impact of activation or
inhibition, of specific neuronal populations, on behaviour. The main disadvantage, at
least in most cases, of using FuG-B2 pseudotyped LVs compared to a local injection of
LVs or AAVs was the lower number of cells transduced. Of course, depending on the
application, a lower number of cells as well as the relatively even distribution of
transduced cells throughout the striatum might be considered an advantage.

Regardless of our improvements, we were unable to achieve the number of transduced
neurons we had hoped for and so looked at other candidates for achieving retrograde
transport with a viral vector. AAVs are generally able to achieve both a larger spread
within the brain, as well as transducing a larger number of neurons in comparison to
LVs due to the increased number of viral particles. We therefore tried producing and
injecting AAVs with a capsid engineered for retrograde transport. In Paper II we tested
anewly developed AAV production method to see how well it compared to the standard
method. We found no significant differences in composition of the virus or toxicity
when comparing the two methods. This new production method allowed us to easily
produce multiple different batches to test out different constructs and capsids. While
not generating data included in this thesis, it did allow us to probe many different
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approaches to achieve our goals that would otherwise have been costly and time-
consuming with the standard method.

With the methods outlined in Paper I and II, in Paper III we were able to perform
miRAP to sequence the miRNA population of MSNs. We had hoped to be able to find
greater numbers of more strongly DE miRNA to use for miRNA dependent transgene
regulation. We had also hoped that the D2SP would be specific and would provide us
with an iIMSN specific miRNA population, however when we analysed the miRNA
sequencing data, we found that this was most likely not the case. Indeed, as would later
be shown in paper IV, the D2SP was more than capable of high levels of expression in
ChATY+ interneurons. However, we nonetheless decided to continue with the data that
we did have from retrograde transport following injections into the GP or SNpr. We
were able to find eight miRNA that were DE between what we thought was a
population of dMSN miRNA and a mix of dMSN and iMSN miRNA. Of the miRNA
that we did find to be differentially expressed in Paper III, miR-126a-3p was the most
interesting as it had also been identified by another group looking at miRNA DE
between iMSN and dMSN (Merienne et al., 2019). TargetScan (Agarwal, Bell, Nam,
& Bartel, 2015), a tool for predicting miRNA targets within protein UTR’s, suggested
a total of 20 predicted targets, of which Protein kinase C (PRKCA) (Fieblinger et al.,
2014), Regulator of G-protein signalling 3 (RGS3) (Burchett, Bannon, & Granneman,
2001), Polo-like kinase 2 (PLK2) (Dzamko, Zhou, Huang, & Halliday, 2014), and A-
kinase anchor protein 13 (AKAP13) (Poelmans, Franke, Pauls, Glennon, & Buitelaar,
2013) are involved in signalling pathways. In addition, Sprouty-related, EVH-1
domain-containing protein 1 (SPRED1) (W. Kim et al., 2014), EF-hand domain
family, member D2 (EFHD2) (Borger, Herrmann, Mann, Spires-Jones, & Gunn-
Moore, 2014), Protocadherin 7 (PCDH?7) (Pancho, Aerts, Mitsogiannis, & Seuntjens,
2020), Calmodulin-regulated spectrin-associated protein 1 (Camsap) (Leterrier, 2018),
and Plexin-B2 (PLXNB2) (Simonetti et al., 2019) are involved in synapse modulation
and axon growth.

It is enticing to speculate what role might be played in MSN by these proteins and
whether they are expressed or not. RGS3 for example has been shown to be present in
dMSN, to be regulated by DRD1 activation (Burchett et al., 2001), and to inhibit
activation by Gq through hydrolysis of bound GTP (Scheschonka et al., 2000).
Similarly, Plk2 also acts to inhibit an increase in excitability of the neuron, by
downregulating the amount of AMPARs that are incorporated into the membrane
(Kea J. Lee et al., 2011; Zhu, Qin, Zhao, Van Aelst, & Malinow, 2002). On the other
hand, PRKCA activation seems to lead to increased excitability in hippocampal neurons
and is necessary for LTP (Colgan et al., 2018), but seems to fill an opposing function
in cerebellar purkinje cells (Leitges, Kovac, Plomann, & Linden, 2004).
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Targeted downregulation of these miRNA is a potential future avenue of exploration.
This could be done either through the introduction of virus expressing miRNA
sponges, knockdowns, or transgenic animals. Such experiments would hopefully
improve our understanding of the role played by these miRNAs and their targets.
Another interesting topic to explore would be differences in disease models such as 6-
hydroxydopamine (6-OHDA), LID models, or HD models, both for differences in
overall miRNA population, but also to analyse differences specific to dMSN or iIMSN
as it might help expand our knowledge of cellular changes in these models. Changes
such as those seen in the dMSN following dopamine denervation and LID (Fieblinger
et al., 2014; Sebastianutto et al., 2020).

