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1. Introduction

1.1.0verview

Understanding the molecular and functional signatures and the significance of
genes in neurological disorders is primary in neuroscience. The genetic,
molecular and functional alterations underlying the pathological changes in
conditions like Parkinson’s (PD), Alzheimer’s (AD), and Huntington’s diseases
remain largely unknown and could serve as early markers of disease.

The overall aim of this work was to establish platforms to modulate genes and
their encoded proteins and assess the outcomes of the gene perturbation non-
invasively. In other words, the research goal was to couple gene-editing with in
vivo imaging to longitudinally study how genes regulate brain molecular and
functional dynamics. Our research has the potential to identify early
neurobiological markers and promising therapeutic interventions. Within this
framework, we carried out two studies.

In the first study, "we combined the clustered regularly interspaced short
palindromic repeats (CRISPR)-associated nucleases (Cas9) with in vivo positron
emission tomography (PET) and functional magnetic resonance imaging (fMRI)
in the adult rat brain to investigate the direct link between genes, molecules and
the brain connectome"” [1]. "Receptors, transporters, and ion channels play a role
in neurological diseases, and genetic screenings are constantly discovering new
targets whose mechanistic role in pathogenesis is not yet well understood. Our
research focused on using CRISPR/Cas9 to knock down the Slc18aZ2 gene,
encoding the vesicular monoamine transporter (VMATZ2), involved in the storage
and release of dopamine (DA). The extensive knowledge of the gene makes it an
excellent basis for studying the gene-molecules-networks relationship” [1].
CRISPR/Cas9 was chosen as Science’s 2015 “Breakthrough of the Year” and
awarded the Nobel Prize in 2020 [2, 3]. Already six years after the first relevant
paper, CRISPR/Cas9-related publications raised from a few hundred to almost
5000 [4], highlighting the global research interest and the feasibility of this new
technique. Developed in bacteria as a defense mechanism towards viruses, the
system was engineered to modify any gene of interest in several organisms [5-

13]. Significantly, CRISPR/Cas9 mutates, silences, induces, and replaces



genomic elements even in humans. CRISPR/Cas9 is employed in several clinical
trials to treat cancer, thalassemia, human papillomavirus, optic neuropathy [14-
16].

We applied CRISPR/Cas9 gene-editing in the adult rat brain, where traditional
genetic tools have been difficult to adapt. "Rats are particularly advantageous for
imaging studies due to the larger brain size and limited spatial resolution and
sensitivity of preclinical scanners [17]" [1]. Notably, only two studies have
employed CRISPR/Cas9 gene-editing in rats. However, the results of the gene
perturbation have been investigated either through behavioral examinations or in
vitro [18, 19]. Our experimental goal extended beyond those approaches in
combining the genome-engineering platform with in vivo PET and simultaneous
PET/fMR imaging. Besides its diagnostic relevance, PET allows the non-invasive
quantification of protein expression changes in vivo and over time in the same
subjects. Additionally, due to its high sensitivity in the nano- to picomolar range
(10" to 10" mol/L) [20], it offers a reliable quantitative estimate of the
neurochemical changes in regards to neurotransmitters synthesis, storage,
release, and reuptake [21-27]. Therefore, the imaging modality enables a non-
invasive, longitudinal investigation of the induced molecular changes in the rat
brain. Compared to PET, MRI presents superior temporal and spatial resolution.
Further, blood oxygen level dependent-functional MRI (BOLD-fMRI) indirectly
detects neuronal activity via hemodynamic coupling [28], delineating the extent
of functional connectivity (FC) between anatomically separated regions [29].
Therefore the two modalities are strongly complementary, as they provide
molecular (PET) and functional information (BOLD-fRMI). The simultaneous
application of PET/BOLD-fMRI enables the direct spatial and temporal correlation
of both measurements [30-36], aiding in the understanding of the brain
adaptations from molecules to networks.

We anticipate our combinatorial approach to be a starting point to investigate the
impact of specific genes on the brain molecular-connectome dynamics,
identifying early neurobiological markers and tailored therapies for normalizing

brain function.



To provide a quantitative measure and monitor the Cas9 and sgRNA brain
expression over time, it would be of interest to perform in vivo PET imaging with
reporter gene probes. Despite several reporter genes have been developed in
the last years, these show major limitations, which include f.e. endogenous
expression in the brain, resulting in high background binding or low brain
uptake [37-43].

In the second study, our goal was to carachterize the pharmacokinetics and
metabolism of ["'C]trimethoprim (TMP), a promising PET reporter probe to image
E. coli dihydrofolate reductase (EcDHFR)-expressing cells in the rat brain. The
radioligand is an analog of TMP, an antibiotic for clinical use, binding to EcDHFR
and crossing the blood-brain barrier (BBB) when given orally [44-46]. ["'"C]TMP
has shown great potential as reporter gene probe in xenografted tumor mouse
models [47], binding with very low affinity to the mammalian DHFR (4-fold less)
and being biologically inert [47]. As no studies on [""C]TMP suitability for brain
imaging were perfomed in the rat, our aim was to investigate the potential of
[""C]TMP to image EcDHFR in the species.

1.2. State of the art

The neurotransmitter DA plays a vital role in brain functions ranging from pleasure
and motivation to motor control. Imbalances in DA transmission can lead to
various disorders, including depression, attention deficit hyperactivity disorder,
psychotic disorders, and PD [48-54]. The molecular signatures underlying these
diseases have not yet been fully clarified, and therapeutic interventions are still
missing. Scientific research in the field remains a “hot topic” and focuses on
identifying the mechanisms behind alterations of DA signaling.

In this regard, the potential of CRISPR/Cas9 to engineer animal models and
dissect the underlying molecular alterations could help develop future
interventions. CRISPR/Cas9 overcomes the costly and time-consuming breeding
of germlines and allows gene-editing in adult and aged animals, avoiding
compensatory changes occurring at early developmental stages. Beyond that,
we prove that CRISPR/Cas9 can be used to disclose the direct link between
specific genes and molecular dynamics if combined with PET imaging. Indeed,
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molecular changes can be measured in the brain non-invasively, with high
specificity and sensitivity, and over time with PET. One well-characterized
example is the radioligand [""C]JRAC, a widely used DA receptor (DAR)
antagonist, which determines the availability and release of DA non-invasively
[65-57].

In summary, we combine in vivo CRISPR/Cas9 gene-editing with molecular brain
imaging in the adult rat brain to study the gene-molecules relationship, outplaying
the current approaches limited to assessing the editing efficiency and relying on
invasive experiments (electrophysiology) or in vitro analyses.

Given the role of newly discovered molecules in neurological disorders' onset and
progression, our work aids in the identification of early neurobiological markers
and tailored therapeutic interventions, as it sets the fundamentals to study the

molecular brain dynamics, non-invasively and over time.