We had hoped that we would be able to find DE of miRNA between iMSN and dMSN
large enough to support miRNA regulated inhibition of transgene expression, as has
previously been done in the brain using miRAP data from GABAergic interneurons of
the cortex. A vector targeting inhibitory interneurons in the cortex with a high degree
of specificity was constructed using target sites for miR-128 and miR-221, which was
expressed 16 and 12-fold higher in excitatory neurons in the cortex (Keaveney et al.,
2018; Sayeg et al., 2015). Unfortunately, the differences we detected were much smaller
than that and so we did not think it likely to be able to successfully construct a vector
capable of expression in one population over the other while still maintaining
acceptable expression levels.
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Materials and Methods

For the materials and methods section, we have chosen to focus primarily on the work
present in the first author papers and manuscripts that were primarily carried out by
the author.

Animal work

All animals were housed and handled in accordance with the principles of “Guide to
the Care and Use of Experimental Animals”. All procedures have been approved and
performed according to the guidelines established by the Ethical Committee for Use of
Laboratory Animals at Lund University under the permit M24-15 or M18184/17 for
paper I, Il and IV. 77 female Sprague dawley rats (Charles River, Sulzfeld, Germany)
weighing 225-250 g were used for the experiments performed in paper I, III and IV.
53 female Sprague dawley (Janvier) rats were used in paper II. In total 128 animals were
used for the experiments.

Stereotactic surgery

Rats were anaesthetized by injecting fentanyl (1.56 ml/animal, 50 g/ml fentanyl, B.
Braun) and medetomidine (0.14 ml/animal, 1 mg/ml Domitor, Orion Pharma Animal
Health) intraperitoneally (i.p.) in papers I, III and IV. After the pain reflex in the
hindlimb was gone, the scalp was shaved, and the rat was mounted in the frame using
ear- and a tooth-bar. For papers III and IV, Bupivacaine (0.1 ml/animal, 1 mg/ml,
Marcaine, Astra Zeneca) was injected and spread across the scalp. The skull was laid
bare using a scalpel and the bregma was located and set as point zero for all axes.
Lambda was used to determine that the head was flat. The skull bone covering the
intended injection site was drilled away until only a thin layer remained which was
punctured and carefully removed using a very fine tweezer. At the intended injection
site, the intact dura mater was then punctured using a sterile syringe needle. The
capillary was gently inserted and moved down 1 mm into the brain to ensure entry
without a need to push the brain down. The capillary was then cleaned using 3% H202
and H2O upon which the virus was loaded. After retraction of the capillary, it was
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cleaned using H202 and H2O before being used for the next injection. After injections
were finished, the skin was sealed with a suture, the rat was then marked in the ear and
was taken out of anaesthesia by i.p. injection of atipamezolhydroklorid (0.013
ml/animal, 5 mg/ml, Antisedan, Orion Pharma Animal Health) and in paper I,
buprenorphine (0.03 ml/animal, 0.3 mg/ml, Temgesic, Indivior).

Table 3: Injection coordinates for the different viral injections. Paper in which coordinates were used are listen in
brackets.