1.3.DA signaling and related disorders

DA signaling alterations result from neuronal dysfunctions in the substantia nigra
compacta (SNc), ventral tegmental area, striatum, prefrontal cortex, and
hippocampus [58-60]. DA is synthesized through two steps via the enzymes
tyrosine hydroxylase (TH) and DOPA decarboxylase. Then, it is packaged into
vesicles by the VMAT2, which releases the neurotransmitter in the synaptic cleft
in response to neural activation. Once released, DA exerts either inhibition or
excitation on the target neuron by binding to its metabotropic receptors (DAR).
Five subtypes of DAR have been identified, divided into two families: D1-like
(D1R and D5R), excitatory or inhibitory, and D2-like (D2R, D3R, D4R), mainly
inhibitory. DA is subsequently recycled in the presynaptic terminal through the
DA transporter (DAT) and can be either repacked into vesicles or degraded to its
metabolites homovanillic acid (HVA), 3-methoxytyramine (3-MT), and 3,4-
Dihydroxyphenylacetic acid (DOPAC) by a set of enzymes: monoamine oxidase
catechol-O-methyl transferase, and aldehyde dehydrogenase (Figure 1) [61].
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Figure 1: Simplified representation of dopamine (DA) signaling. DA (red) is
embedded in presynaptic vesicles (blue) by the vesicular monoamine transporter 2
(VMAT2, vyellow). Upon stimulation and calcium-mediated exocytosis, the
neurotransmitter is released in the synaptic cleft and binds to DA receptors (DAR),
located at the postsynapse (green). DA is either degraded into its metabolites
homovanillic acid (HVA), 3-methoxytyramine (3-MT), and 3,4-Dihydroxyphenylacetic
acid (DOPAC) or taken up in the presynaptic neuron through its transporter (DAT)
(orange).

Being a highly reactive molecule, DA is considered a potential neurotoxin. If left
unpackaged in the cytosolic environment, it can be particularly detrimental to the
nigrostriatal neurons, which are susceptible to oxidative stress and lack
antioxidant capacity [62, 63]. VMAT2 packages more than 90% of DA into
vesicles [64], thus increasing neural response and exerting neuronal protection
towards the neurotoxin. Therefore, a subtle balance of the DA concentration in
the system is essential to avoid its accumulation and reduction, ultimately leading
to psychotic or motor disorders such as schizophrenia, depression, and PD.

A dysregulated DA system contributes to positive, negative, and cognitive
symptoms of schizophrenia. Schizophrenic patients present hyperactive DA
transmission in the mesolimbic areas and hypoactive DA transmission in the
prefrontal cortex [65-67]. Further, they show differences in DA contents in the
prefrontal and cingulate cortex and hippocampus, as evidenced by PET studies
[68]. As for the role of the neurotransmitter in depression, preclinical and clinical

studies indicate that antidepressants enhance the DA neurotransmission in the
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mesolimbic area [69, 70]. More precisely, chronic treatment with antidepressant
drugs induces presynaptic DAR subsensitivity or postsynaptic DAR
supersensitivity [71]. Further, depressed patients present a compensatory
upregulation of D2R in the basal ganglia compared to healthy subjects [72].
Psychomotor retardation and diminished motivation are typical symptoms of
depression, nevertheless also common to PD patients [5]. PD patients present
motor comorbidities as key symptomatic features. The massive loss of DA in the
SNc leads to a loss of signaling in the striatum, which triggers alterations in the
thalamic area and frontal cortex [73]. The surviving dopaminergic neurons in the
SNc and the increased density of striatal D1R and D2R mitigate the DA
denervation, delaying PD symptoms [74-76]. Motor symptoms appear when
50 - 60% of dopaminergic neurons are lost, limiting effective treatments since the
diagnosis is already severe [77].

As current therapies do not prevent or arrest DA-related diseases, there is an
urge to solve the underlying molecular alterations and explore novel therapeutic

targets to formulate more effective interventions.

1.4.VMAT2-mediated DA signaling

VMAT2 is a transmembrane carrier localized on the membrane of small and
dense core vesicles within monoaminergic neurons expressing DA, serotonin (5-
HT), norepinephrine, epinephrine, and histamine [78]. Interestingly, VMAT2 co-
releases GABA in dopaminergic neurons, whereas the neurotransmitter is not
synthesized de novo but taken up into the presynaptic neuron by its transporter
[79, 80]. VMATZ2 functions as a toxin-extruder antiporter, exchanging cellular

toxins for extracellular protons at the cell membrane (Figure 2) [81].
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Figure 2: Vesicular monoamine transporter (VMAT2). VMAT2 (orange) uses ATP to
transport 2 protons (H*) from the cytoplasm to the vesicle, creating an electrochemical
gradient across the vesicular membrane, thus promoting the release of 1 monoamine
(blue circles).

VMAT2 plays an essential role in neurotransmission and neuroprotection, as it
releases monoamines in response to neural activity and confines neurotoxins [82,
83]. Proper storage of DA in synaptic vesicles by VMAT2 favours
neurotransmitter homeostasis and protects dopaminergic neurons from
detrimental effects of DA accumulation. Indeed, the neurotoxic effects of
misplaced DA, related to its cytosolic accumulation and oxidative stress, are
known to play a role in PD [84-86]. Specifically, Slc18a2 gain-of-function is
protective towards PD [87, 88], while Slc18a2 mutations cause infantile PD with
motor and cognitive impairment [89]. Studies suggest that S/c78a2 may also be
a candidate gene for psychotic disorder. Indeed, its impact on the functional
integrity of the striatal presynaptic DA system affects cognitive functioning and
leads to schizophrenia and bipolar disorder [90-93].

To elucidate the role of the VMAT2 in neurological disorders, several
investigators have deleted its coding gene in mice [94-97]. Besides the costly and
time-consuming breeding, the gene knockout was not selective for the targeted

neurons, resulting in the appearance of unselective behavior phenotypes [98].
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1.5.CRISPR/Cas9

Many preclinical trials failed to translate into clinics because performed on animal
models which did not fully recapitulate the disease pathogenesis [99]. This
highlights the use of proper disease models to study the priming mechanisms
and test novel therapeutics. Recently developed genetic tools provide a more
useful means to generate preclinical models. CRISPR/Cas9 represents the most
promising avenue to unveil the influence of genes on individual phenotypes, as it
shows numerous advantages over other gene editing approaches, such as
Transcription Activator-Like Effector Nucleases (TALENs) and RNA interference
(RNAI) (Table 1).

Table 1: Comparison between gene-editing strategies. Clustered regularly
interspaced short palindromic repeats (CRISPR)-associated nucleases (Cas9)
(CRISPR/Cas9), Transcription Activator-Like Effector Nucleases (TALENs), and RNA
interference (RNAI).Table adapted from [100].

CRISPR/Cas9 TALEN RNAI
Target Genomic DNA | Genomic DNA mRNA
Modification Knockout Knockout Knockdown

Components Cas9, sgRNA 2 TALENs siRNA or shRNA

Time Medium Long Short-Medium
Cost Low High Low-High
Off-Target .
effects Low Low High
Eas_e Easy Moderate Easy
of experiment

CRISPR/Cas9 editing has shown potential in neuronal cells in several species [7-
11, 13, 101, 102]. It overcomes the need to breed genetically modified rodents, a
costly and time-consuming process (9 — 12 months to get the desired progeny)
[103]. Remarkably, CRISPR/Cas9 components can be injected into adult
animals, avoiding compensatory changes occurring at early developmental
stages. Importantly, CRISPR/Cas9-edited animals carry mutations on the
endogenous gene, thereby providing better disease models than germlines, in

which exogenous promoters drive the mutations.
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1.5.1 Mechanism

CRISPR/Cas9 edits single or multiple genes in vivo, elucidating the role of
encoded proteins in certain diseases. The system embodies the Cas9 nuclease,
which snips through the DNA like a pair of molecular scissors. The nuclease is
driven to the target genomic sequence by a small RNA molecule (single guide
RNA, sgRNA) and produces a double-strand break (DSB) 3 bp upstream of a
protospacer adjacent motif (PAM) (Figure 3).

DNAtarget

T sgRNA

Figure 3: Scheme of the CRISPR/Cas9 system. The Cas9 nuclease (orange) is
targeted to the genomic DNA (blue bar) by a sgRNA (red) consisting of a scaffold
component, which serves for the interaction with the Cas9 and a variable sequence of
20/22 nucleotides (nt), which directs the Cas9 to the target DNA site (dark blue bar) using
standard DNA-RNA complementarity base-pairing rules. Hence, the Cas9 mediates a
double-strand break three bp upstream of a protospacer adjacent motif sequence (PAM,
pink). Thus, in the presence of the PAM string, the Cas9 nuclease can be directed to any
DNA of interest by simply altering the first 20/22 nt of the sgRNA corresponding to the
genomic target sequence.

Following the DNA cleavage, the cell’s native repair machinery mends the cut via
non-homologous end-joining (NHEJ) or homologous directed recombination
(HDR). NHEJ binds the DSB together, introducing random insertion/deletion
(InDel) at the breakpoint junctions. HDR uses a DNA sequence as a template

leading to precise editing (Figure 4) [104].

NHE} ~\_HDR

—

Insertion template

Deletion
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Figure 4: Repair mechanisms following the Cas9-induced double-strand break
(DSB). The DSB, induced by Cas9 (orange arrowheads), is repaired through (i) non-
homologous end joining (NHEJ), an error-prone process that produces
insertions/deletions disrupting the gene of interest. (i) homology-directed repair (HDR),
if a DNA template is provided, allowing for precise gene-editing.

Hence, depending on the experimental objective, one could use the cellular DNA
damage repair mechanisms to achieve gene destruction (NHEJ) or correction
(HDR). However, NHEJ repair takes place more frequently than HDR since it
happens in cellular growth (G1) and mitotic (M) phases [105]. HDR occurs in the
S/G2 stages of the cell cycle, limiting its use in postmitotic neurons [106].

1.5.2 Applications

The most obvious benefit of CRISPR/Cas9 use in human research lies in its
potential to eradicate deadly genetic diseases. Its therapeutic application might
have an enormous impact on human health; for correcting over 600 genetic
diseases [107-109]. Beyond its therapeutic potential, the gene-editing platform
could be employed in animal species to model diseases and shed light on the
molecular changes arising from manipulating specific genes. Numerous
CRISPR/Cas9 preclinical trials involving pigs [7, 101], non-human primates [8],
zebrafish [9, 102], mice [10], drosophila [11], and bacteria [110] have shown
encouraging results. Also, its recent use in plants like rice [111], tobacco [112],
and crop [113] offers a promising avenue in agricultural biology and biofuel
production. CRISPR/Cas9 potential is continuously expanding with novel
applications beyond gene silencing and correction. Indeed, a catalytically dead
Cas9 lacking nuclease activity but retaining DNA binding ability with no apparent
loss of target or binding specificity allows the live imaging of genomic loci and
transcriptional regulation [114-118]. CRISPR-epigenomic thrives among the
latest application and could be used to disclose the relationship between
epigenetic markers and gene expression [119]. Further, the RNA-targeting Cas13
family of effectors shows higher RNA KD efficiency than shRNA and CRISPRI
[120, 121]. Recently, the potential of the Cas12a family to modify up to 25 targets
at once in a single cell has been harnessed [122]. Moreover, efficient and specific

base-editing can be performed in human cells without introducing DSB [123].
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1.5.3 Challenges

Cas9 nuclease permanent expression leads to gene-editing outside the target
locus and potentially to mutations on other genes, as it can tolerate mismatches
between the target sequence and the sgRNA (up to 5 within the protospacer
region and the PAM) [124]. These off-target effects represent the main drawback
of CRISPR/Cas9 and a great concern related to its application in humans.
Several bioinformatics tools predict off-targets based on the homology to the
target sequence. They can be employed to select the sgRNA with the least off-
target probability [125]. A Cas9 (D10) that nicks the DNA instead of cutting both
strands minimizes the likelihood of off-target events. However, D10Cas9 requires
two sgRNAs, two PAMs, to make a functional nickase, limiting the target sites
[126]. Truncating the sgRNA might also reduce the off-targets; however,
shortening the sgRNA length reduces the number of target sequences [127]. The
introduction of Cas9 at high concentrations, besides its long-lasting expression,
increases the appearance of off-target events. Most likely, once all the target sites
have already been cleaved, DSB will be directed towards off-target sequences
[128]. Recently synthesized anti-CRISPR/Cas9 proteins could be delivered post-
editing to inhibit Cas9 unnecessary persistent activity and editing errors outside
the target region [129]. Notably, undesired targeting of cells outside the area of
interest can also be considered an off-target event. Proper delivery cargos for
CRISPR/Cas9-components therefore limit the occurrence of off-targets (see
section delivery).

Another main challenge to be faced when administering CRISPR/Cas9 in vivo
are the immune responses elicited towards the system’s components. Indeed,
the overall immunogenicity of the CRISPR/Cas9 complex, being of bacterial
origin, needs to be addressed as persistent Cas9 expression favors antigen
presentation. While the innate immunity, triggered by the nucleic acid cargo, does
not appear frequently, the adaptive immunity, directed against Cas9, is common
and seems to be pre-existing in the human population due to the exposure via
the microbiome [130]. This pre-existing adaptive immunity represents a
significant drawback, particularly concerning clinical studies, as, besides the
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safety issues, it might affect the gene therapy efficacy. To overcome this critical
limitation, CRISPR/Cas9 could be delivered through nanovectors shielding the
immunogenic Cas9 from antibodies recognition [119].

1.5.4 Delivery

While CRISPR/Cas9 holds tremendous potential, its practical application is not
straightforward. Indeed, Cas9 and sgRNA need to be delivered to the nucleus of
target cells, minimizing immunogenic reactions and off-target events. The
nuclease delivery is particularly challenging due to its high molecular weight and
gene length. CRISPR/Cas9-components can be administered in different formats
such as (i) RNA, produced through in vitro transcription or synthetic
polymerization, (ii) single plasmid DNA (spDNA) and viral vectors, which need to
translocate into the nucleus for transcription, or (iii) preformed ribonucleoprotein
(RNP) complexes, which can be delivered through lipidic, polymeric or inorganic
nanovectors. RNPs show higher editing efficiency when directly compared to
spDNA [131], can generate the desired editing within 3 hours, and are cleared
out after 24 hours, limiting the toxicity and off-targets derived from the persistent
Cas9 expression [132]. In addition, RNPs in vivo effects and limited immunogenic
reactions have been successfully validated in the mouse brain [133]. For these
reasons, RNPs are considered the new frontier for CRISPR/Cas9 transfer.
Nevertheless, adeno-associated viral (AAV) vectors, non-pathogenic viruses
infecting mammalian cells at all cell cycle stages, represent the current primary
mode of delivery. Indeed, AAV gene transfer is relevant for most neuroscience
applications and indispensable for disease modeling. AAVs can be modified to
target specific sequences in the host genome and present excellent tissue
spread, stable transgene expression, versatility, low immunogenicity, and
translational potential [10, 134, 135]. Nevertheless, the AAVs' main hindrance is
the limited packaging capacity [136], which restricts the use to smaller Cas9 such
as the ones derived from Campylobacter jejuni, Streptococcus thermophilus,
Neisseria meningitides, and Staphylococcus aureus (SaCas9) [137-141].
Besides overcoming the AAV-packaging constraints, SaCas9 shows the same
cleavage rates, reduced off-targets, and effective nuclease activity in vivo
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compared to the better-characterized Streptococcus pyogenes Cas9 (SpCas9)
[142]. Nevertheless, its PAM sequence is less abundant [18, 143, 144].
Significantly, the editing efficiency of CRISPR/Cas9-components delivered
through AAVs relies mainly on the choice of the AAV-serotype, which is
responsible for the tropism towards the cells of interest. The recombinant AAV
serotype AAV2/1 is the most employed to target nigral neurons due to its
widespread and high transduction frequency [145, 146]. However, recent
experiments show the greatest neuronal transduction rate with the AAV-PHP.EB
in both adult and neonatal rats [147]. This novel serotype is derived from the
AAV9 capsid, from which it differs by a heptamer amino acid insertion [148, 149].
AAV.PHP.EB is the enhanced version of its precursor AAV-PHP.B and shows a
higher brain tropism and transduction rate [150-152]. It has the tremendous
advantage of permeating the BBB, leading to vast gene transfer and long-term
expression (up to 12 months) in the striatum, cerebellum, and cortex [152]. AAV-
PHP.EB is also suitable for local vector delivery and produces significantly higher
focal expression in the rat SN, even when multiple vectors are administered
simultaneously, compared to previously tested serotypes [147, 148]. Further, it is
suitable for CRISPR/Cas9-components delivery [150]. Yet, AAV-PHP.EB dose-
response studies in adult rats are missing, and the serotype has shown strain-
limitations in mice [153].