Injectionsite A/P M/L DIV Viral volume
LV SNpr (1) 5.4 1.5/2.5 -7.8/-7.4 1 pl+1 pl
LV GP () -0.8 35 -6.1 1pl

LV SNpr (lll) 5.3 1.8/2.6 -7.8/-7.4 1 pl+1 pl
LV GP (lll) -0.8 -3.0 -6.1 1pl

LV Striatum (llI, IV) 0.7 -3.0 -3.5/-5 1.5 pl+1.5 pl
AAV SNpr (Ill) 5.2 1.8/2.6 -8.2/-7.8 1 pl+1pl
AAV GP (lll) -0.8 -3.0 -6.1 0.5 pl
AAV Striatum (IV) 0.7 -3.0 -3.5/-5 1.5 +1.5pl

Perfusion and tissue sample collection

For IHC and RNAscope rats were sacrificed by i.p. injection of sodium pentobarbital
(1.5 ml/animal, 60 mg/ml, Apl). Brains were fixed using 4% PFA pumped into the
vascular system of the upper body. After the initial fixation, the brain was removed
from the skull and incubated in 4% PFA for another 2-24 hours at 4°C. The brains
were then moved to 15% or 25% sucrose solution (For RNAscope and ITHC
respectively) and incubated at 4°C for 24-48 hours, until the brains would sink to the
bottom of the flask.

For miRAP fresh striatal tissue was collected. Rats were sacrificed by i.p. injection of
sodium pentobarbital (1.5 ml/animal, 60 mg/ml, Apl). Following loss of the pain reflex
animals were decapitated and brains removed from the skull and washed using ice-cold
saline-solution. The brain was then placed inside a mould containing cut-outs for
double-edge razor blades Imm apart allowing for coronal sections. A razorblade was
inserted 5 mm from the anterior of the brain, excluding the olfactory bulb, cutting the
brain along the coronal plane. A second blade was inserted 7 mm from the anterior of
the brain, excluding the olfactory bulb, cutting the brain a second time along the
coronal plane. The 2 mm thick piece was then move to a glass plate with saline solution
that was kept on ice. The right and left striatum were cut out with the bottom part,

below the anterior commissure being removed.
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Immunohistochemistry

In order to section the brain, it was placed on a microtome using cryo-mounting
medium and frozen using dry-ice. The brain was then cut into 35 pm thick sections.
Every 6" section belonged to the same series. Brain sections were stored at -20°C in
wells of a 12-well plate containing antifreeze.

Each series to be stained was washed three times in KPBS. After washing, sections were
incubated in 1 ml of quenching solution for 15 minutes. Sections were then washed in
KPBS 3 times. This step was followed by a 1 hour Incubation of the sections in 1 ml
5% serum solution. The sections were then incubated in 1 ml primary Ab diluted in
5% serum over night at RT or 4°C over the weekend.

Following incubation, the samples were washed twice with KPBS. The sections were
then incubated in 5% serum solution for at least 15 minutes, followed by a 1 hour
incubation in 1ml secondary AB diluted in 5% serum.

Following the 1 hour incubation in secondary AB, the sections were washed in KPBS
three times. If secondary antibodies conjugated to a fluorophore had been used, the
sections were mounted or stored at 4°C until mounting. If a secondary conjugated to
biotin was used, the sections were incubated in 1ml ABC complex for 1 hour and then

washed with KPBS 3 times.

1 ml of DAB solution was added to the sections and incubated for 2 minutes. This was
followed by a 10 pl addition of H,O, solution and incubation until colour developed,
but a maximum of 4 minutes. All the sections that were to be compared were incubated
for the same amount of time.

The sections were then washed twice in KPBS. After washing, the sections were
mounted on microscope slides and left to dry. Having dried, the slides were incubated
in H20 and if secondary antibodies conjugated to fluorophores were used, coverslipped
using PVA-DABCO with or without DAPI at a 1:1000 dilution. If secondary
antibodies conjugated to biotin was used, incubation was continued using ethanol and
finally xylene to dehydrate. All incubations were carried out for 2 minutes. DPX was
then used as a mounting medium and the slides were coverslipped.

Serum solution was prepared using blood serum of the species used to produce the
secondary antibody.
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Table 4: List of all the antibodies, both primary and secondary used in the papers.