1.6.PET imaging

PET imaging provides a non-invasive tool to measure molecular changes in the
brain with high specificity and sensitivity over time. PET relies on the detection of
y-rays emitted by neutron-deficient isotopes that dispose of the surplus of positive
charge, turning a proton into a neutron through nuclear transmutation. As a result,
a positive electron (positron, e*) and an electron neutrino (v,) are emitted. While
the neutron escapes without interactions, the positron interacts with the
surrounding tissue until it annihilates, at a certain distance r, with an electron. As
a result, two photons (y) are ejected in opposite directions, describing a trajectory
termed line of response (LOR), within the same coincidence timing window
(Figure 5A). Positron emitters are used to label biologically active molecules
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absorbed or metabolized in the body (oxygen, ammonia, glucose) or specific
substrates of molecular targets (receptors, transporters). Their distribution in the
target tissue is quantified through detectors, termed scintillators. Scintillators
convert the energy of the y-ray pairs into visible light and must be placed in

opposite directions and circular configuration (Figure 5B) [154].
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Figure 5: Formula and representation of the nuclear transmutation process and
PET detection mechanism. A: Positive electrons (e*), emitted from the unstable
nucleus of the isotope, collide with the electrons (e™) of the surrounding tissue. The
distance of the positron to the annihilation point is indicated with r. As a result of this
annihilation, two photons (y) are ejected with the energy of 511 KeV in opposite
directions as shown in B: The two photons that strike the PET detectors, at nearly
identical times, are recorded as coincident. Brain icons in the figure were created with
BioRender.com

Scintillators are typically made of crystalline materials like lutetium
oxyorthosilicate or bismuthgermanate and must possess high light output, high
stopping power, and good timing, energy, and spatial resolution. The latter
depends on the radial offset and represents the distance where two infinitely
small point sources can still be distinguished from each other. The spatial
resolution of small animal PET systems equals 1.5 - 2.5 mm and is measured as
the full width at half maximum (FWHM) of the point spread source in the center
field of view (FOV).

Upon the impact of the photons with the scintillating crystals, the visible light is
converted into an electric signal by photomultiplier tubes or avalanche
photomultipliers and transformed into a digital signal by analog-digital converters.
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However, not all the acquired events contribute to the signal, indeed not only true
coincidences (photons from the same positron annihilation) (Figure 6A) but also
random events (photon pairs from uncorrelated annihilations detected in the
same coincidence timing window) (Figure 6B) and scatter events (photons from
the annihilation pair which scatter and lose energy before reaching the detector)

(Figure 6C) can contribute to the background noise [154].
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Figure 6: Types of coincidence events. True (A), random (B), and scatter (C)
coincidences. In the last two types of coincidences (B, C), the annihilation event does
not lie on the line of response (LOR) between the two-photon detections. Brain icons in
the figure were created with BioRender.com

The missed detection of the scattered photon pairs, termed attenuation, depends
on the scanner circular geometry and tissue depth, and is ~ 20% in rats [155].
The attenuation leads to data underestimation and must be measured with
magnetic resonance imaging (MRI), computed tomography systems, or
subtracting the signal of a transmission source (e.g., >’Co or %Ge) rotating
around the subject to the signal derived from a blank scan (acquired without the
subject). Besides the attenuation, the dead time and the partial volume effect
(PVE) might worsen the image quality and lead to biased quantification of the
acquired PET data. The dead time is the time window required to register a
second event, depends on scintillators and electronic components, and is
corrected performing statistical measures. The PVE leads to spillover to the
surrounding tissues in objects smaller than three times the spatial resolution and
is estimated performing scans on phantoms of known size [154].

After the photons’ detection, the applied corrections, and the digital post-

processing, the PET raw data are reconstructed into an actual image.
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Mathematical algorithms such as the analytical 2-dimensional (2D) filtered back
projection (FBP) or the iterative ordered subset expectation maximization
(OSEM) can be applied. FBP reconstruction is the most used algorithm due to its
fast and robust nature. However, OSEM leads to high-quality images with
improved signal-to-noise ratios (SNR), contrast, and spatial resolution [156].
Further, it outperforms FBP also in terms of binding values estimates for certain
radioligands [157]. The choice of the reconstruction algorithm is therefore a
compromise between the computing times and the statistical relevance of the
data and relies on the radioligand of interest and study design.

1.6.1 PET imaging and dopaminergic transmission

PET has become an essential tool to study regional physiology in humans and
has been extensively used for the differential diagnosis of neurodegenerative
diseases [158]. Due to the lack of definitive diagnostic tests and conditions such
as Lewy body dementia, AD, multiple system atrophy, and PD presenting similar
clinical patterns, PET imaging with DA markers becomes crucial. Besides its
relevance in clinical diagnosis, PET imaging is also beneficial for validating
animal models of disease and studying non-invasively and over time the
molecular brain architecture. Indeed, due to its high degree of sensitivity, PET
measures DA synthesis, storage, release, and reuptake, promoting the
identification of novel therapeutic targets [20-27]. PET ligands for the VMAT?2,
DAT, and DAR sites measure the DA functioning on pre and postsynaptic
terminals, giving insights into the molecular dynamics of neurodegeneration [159-
163] psychotic disorders [164-167], and addiction [168-170]. Further, PET is used
to image neurotransmitter release using receptor-ligand tracers, such as
['"C]JRAC, whose binding is sensitive to the concentration of the endogenous
neurotransmitters. These experiments assume that the radioligand and the
neurotransmitter compete for the same receptor binding site [56]. The increase
in neurotransmitter release causes the displacement of the radioligand from its
binding site hence, a decrease in its specific binding. Vice versa, the

neurotransmitter reduction increases the receptor availability leading to increased
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radioligand binding. The change of specific binding reflects the change of

neurotransmitter concentration [171].

1.6.2 Kinetic modeling

Depending on the study design, PET scans can be acquired in static or dynamic
mode. When working with a radioligand with known kinetics, a static acquisition
can be performed when the equilibrium between the target and reference region
is reached. Instead, the radioligand distribution in the target tissue can be
mapped performing PET scans in dynamic mode; the acquisition lasts from the
moment the radioligand is administered until it is cleared out of the system. Thus,
while the results of static scans are expressed in a semi-quantitative values, in
the form of standard uptake values (SUV), and percent injected dose (%ID), the
dynamic data can be quantified using kinetic modeling.

In the static acquisition, the total amount of radioligand in the tissue is quantified,
for a drawn region or volume of interest (ROI, VOI), as the radioactivity
normalized to the injected dose (%ID) or the injected dose per body weight (SUV)
[172]:

. [MBa

%ID = C_fﬂMm—;ql x 100 [1]
. [MBa

SUV = “ms l,;,n—;ql [2]
Cni |79~

Where C;,,4 is the image-derived radioactivity concentration in the tissue and C;,,;

is the ID. Nevertheless, the %ID and SUV mirror the radioactive concentration in
the target tissue relying solely on the injected radioactivity. However, the
radioactivity concentration depends as well on the physiology of the tissue (blood
flow, metabolism) and on the input function, which is the time course of
radioactivity concentration in the blood/plasma. Ultimately, both define the
availability of the radioligand in the target tissue. Hence, the dynamic PET data
and the extracted input functions are needed to determine the in vivo kinetics of
the radioligand, as they provide information on its distribution in tissue and blood,
respectively [172].
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1.6.2.1 Compartmental models

In a dynamic PET study, PET data are obtained over time after the tracer is
administered. To interpret the PET data, one can assume that there are separate
pools of tracer as “compartments”. Yet, to model the PET data as compartments
several assumptions need to be met: (i) the physiological processes are at
equilibrium and (ii) are not influenced by the radioligand administration and PET
acquisition, (iii) the concentration in the compartments is homogeneous, and the
radioligand transfer is not gradient driven. With these assumptions in mind, one
has to look at compartments not as physical volumes but as different states of

the radioligand (e.g., bound, free, unspecifically bound) (Figure 7) [172].
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Figure 7: Radioligand distribution from the blood to the tissue. Following its
intravenous (i.v.) administration, a fraction of the radioligand may bind to plasma proteins
and not travel into the brain. The remaining quote may cross the capillary membrane and
enter the tissue. From here, the radioligand may be free, specifically bound to its
substrate, or non-specifically bound to another target. The binding may be defined by
reversible or irreversible kinetics. Figure courtesy of Prof. Dr. K. Herfert.

The simplest model is the 1 tissue compartment model (1TCM) and defines the
concentration of the radioligand distributing from the plasma to the tissue
(described with K;) and back to the plasma (described with k,) (Figure 8A).

k, holds information concerning flow, tracer extraction, and partition coefficient.
If the radioligand concentration in the blood remained constant, its concentration
in the tissue would also become steady, and equilibrium would be achieved. The
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ratio of the radioligand concentration in the target region and plasma at

equilibrium is the partition coefficient (V-, volume of distribution), defined as:

_r_k
VT_cp_kz [3]

An essential application of 1TTCM is measuring regional blood flow (perfusion).
Radioligands used for this purpose are ['°O]H0, ['®O]butanol, [''C]butanol.

In the 2TCM, an additional compartment is described, which identifies with the
fraction of radioligand binding reversibly to the substrate (described with k;) and
then displacing to its free or non-specifically bound state (described with k,).
For radioligands with irreversible binding or those which are trapped in the cell,
e.g., ['®F]FDG, k, is set to zero. For radioligands with high specific binding to a
receptor and low non-specific binding, e.g., ['"CIRAC, ks and k. can be
neglected, and Cr and Cns combined to a single compartment (Figure 8B).
Instead, for radioligands with high non-specific binding to the substrate, ks and
ks can be defined using a 3TCM. However, this model requires fitting of 6
parameters and might lead to unreliable fits (Figure 8C) [173].

Therefore, the choice of the model is a trade-off between parameters introduced
to gain a good fit and the statistical errors. For most radioligands, Cr and Cns can
be combined into one single compartment assuming that ks and k¢ are

infinitesimal small and a 2TCM can be applied.
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Figure 8: Tissue compartment models. A: 1-tissue compartment model. B: 2-tissue
compartment model. C: 3-tissue compartment model. Cp: radioligand in plasma, Cr: free
radioligand in tissue, Cg: radioligand specifically bound to a substrate, Cys non-
specifically bound radioligand in tissue. Figure adapted from [173].

To estimate the rate constants, an arterial input function is required. The input
function can be derived from (i) plasma input models, which measure the
radioactivity in the whole blood/plasma from blood samples collected during the
PET scan, and (ii) reference tissue models, which compare the radioactivity in
the target and reference region.

(i) Plasma input models represent the gold standard method since they
incorporate the radioligand distribution over time in the plasma in the form of an
arterial input function.

(ii) Reference tissue models are a non-invasive alternative method based on the
assumption that a reference region devoid of specific binding exists from which
an indirect input function is derived. These are mainly used in PET imaging of
receptor function. One assumption common to all reference tissue models is that

the ratio of the rate constants K1 and k2 is the same in all studied regions:
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K _ K1
ky kb [4]

Where K| and k; are used to describe the rate constants in the reference tissue
[154].

Therefore, reference tissue models can be used to derive the binding parameters
from a reference region without the use of an arterial input function [174].

A simplified reference tissue model (SRTM), which assumes that the tracer can
be represented by 1TCM in both the ROIs and the reference region, was initially
developed for [''C]RAC data quantification, and has now become widely used for
the analysis of reversibly binding neuroreceptor tracers. Using SRTM it is
possible to estimate micro- (K; — k,) or macroparameters (V) by non-linear curve
fitting. SRTM reduces the number of fit parameters from four to three, generating

good fits to the kinetic data and a stable parameter estimation process [175-179].

1.6.2.2 Graphical analyses

Graphical methods do not estimate the system kinetics. Instead, the data are
converted into a line plot which slope has a physiological meaning. The slope
equals the V; for each ROI, with higher slopes corresponding to higher binding
potential (BP) defined as the ratio of the receptor’s total concentration in the

tissue (B,,4,) and the radioligand dissociation constant at equilibrium (Kp):

Bp = Zmax 5]

Kp
By 1S referred to as B,,,; Since not all the existing receptors are available for
the radioligand to bind, due to the occupancy by endogenous molecules.
When the radioligand specific binding is not compared to plasma concentrations
but to a reference region with unspecific binding, the BP is defined as non-
displaceable BPy,. BPyp can be derived from the V; values in the target region

and region devoid of specific binding (Vyp) [154]:

_VrVNp _ Vr _
BPyp = Vb Vap 1 (6]

Where VV—T is often termed as distribution volume ratio (DVR):
ND
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Among the graphical analysis, the Logan plot is widely used for reversibly binding
neuroreceptor tracers. Although, using the Logan plot one can estimate only
macroparameters (BPyp, V), the algorithm shows several advantages. Indeed,
only two free parameters need to be estimated by regression, which can be
obtained from a one-step procedure rather than from iterative fitting. Therefore, it
shows fast computational time and independence from a kinetic model [180].

1.6.3 Properties of a successful brain PET ligand

Compared to therapeutics, a brain PET tracer has more rigorous criteria in terms
of potency (single-digit nM or sub-nM) and pharmacokinetic (low or no
radiometabolites’ formation and low non-specific binding). Therefore, PET
radioligand development is a challenging process requiring the intersection of
multiple properties. Most important properties of a successful brain PET tracer
have been exhaustively described elsewhere [181] and are summarized below:

1. Carbon-11/fluorine-18-labeling site

An essential criterion is a chemical structure with an accessible labeling site for
the incorporation of short-lived radionuclides such as [''C] (t12 = 20.4 min) or ['8F]
(t12=109.7 min).

2. Sufficient blood-brain barrier penetration

A suitable brain PET tracer must also penetrate the BBB sufficiently to produce
good brain uptake. Limited radioligand uptake can lead to a weak PET signal,
masked by the signal of the background noise. This is especially crucial in brain
imaging studies, where the vascular signal, about 3% in the rat brain [182], can
substantially lead to uptake overestimation. A good radioligand should have a
SUV > 1.5. The ability of a radioligand to penetrate the BBB relies on its size and
charge, lipophilicity, plasma protein binding, and dependency on efflux pumps
transport. The lipophilicity is expressed in LogP values, being P the n-
octanol/water partition coefficient of the unionized species. High LogP values
indicate high lipophilicity and vice versa. However, a radiotracer with high
lipophilicity might become extensively bound to blood proteins, reducing the
quote freely available in plasma to cross the BBB. High LogP values also lead to

enhanced radiotracer non-specific binding to the white matter (composed mainly
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of the lipid-rich myelin), producing a high background signal. Thereby,
radioligands’ LogP value must be in the range 1—-3. The corresponding
distribution coefficient at physiological pH is termed LogD7s4 In general,
radiotracers with moderate lipophilicity, LogD7 4 values between 2.0 — 3.5, show
optimal BBB entry in vivo [13].