Species Antigen Dilution Conjugate Cat. No., company

Mouse Rat CD11b 1:1000 N/A MCA275, G Serotec

Rabbit GFP 1:5000 N/A Ab290, abcam

Chicken GFP 1:1000 N/A Ab13970, abcam

Rabbit DARP-32 1:1000 N/A AB10518, Millipore

Mouse GFP 1:1000 N/A Ab1218, abcam

Chicken mCherry 1:1000 N/A Ab205402, Abcam

Goat ChAT 1:500 N/A AB144P, Merck-Millipore

Rat DRD1 1:10000 N/A D2944, Sigma-Aldrich

Rabbit DRD2 1:500 N/A AB5084P, Merck-Millipore

Mouse Enkephalin 1:250 N/A AB150346, Abcam

Goat Chicken-IgY 1:500 Alexa 488 A11039, Thermo Fisher

Goat Rabbit-IgG 1:500 Alexa 555 A27039, Thermo Fisher

Goat Rabbit-IgG 1:800 Alexa 405 A31556, Thermo Fisher

Goat Rabbit-IgG 1:800 Alexa 488 A-11008, Thermo Fisher

Donkey Goat-IlgG 1:400 Cy3 705-165-003, Jackson Immuno

Goat Mouse 1gG 1:500 Alexa 555 A28180, Thermo Fisher

Goat Rat IgG 1:800 Alexa 555 800A-21434, Thermo Fisher

Goat Rabbit-IgG 1:200 Biotin BA 1000, Vector Labs
RNAscope

RNAscope was performed following the protocol for fixed frozen tissue. Rats were
sacrificed and perfused as described previously. Following fixation and incubation in
sucrose, the brains were frozen using crushed dry-ice and stored at -80°C until cut.
Before cutting frozen brains were incubated at -20°C for 1 hour. Brains were then
sectioned in 10um thick sections using a cryostat at -20°C. Brain sections were captured
using SuperFrost Plus slides, 1 section per slide. They were then stored at -20C for 1-
2 hours to dry. Sections were then post-fixed through incubation in 4% PFA for 15
minutes at 4°C, followed by dehydration through incubation in gradually increasing
concentrations of ethanol at RT for 5 minutes (50%, 70%, 100% x2). Finally, the
slides were dried at RT for 5 minutes.

Five drops of RNAscope Hydrogen peroxide were then applied to the sections and
incubated at RT for 10 minutes. Hydrogen peroxide was then removed, and sections
washed in distilled water. The sections were then placed in a rack in boiling (95+°C)
target retrieval reagent for 5 minutes and then immediately washed in distilled water
followed by a wash in 100% ethanol. Slides were dried at RT and a hydrophobic barrier
was applied around the section. 5 drops of Protease were then applied to each section
followed by a 30-minute incubation at 40°C in a humidity-controlled oven. Sections
were washed using distilled water.
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Following the wash, probes targeting Adora2a (Biotechne, cat no: 450471), DRD1
(Biotechne, cat no: 317031-C2), and EGFP (Biotechne, cat no: 400281-C3) were
applied to the sections and incubated for 2 hours at 40°C. Sections were then washed
using the wash buffer, followed by an O/N incubation in 5x SSC.

The following day sections were washed in wash buffer, followed by application of 4
drops of Multiplex FL v2 AMP 1. Sections were incubated at 40°C for 30 minutes and
washed using wash buffer afterwards. This step was repeated for Amp 2 and 3, with
only a 15-minute incubation for Amp3. Following the last washing step, 4 drops of
Multiplex HRP-C1 was applied to each section followed by incubation for 15 minutes
at 40°C. Sections were washed using wash buffer, 150 ul Opal 620, diluted 1:1000 in
TSA buffer, was added to each section and they were then incubated at 40°C for 30
minutes. Following incubation, the sections were washed with wash buffer, 4 drops of
Multiplex FL v2 HRP blocker were added to each section and the slides were incubated
at 40°C for 15 minutes. They were then washed in wash buffer. Everything in this
paragraph was repeated, but using Amp2/Amp3, HRP-C1/HRP-C2, and Opal
690/Fluorescein. Following the last wash, a drop of PVA-DABCO with added DAPI
(1:1000 dilution), was used to coverslip the sections. They were left O/N to dry.

Lentivirus production

Cells were seeded (roughly 12,5*10° 293T cells in aT175) the day before transfection
so that the confluency was 75-90% at time of transfection with 20 ml DMEM with
Glutamax + 10%FBS + Penicillin (100 U/ml)/Streptomycin (100 pg/ml). Before
transfection the medium was aspirated and 16.2 ml/T175 of new medium added.

For transfection using PEI, a total of 28 pg DNA and 84 pg PEI per T175 was mixed
at a 5:4:1 ratio of the transgene plasmid, the packaging plasmid, and the envelope
plasmid.

The DNA was diluted in DPBS or DMEM+P/S so that the total volume (including
PEI) became 0.1x the culture medium volume, that is 1,8 ml.

PEI was added and the tube mixed by vortexing for a few seconds. The transfection
mix was Incubated at room temperature for 15 minutes.

For transfection using Calcium Phosphate, viral production plasmids were mixed same
as when using PEL. 0.1 x TE-buffer was then added up to a volume of 810 pl followed
by addition of 90 pl of 2.5 M CaCl,. The mix was put on a vortex and and 900 pl of 2
x HEBS was added dropwise with constant vortexing. The transfection mix was left for
5 minutes at RT and 1.8 ml was added to each flask.
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The transfection mix was added to the cell culture by tilting the flask to gather the
medium at the bottom and the transfection mix was added to the medium to prevent
disrupting the cells attached to the bottom of the flask. After addition of the
transfection mix, the flask was gently rocked back and forth to distribute the
transfection mix evenly. The cells were incubated at 37°C at a 5% CO2 until harvest
of medium.

Cell supernatant was collected 45 hours after transfection and another 18 ml of
medium was added. The supernatant was centrifuged at 800 x g for 10 minutes, 4°C.
The supernatant was filtered through a 0.45 pm pore size filter. The filtrate was
transferred to a Beckman ultracentrifugation tube and centrifuged at 76500 x g for 1.5
hours at 4°C. After centrifugation the supernatant down to approximately 1 ml was
discarded and the tube stored at 4°C O/N. The following day cell supernatant was
collected again. The supernatant was centrifuged at 800 x g for 10 minutes, 4°C. The
supernatant was filtered through a 0.45 pm pore size filter. The filtrate was transferred
to the same Beckman ultracentrifugation tube used previously and centrifuged at 76500
x g for 1.5 hours at 4°C. The supernatant was discarded, and the virus-pellet was
resuspended by adding cold PBS. The pellet was left to dissolve at 4°C at least 2 h or
O/N. The virus was aliquoted and frozen at -80°C.

Lentivirus titration

Each batch was titered by quantitative PCR. The batches to be titered were used to
transduce 100000 293T cells in each well of a 6-well plate. 3, 1 or 0.3 pl of the virus,
diluted using DPBS, was added to each well. A reference batch expressing GFP was also
added to one set of 3 wells using the same volumes. The reference batch had previously
had its titer determined by quantification of the number of cells transduced and
expressing GFP using a flow cytometer.

Primers targeting the human albumin gene as well as the WPRE sequence were used.
The C, value for each well was then calculated by the Lightcycler software. The values
from the albumin primers were used to normalize the values from the WPRE primers,
since the albumin gene should be present in the same number in each genome of the
293T cells. After normalization, the value was compared to the reference batch to
calculate the predicted functional titer of the virus batch.
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AAV production

Similarly to the LV production, cells were seeded (roughly 12,5 *10°293T cells in
aT'175) the day before transfection so that the confluency was 75-90% at time of
transfection. 27 ml of DMEM with Glutamax + 10%FBS + Penicillin (100
U/ml)/Streptomycin (100 pg/ml) was added to each flask.

Transfection was performed using PEI. 28 pg of plasmid DNA was mixed in 3ml DPBS
at aratio of 1.2:1:1 of transfer, helper, and capsid plasmid using a three-plasmid system,
and 1:1 of transfer and helper plasmid using a two plasmid system. 84 pg of PEI was
added to the plasmid mix, vortexed and incubated at RT. Following incubation, the
transfection mix was added to the HEK 293T cells. 24 hours later 90% of the medium
was aspirated and replaced with 27 ml Optipro.

48-72 hours after medium change virus was harvested. Cells were detached from flask
using a cell-scraper and collected with the medium (volume should be 30 ml). 3 ml of
chloroform was added to the cells and medium followed by 5 minutes of vortexing.
After vortexing, 7.6 ml of NaCl was added to each tube and briefly vortexed. Tubes
were centrifuged for 5 minutes at 3000 x gand 4°C. The aqueous phase (largest volume,
upper phase) was then transferred to a new tube. 9.4 ml of 50% PEG 8000 was added
to each tube, briefly vortexed, and incubated on ice for 1 hour.