Further, the tracer should not be a substrate of the efflux pumps at the BBB. The
strong efflux transport, mainly mediated by the P-glycoprotein (PgP) [183, 184],
is among the main factors hindering the radioligand brain uptake [185]. PgP is an
ATP-dependent transmembrane glycoprotein expressed at the luminal side of
endothelial cells of blood capillaries. It actively transports certain lipophilic
substrates back to the vascular space, thus impeding their access to the brain
[186]. Interestingly, interspecies variations of PgP expression have been reported
and could explain the observed divergences in terms of radioligand brain uptake
between rodents and humans [187, 188]. For example, the radioligand for the
serotonin receptors ['"C]RWAY is a strong substrate of PgP in rats, but not in
non-human primates, where it shows acceptable brain accumulation (SUV > 2)
[189, 190]. Along with the interspecies variability, PgP intraindividual differences
exist, e.g., rats display 2-fold higher PgP expression in the cerebellum than other
brain regions [191]. PgP inhibitors, such as Elacridar, can be administered to
suppress PgP mediated efflux and increase the radioligand brain uptake [192,
193].

3. Appropriate pharmacokinetics

A successful radioligand must hold brain pharmacokinetics suitable to the isotope
half-life. It must show fast kinetics to reach and bind its target site while clearing
from the brain with low non-specific binding (t1,2 < 30 min).

4. High specificity and selectivity

The radioligand must have high selectivity for the target compared to similar
molecules. Ideally 30 — 100-fold higher, as defined by its equilibrium dissociation
constant (Kq). Further, it should have high affinity for the intended target (in the
single digit nanomolar range), expressed as the reciprocal value of the Kq (1/Kq).
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5. High SNR

The binding affinity required to make a successful ligand is dependent on the
number of binding sites for the radiotracer in a VOI (Bmax). If Bmax is high, a lower
Kqis required to produce an adequate SNR. However, if the binding affinity is too
high, equilibrium might not be reached on the timescale of in vivo imaging, making
reliable quantification difficult. A ratio of Bmax/Kqa2 10 is considered good [194,
195]. Target density in the brain might be significantly different among species.
For example, the noradrenaline transporters binding sites are 7 times more
expressed in the rat brain than in non-human primates. Despite the promising rat
imaging data, these interspecies differences precluded using the SPECT tracer
['2%IINKJ64 in humans [196-199].

6. Lack of radiometabolites crossing the blood-brain barrier

As part of the elimination process, radioligands are metabolized into more
hydrophilic molecules by enzymes in the liver. Radiometabolites must not
penetrate the BBB, as they cannot be distinguished from the signal produced by
the parent radiotracer. When this happens, it leads to bias in the PET data
quantification, as for the DAT tracer [''C]PE2I. [''C]PE2I is metabolized in rats
and humans in a compound crossing the BBB and binding to DAT [200, 201].
Instead, the ['8F]SP203 tracer for the metabotropic type 5 glutamate receptor is
metabolized in rats but not in humans [202, 203].

Typically, most radioligands showing favourable in vitro properties fail when
translated into clinics, as they do not possess one or all the criteria mentioned
above. In addition, even if successful in one species, they may not work in others.
Recently developed methods can better approximate the radioligand in vivo
performances. For example, plasma and brain unbound fractions can be
measured to extract the percentage of compound free to cross the BBB, thus
available for the target (ideal unbound fraction > 10% plasma, > 1% brain) [204,
205]. Further, in vitro metabolism studies can be combined with high performance
liquid chromatography (HPLC) and mass spectrometry to mimic the in vivo
condition [206].
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1.6.4 PET reporter gene imaging

Novel radioligands, used to image engineered cells, have been developed to offer
a deeper understanding of the molecular basis of pathogenesis in animal models
of disease and monitor the gene therapy efficacy in humans [207-209]. Recently,
they have been used for neuronal tracking and to manipulate brain protein
expression [210]. These PET probes allow the direct detection of genetically
engineered cells when the reporter gene encodes (i) an enzyme catalysing the
transformation of the PET substrate to products trapped within cells or (ii) a
receptor that is a target for the tracer [39, 211-213]. Exemplary brain reporter

genes and their advantages and disadvantages are reported below.

1.6.4.1 HSV1-tk

The herpes simplex virus type 1 thymidine kinase (HSV1-tk) has been the most
exploited enzyme-based reporter gene. It phosphorylates selectively specific
radiolabeled substrates, which are then trapped in the cell [214]. Its ectopic
expression may trigger immunogenic responses, leading to cell death or reduced
reporter gene expression over time. Further, because currently, available tk
substrates do not cross the BBB, HSV1-tk cannot be used to image reporter gene
expression in the intact brain. Nevertheless, it is used as reporter gene or
therapeutic in pathological conditions where the brain permeability is

compromised, e.g., glioblastoma [37].

1.6.4.2 D2R80A

When DA binds to D2R, it evokes a decrease in the cellular cyclic AMP levels. A
mutant form of D2R, D2R80A, has been developed to suppress this intracellular
signaling path. D2R80A can be used as an imaging or therapeutic probe in
neurodegenerative diseases involving D2R replacement therapy. However, the
system suffers from high background signals in D2R-rich brain regions, such as
the striatum [37-40].

1.6.4.3 hCB2
The mutant form of the human type 2 cannabinoid receptor (hCB2) and its PET
ligand have been validated in vitro and in vivo in several species, showing good

BBB penetration and reversible and specific CB2 binding in vivo. CB2 is poorly
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expressed in the brain and only in the cerebellum and pons in physiologic
conditions. However, it is upregulated by activated microglia during inflammation,
an essential feature of neurological disorders. Its use is therefore compromised
in these conditions [41-43].

1.6.4.4 PKM2

PKM2 is an isoform of pyruvate kinase (PK) involved in glycolysis, modulating
metabolic processes, and cell proliferation [215-217]. PKM2 protein is
upregulated in diseases like tumors or heart disorders [218, 219]. Instead, low
expression levels are found in the healthy and diseased brain, which allows for
high brain SNR [220]. Nevertheless, PKM2 seems to be involved in inflammatory
responses, essential features of neurological disorders. Its use is therefore

compromised in these conditions [221].

1.6.4.5 EcDHFR

The enzyme EcDHFR converts dihydrofolate into tetrahydrofolate and is
specifically antagonized by TMP. TMP is an antibiotic approved for clinical use,
which crosses the BBB when given orally. This peculiarity has been successfully
exploited to regulate the expression of proteins in the rat brain [44-46]. Most
importantly, TMP shows very low affinity to the mammalian DHFR (4-fold less),
producing a small background signal [222]. Alike TMP, its radiochemical analogs,
[""C]TMP, ['®F]TMP, and ['®F]FE-TMP, bind to EcDHFR-engineered cells in vitro
and in vivo [47, 210, 223, 224]. In 2021 Shimojo et al., reported, after completion
of our study, the applicability of radiolabeled and fluorescent TMP derivatives for
neuronal tracking, brain circuits imaging, and protein expression manipulation
[210]. However, they observed very low brain uptake in the mouse and non-
human primate brain (SUV ~ 0.15), and dependence on PgP efflux transport in
the mouse brain [210].