Following incubation, the tubes were centrifuged for 30 minutes at 3000 x g and 4°C.
The supernatant was discarded, and pellet resuspended in 1.4 ml of HEPES buffer.
Following resuspension, 3.5 pl 1M MgCl2, 14 pl DNase I, and 1.4 pl RNase A was
added to each tube. The tubes were briefly mixed and then incubated at 37°C for 20
minutes. Chloroform was added at a 1:1 ratio to the tubes, vortexed and then
centrifuged for 5 minutes at 3000 x ¢ and 4°C. The aqueous phase was transferred to a
new tube and the process from addition of chloroform repeated three more times.

Following collection of the aqueous phase the last time, tubes were left with lid open
for 30 minutes for evaporation of chloroform. The aqueous phase was then loaded onto
100000 kDa molecular weight cut-off ultrafiltration columns. The columns were
centrifuged at 14000 x g at RT for 5 minutes. This step was repeated until all of the
aqueous phase had been loaded onto the column. The flowthrough was discarded and
the solution remaining in the column was diluted using 400 pl DPBS and centrifuged
at 14000 x g at RT for 5 minutes. The dilution with DPBS and subsequent
centrifugation was repeated 4 times. For the last centrifugation step the time was
increased to 8 minutes. The column was then removed from the collection tube,
inverted and placed into a new clean collection tube, which was centrifuged for 2
minutes at 1000 x g at RT. The AAV-containing DPBS solution was then transferred
to a glass vial and stored at 4°C.
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AAY titration

AAV was titered through lysis of AAV particles and ITR count through qPCR. 1 pl of
the AAV batch to be tittered was diluted in 89 pl of PBS and 10 pl of 10x DNase I
reaction buffer. 2 Units of DNase I was added, followed by incubation at 37°C for 10
minutes. In order to inactivate DNasel, 1pl of 0.5M EDTA was added, and the sample
incubated at 65°C for 10 minutes. To lyse the AAV, 1 pl (20pg) of Proteinase K was
added followed by incubation at 50°C for 60 minutes. Proteinase K was heat inactivated
by incubation at 95°C for 20 minutes.

A standard curve for qPCR was prepared by linearizing an AAV transfer plasmid, with
a 10-fold dilution series from 1*10” copy nr/pl to 1¥10° copy nr/pl. 1 pl of sample
(standard curve or AAV-batch genomic DNA) was added to 4 pl of ITR targeting
FAM-primer probes (0.5 pM final concentration of each primer), and 5 pl of SYBR
Green Mastermix in a 384-well qPCR plate.

The thermocycler was run with the following settings: 98°C for 30 seconds, followed
by 39 cycles of: 98°C for 5 seconds, and 60°C for 30 seconds. DNA quantities was
measure using FAM-probes and C, values calculated by the Lightcycler software. The
standard curve was then used to determine the genome copies/ml of the AAV batches.

Western blot and total protein staining

LV samples were inactivated by adding 1% Tween 20 at a 1:1 ratio. AAV samples were
diluted using DPBS to achieve a final amount of 5*10” gc/well, and inactivation was
performed through denaturation in the next step. Both AAV and LV samples were
diluted in Laemmli buffer at a 1:1 ratio up to a total volume of 20 pl. The sample was
heated up to 99°C for 5 minutes and then chilled on ice. For paper I, a TGX stain-free
gel from Bio-Rad was washed with water and put in the electrophoresis system. The
inner and outer chambers are filled with 200 ml and 600 ml TGS running buffer,
respectively. 20 pl of sample was then loaded into the wells and the gel was run at 200
V for 30 minutes. After the run the gel was imaged by exposing it to UV-light for 1
minute and the fluorescence was measured. For paper II, a 4-12% Bis-Tris (Thermo
Fisher Scientific) gel was used together with MOPS running buffer (Thermo Fisher
Scientific). Gel was otherwise run under identical conditions, but without UV exposure
after the run. The gel was either used for blotting, or total protein staining using
Coomassie Brilliant Blue R-250 (only in paper II).

For gels used for western blotting, the proteins were then transferred to a PVDF
membrane using the trans-blot turbo transfer system (Bio-Rad) and pre-made trans-
blot turbo PVDF membrane sandwiches (Bio-Rad). Successful transfer was controlled
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by imaging the PVDF membrane with UV-light for paper I, and through Ponceau S
staining in paper II. The membrane was then washed using TTBS for 15 minutes
followed by a 1 hour incubation with 5% milk powder solution. The blocking solution
was then discarded, and the membrane washed in TTBS. Following the washing step,
the membrane is incubated together with a-BSA antibody (Sigma, B-2901) in 5% milk
powder solution. After primary antibody incubation the image is developed using a 5
minute incubation in ECL prime.

For total protein staining, the gel was briefly washed using distilled water and then
incubated O/N at RT in 0.1% Coomassie Brilliant Blue R-250, 40% Methanol and
10% Acetic acid. The gel was de-stained the following day in 40% Methanol and 10%
Acetic acid until bands were visible and then imaged.

Cell counting

For paper I, DAB-stained cells were counted manually using the Olympus AX70 at a
magnification of 100x. Counting was performed from the section corresponding to
plate 11 to plate 21 of the Paxinos and Watson second edition rat brain atlas. To get
an estimation of the total number of cells present in this part of the brain, the method

proposed by M. Abercrombie (Equation 1) was used. (Abercrombie, 1946)

M
L+M

P=Ax

Where P is the average number of cells, A is the number of counted cells, M is the
thickness of the section and L is the length of the cell body. P was then multiplied by

6 to account for the fact that each brain was cut in series of 6.

For paper III, images of the sections of interest were taken using the Leica DMI 6000B
and Leica DFC360FX at a 100x magnification. For the purpose of counting GFP* and
DARP32* neurons, Images were split into green and blue channels and all labelled cells
within the green channel in the striatum of a section were counted and marked. The
blue channel was then used to count how many of the previously labelled cells were

also blue.

In paper IV, images were taken using an Olympus AX70 at a magnification of 400x for
DRD1/GFP staining or the Leica DMI 6000B and Leica DFC360FX at a 200x
magnification for ChAT/mCherry staining. For quantification of DRD1- and GFP*
cells, an area around the outside of the injection tract, containing transduced cells, but
as few overlapping cells expressing GFP as possible, was chosen from different sections
from the two animals injected. Images of these areas were converted into grayscale and
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the “Enhance local Contrast (CLAHE)” (Zuiderveld, 1994) plugin for imagej (Rueden
etal., 2017; Schindelin et al., 2012) used to aid in counting. GFP* cells within this area
were marked. The DAPI channel was then controlled to ensure that GFP* cells marked
would overlap with a nucleus. GFP* cells were then controlled for DRD1 overlap or
lack thereof. In order to judge this, a GFP* cell which showed DRD1 staining that is
darker within the GFP* area compared to its surroundings was considered DRD1
negative, whereas one that was similarly stained or completely covered was considered

DRD1 positive.

ChAT" and mCherry" neurons were counted by splitting the red and green channels,
marking the mCherry* cells and then the number of cells also ChAT". In order to count
the number of ChAT" cells within the area of injection, but not stained for mCherry,
red cells surrounded by green cells, or with more than a single green cell within 50-100
pm were counted.

Brains stained using RNAscope was imaged using a confocal microscope at a 100x
magnification, with an emission filter that could be regulated to separate the Opal 620
and 690 emissions. GFP mRNA staining was localized (labelled with Fluorescein) and
then checked for colocalization with either DRD1 mRNA staining (labelled with Opal
690), or Adora2a mRNA staining (labelled with Opal 620).

miRNA immunoprecipitation and RNA purification

200 pl Protein G Dynabeads were washed twice using PBST. 0.5 pg Antibody targeting
GFP (ab6556, Abcam) diluted in 500 pl PBST was added to the beads. The beads were
then incubated at RT for 1 hour with end-over-end rotation. The beads were then
washed twice with PBST followed by two wash steps with miRNA lysis buffer.