1.7.Brain functional connectivity
"The brain is a network of spatially distributed but functionally and structurally
interconnected regions that exhibit correlated activity over time. They

communicate with each other via highly specialized neuronal connections and
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are organized in neuronal circuits and networks. Understanding how functional
connections between regions are arranged in the healthy and diseased brain is
therefore of great interest” [1]. Brain regions are defined functionally connected if
they engage in the same brain function, even though they are anatomically
separated [225, 226]. Importantly, functionally connected areas show coherent
activity patterns even at rest, in the absence of external stimuli [227, 228]. When
acquired at rest, the generated readout is called resting-state (rs)-FC [229]. fMRI
can be used to delineate the level of FC at high spatial and temporal resolutions
based on spontaneous fluctuations of the BOLD signal, which indirectly detects
neuronal activity via hemodynamic coupling [28]. Neurons lack reservoirs of
glucose or oxygen. When engaged in a certain activity, they are provided with
more energy by the adjacent capillaries through a process termed hemodynamic
response, which supplies them with increased regional cerebral blood flow and
oxygen [230, 231]. This leads to a change in the levels of deoxygenated
(paramagnetic) and oxygenated (diamagnetic) hemoglobin that can be detected
by BOLD-fMRI. Ultimately, the generated BOLD contrast is a complex response,
dependent not only on blood oxygenation but also on cerebral blood flow and
volume [232, 233].

The fluctuations of the BOLD signal, reflecting the spontaneous fluctuations of
the underlying neurons [29], can be measured to derive the brain FC. Applying a
seed-based approach to the BOLD-fMRI data, the FC is calculated as the
temporal correlation between the BOLD signals extracted from the ROls, using
Pearson’s correlation coefficient. Using this method, the overall brain connectivity
can be visualized with a connectivity matrix, showing the strength of all
connections between seed regions within the brain (Figure 9). Yet, the seed-
based analysis is vulnerable to bias, as the seed needs to be determined a priori.
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Figure 9: Brain FC. A: BOLD signals are extracted from pre-defined ROIs and their
temporal fluctuations are correlated pair-wise. B: Using a seed-based approach, the FC
of the predefined seed (green) and each voxel of the brain is computed. Figure courtesy
of Tudor Mihai lonescu.

Using rs-fMRI several brain rs-networks have been identified, such as the default
mode and sensorimotor networks (DMN, SMN). The DMN comprises cortical
regions and is associated with ideation and mind wandering [234, 235]. The SMN,
instead, is involved in sensory processing and motor function and comprises the
striatum, thalamus, and somatosensory and motor cortices [228, 236-242].
Alterations of these networks are linked to neurological diseases, and may serve

as early therapeutic and diagnostic biomarkers [243, 244].

1.8. Scientific question

1.8.1 Imaging endogenous gene expression changes in the rat brain
"Receptors, transporters and ion channels are important targets for therapy
development in neurological diseases [...] but their mechanistic role in
pathogenesis is often poorly understood” [1]. Gene-editing and in vivo imaging
approaches will help to identify the molecular and functional role of these targets

and the consequences of their regional dysfunction on whole-brain level.
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We combine CRISPR/Cas9 gene-editing with in vivo PET and PET/BOLD-fMRI
to investigate the direct link between genes, molecules, and the brain
connectome. "The extensive knowledge of the Slc18a2 gene encoding the
VMAT?2, involved in the storage and release of DA, makes it an excellent target
for studying the gene-networks relationships” [1].

In this doctoral thesis we intended to address the following question: Can in vivo
molecular and functional imaging be coupled to CRISPR/Cas9 gene-editing to
investigate the gene-molecules-networks brain dynamics non-invasively and over
time?

The specific aims of the study were:

- Knock down the Slc18a2 gene in primary neurons and validate the
CRISPR/SaCas9-induced KD efficiency on a protein and DNA level.

- Knock down the Slc18a2 gene in the rat SNc and evaluate the
CRISPR/SaCas9-induced VMAT2 KD efficiency and the downstream
molecular and motor changes in vivo with PET imaging, behavioral
analysis, and ex vivo through immunohistochemistry (IHC) and
biochemistry.

- Knock down the Sic18a2 gene in the rat SNc and evaluate in vivo the
CRISPR/SaCas9-mediated VMAT2 KD efficiency, the functional
adaptations in the DMN and SMN, and the underlying molecular changes
with PET/BOLD-fMRI.

1.8.2 Imaging exogenous gene expression in the rat brain

In vivo imaging with PET reporter probes enables the quantification of the
expression of ectopic genes, e.g., CRISPR components, in the brain of
experimental animal models. However, until today no PET reporter gene for the
in vivo quantification in the brain has been identified. Previous experiments in
xenografted tumors have shown the potential of ['"C]TMP, binding to EcDHFR,
as PET reporter probe. Indeed, [""C]TMP shows very low affinity to the
mammalian DHFR (4-fold less) and is biologically inert [47].
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The specific aim of the second part of this doctoral thesis was to investigate the
brain pharmacokinetics and biodistribution of the previously published PET tracer
[""C]TMP targeting the reporter gene EcDHFR for in vivo imaging in the rat brain.
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2. Materials and Methods

2.1.Imaging endogenous gene expression changes in the rat brain

2.1.1 In vitro validation of the CRISPR/SaCas9-induced Sic18a2 KD

2.1.1.1 Experimental design

"SgRNAs targeting the second exon of the Sic18a2 gene and the first exon of
the lacZ gene were designed based on the PAM sequence of SaCas9 (NNGRRT)
(Table 2). [...] Primary neurons were dissected from the rat cortices and
transduced with AAVs. Seven days post-transduction, the protein expression
level and mutation rate of the harvested genomic DNA were inspected by

immunofluorescence and surveyor assay” [1] (Figure 10).

AAV-SgRNA  \ \v.SaCas9

O o IF/Surveyor
d4 d11

Neurons isolation from AAV-transduction Fixation

rat embryos (E18)

Figure 10: Experimental design of the in vitro validation. Primary neurons were
dissected from the cortices of embryos at embryonic day 18 (E18). AAVs transduction
was performed after 4 days. One-week post-transduction, the neurons were processed
forimmunofluorescence (IF) and Surveyor assay to evaluate the KD efficiency on protein
and DNA level, respectively. Figure adapted from [1].

Table 2: SJRNAs sequences. sgRNAs targeting the Sic18a2 and LacZ genes. Table
from [1].