During the 1 hour incubation, animals were sacrificed and brains extracted as
previously described. The brain-pieces were immediately dropped into MP lysing
matrix D 2 ml tubes containing 500 pl of complete lysis buffer and placed on ice. The
samples were lysed using a MP Fastprep-24 at 5 m/s for 2x 1 minute. The lysate was
transferred to an eppendorf tube and centrifuged at 4°C, 16200 x ¢ for 15 minutes.
After centrifugation, the supernatant was transferred to a new Eppendorf tube. 50 pl
was saved from each sample. The remaining lysate was incubated with the Dynabeads
at 4°C for 24 hours with end-over-end rotation. Following incubation, the beads were
spun down and washed with low salt NT2 buffer. They were then washed twice with
high salt NT2 buffer. With the last washing step done, the beads were resuspended
with 700 pl QIAzol and incubated for 10 minutes at RT. The beads were collected
using a magnet and the QIAzol containing the RNA transferred to a new Eppendorf
tube. 140 pl of chloroform was added to each sample followed by 15 seconds of
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vortexing. miRNA was then purified using the Qiagen miRNEasy micro kit according
to the protocol for miRNA-enriched fractions, appendix A.

RT qPCR for miRNA
For paper I, the Qiagen miRCURY LNA miRNA starter kit was used for RT qPCR of

extracted miRNA. RNA concentrations of samples were not measured due to the low
amounts of RNA, but instead 6.5 pl was used for the cDNA reverse transcription. U6
spike-ins was used as controls for cDNA reverse transcription. Furthermore, the cDNA
was only diluted 1:10 before qPCR. Primers targeting the mature miRNAs 21a-3p,
103-3p or 124-3p were used during qPCR. The kit was used following the protocol in
all other regards. C, values were calculated by the Roche Lightcycler 480 II instrument
software.

smallRNA-seq

Library was prepared by J. G. Johansson using the NEXTFLEX small-RNA seq kit v3
for illumina sequencing. Due to the low amounts of RNA present after small RNA
purifiction, the maximum amount of sample (10.5 pl) was used for library preparation.
There was no size selection performed on the library before sequencing.

Bioinformatics

Trimming, mapping and counting of reads was performed by R. Garza. We used the
edgeR R-package (Robinson, McCarthy, & Smyth, 2009) in order to analyse our samples
for differential expression. MiRNA with less than 5 counts in at least two samples were
removed and normalization factors for the libraries calculated using TMM (Robinson &
Oshlack, 2010). For estimating dispersions we used the Cox-Reid profile-adjusted
likelihood method (McCarthy, Chen, & Smyth, 2012). We then proceeded to test for DE
using a quasi-likelihood F-test (Robinson et al., 2009). FDR was calculated using the
Benjamini-Hochberg procedure (Benjamini & Hochberg, 1995).

Molecular cloning

The D2SP promoter was ordered as a GeneArt string, using the sequence given in
(Zalocusky et al., 2016) inserted into a plasmid for cloning from Thermo Fisher
Scientific. The D2SP promoter and a pscAAV.CMV.mCherry plasmid, kindly donated
by Marcus Davidsson and Tomas Bjorklund, was restricted using Avrll and BamHI
and then ligated to create the pAAV.D2SP.mCherry transfer plasmid.
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The D2SP promoter was amplified through PCR and restriction sites for Clal and Agel
added with the primers. Both the PCR fragment and the pLV.CMV.GFP-Ago2, kindly
donated by Johan Jakobsson, was restricted using Clal and Agel and then ligated.

Similarly, the hSyn promoter was amplified through PCR and restriction sites for Clal
and BamHI added with the primers. Both the PCR fragment and the pLV.CMV.GFP-
Ago2, kindly donated by Johan Jakobsson, was restricted using Clal and BamHI and
then ligated.

For the pAAV.hSyn.(loxp)CTE.GFP-Ago2 plasmid, pAAV.XK-EGFP-myc-Ago2,
kindly donated by Johan Jakobsson, was opened and blunted upstream of the GFP-
Ago2 fusion protein using Agel. pscAAV.CTE-GFP, kindly donated by Marcus
Davidsson and Tomas Bjérklund, was also restricted using Agel to create an insert of
the (loxp)CTE fragment and ends blunted. The backbone and insert were then ligated.
Clones were checked for correct orientation of the insert. Plasmid maps for transfer
plasmids used in thesis are shown in Figure 15 and 16.
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