SgRNAs DNA Target Sequences PAM (NNGRRT)
5-3 5-3
Slc18a2 | CGATGAACAGGATCAGTTTGC GCGAGT
lacZ CCTTCCCAACAGTTGCGCAGC CTGAAT

2.1.1.2 Viral vectors

"SgRNAs were cloned into an AAV-PHP.EB expression vector containing a GFP
reporter sequence, driven by the CMV promoter, for the identification of
transduced neurons. A second AAV-PHP.EB construct was produced to express
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SaCas9, flanked by two nuclear localization sequences (NLS) to allow its
translocation into the nuclei. The vector expressed the nuclease via the CAG
promoter and contains three HA-tags to visualize the targeted neurons (Figure
11). Cloning of the sgRNAs, plasmid construction, as well as the production of
concentrated and purified AAV-PHP.EB vectors, delivered at a concentration of
103 gc/mL, were carried by SignaGen Laboratories (Johns Hopkins University,
USA). [...] The genomic mutation rate was assessed using a different set of AAVs
with AAV2/1 serotype, for a conditional design, kindly provided by Matthias
Heidenreich (prev. Zhang lab, Broad Institute of MIT and Harvard, Cambridge,
USA)" [1].

lacZ (exon 1)

¥ _AGGCCCGCACCGATCGC TCCCAACAGTTGCGCA CTGAATGGCGAATGGCGCTTTG. .2
Slc18a2 (exon 2)
¥ . .AGCAGCGCAAGGAACACGAT > T TTT GCGAGTGGCGGCTGTCC...?
“ 9% % < <
-} 4% O 6 —0
NE o Zo o N g._
A || cac I\ SaCas9 I”HHJ ‘ ‘ ‘ ue | sgRNA H ICMV/\ GFP | U
L ITR ITR / ITR
) 46kb " 46kb

Figure 11: Plasmids. A: The SaCas9 sequence is flanked by two NLS to allow its
translocation into the nuclei and is expressed under the control of the CAG promoter.
The construct contains three HA-tags for the identification of transduced neurons. B:
Plasmid expressing the sgRNA targeting theS/c718a2 gene (KD) under the U6 promoter
or the sgRNA targeting the bacterial lacZ gene (control). The vector expresses GFP via
the CMV promoter, to allow the visualization of targeted neurons. GFP: green fluorescent
protein, CMV: cytomegalovirus, NLS: nuclear localization sequence, CAG: CMV
enhancer/chicken B-actin, HA: hemagglutinin. Figure adapted from [1].

2.1.1.3 Animals

Wild-type Sprague Dawley (SD) pregnant rats were purchased from Charles
River Laboratories (Sulzfeld, Germany) and delivered at embryonic day 17. Rats
were kept on a 12 h day-night cycle at a room temperature of 22 °C and 40 — 60%
humidity. Animals received a standard diet and tap water ad libitum before and
during the experimental period. All animal experiments were performed according
to the German Animal Welfare Act and were approved by the local ethical

authorities, Regierungsprasidium Tubingen, permit number R15/19M.
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2.1.1.4 Culture and transduction of rat primary neurons

"Primary cortical neurons were obtained from rat embryos of a pregnant SD rat
from embryonic day 18 (E18) (Charles River, Sulzfeld, Germany). Embryos were
decapitated and quickly removed from the mother rat. Cortical dissection was
performed in ice-cold HBSS (100 mL 10 x HBSS, 870 mL dH20, 3.3% 0.3 M
HEPES pH 7.3 and 1% pen/strep) (Life Technologies, Massachusetts, USA). The
obtained tissue was washed three times with 10 mL ice-cold HBSS PhenolRed-
free (LifeTechnologies, Massachusetts, USA) and then digested at 37 °C for
20 min in 8 mL HBSS with 2.5% trypsin (Life Technologies, Massachusetts, USA).
Cortices were washed 3 times with 10 mL HBSS containing 3.7% FBS, and then
gently triturated in 2 mL HBSS. For the maintenance, neurons were plated on
poly-D-lysine-coated 24 well plates (BD Biosciences, Heidelberg, Germany) or
coverslips (Neuvitro Corporation, Vancouver, USA) at a density of 16 x 10%well,
and cultured in Neurobasal media supplemented with 2% 1 xB27, 0.25%
Glutamax, 0.126% Glutamate and 1% pen/strep (LifeTechnologies,
Massachusetts, USA) for four days. Afterward, AAVs carrying the expression of
the vectors for the SaCas9 and sgRNAs (1:1 ratio), were added to the culture
medium at 200,000 MOl (AAV-PHP.EB-sgRNA-lacZ: 1.7 x 10"? gc/mL, AVV-
PHP.EB-SaCas9: 1.4 x 102 gc/mL, AAV-PHP.EB-sgRNA-
Slc18a2: 2.1 x 10"? ge/mL, final viral volume 37.5 uL/well). For the Surveyor
assay, conditional AAVs for SaCas9, sgRNA-Sic18a2, Cre-recombinase
(AAV2/1, 1:1:0.5 ratio) were used. Neurons were processed one-week post-viral

treatment” [1].

2.1.1.5 Immunofluorescence

"Rat primary neurons were processed one-week post-AAV-transduction.
Coverslips were washed twice with DPBS and fixed in 4% paraformaldehyde
(PFA) in DPBS for 15 min at RT. Blocking and permeabilization were performed
for 30 min at RT in DPBS with 5% donkey serum, 0.5% Triton-X100, and 0.05%
BSA. Primary antibody incubation (VMATZ2, 1:50, EB06558, Everest Biotech,
Ramona, USA) was performed for 60 min at RT. The immunofluorescent signal
was detected using Cy3 conjugate secondary ab (1:250, Vector Laboratories

Ltd., Peterborough, UK, kindly provided from Birgit Fehrenbacher, Department of
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Dermatology, University of Tibingen, Germany). Coverslips were mounted using
ProLong Antifade Diamond Medium containing DAPI (LifeTechnologies,
Massachusetts, USA) and imaged with a TCS-SP2/Leica DM IREZ2 confocal laser
scanning microscope. Images were processed with Leica Confocal Software LCS
(Version 2.61) (original magnification 630) (Leica Microsystems, Wetzlar,

Germany)" [1].

2.1.1.6 Surveyor assay

"The presence of genetic deletions was evaluated in rat primary neurons with the
Surveyor assay (Surveyor kit, Integrated DNA Technologies, Coralville, USA). [...]
Following the viral infection, the genomic DNA was extracted using the
QuickExtract DNA Extraction solution (Epicentre, Madison, USA), according to
the manufacturer’s instructions, and was normalized to 100 ng in dH>0.
18 — 25 nt primers were designed 200 — 400 bp away from either side of the
SaCas9 target site to amplify the loci of interest by touchdown PCR (primers are
provided in Table 3). DNA amplification was performed using 0.5 uL Phusion
Polymerase (LifeTechologies, Massachusetts, USA), as previously reported
[104]. A single band product was visualized on 1.5% agarose gel, isolated and
purified using QuiaQuick Spin columns (Qiagen, Hilden, Germany), following the
supplier protocol. 400 ng of the purified PCR product were mixed with 2 uL Taq
DNA polymerase buffer (LifeTechnologies, Massachusetts, US) to allow the
cross-annealing of the mutated and wild-type sequences. The re-annealing
process was conducted at the following cycling conditions: 10 min at 95 °C, 95 °C
to 85 °C at -2 °C/s, hold 1 min, ramp down to 75 °C at -0.3 °C/s, hold 1 min, and
so on until 4 °C temperature was reached. This cross-annealing procedure
converts the mutations into mismatch duplexes (heteroduplexes), which can be
recognized performing a nuclease digestion [245]. The annealed products were
digested for 20 min at 42 °C using 2.5 uL MgCl, (0.15 M), 1 uL Surveyor
nuclease, and 1 uL Surveyor enhancer. Products were then resolved on a 2.5%
agarose gel, stained with 1% SYBR Gold DNA (LifeTechnologies,
Massachusetts, USA) in 1% TBE buffer. The size of the occurring bands indicated
the location of the mutation (expected DNA fragments sizes are provided in Table
3).
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To quantify the KD efficiency, the software Imaged was used (U. S. National
Institutes of Health, Bethesda, Maryland, USA). Peak areas of the bands
visualized on agarose gel were selected and the percentages of the transduced
neurons acquiring the editing (%) was calculated using the following formula
[104]:

Editing(%) = 100 X (1 - (1 - a_’i;)) 8]
where a is the integrated intensity of the undigested PCR product and b, and c

are the integrated intensities of each cleavage product” [1].

Table 3: Primers sequences. Selected primers used to amplify the Sic18a2 and the
lacZ loci for the Surveyor assay and DNA expected fragments sizes (bp). Table from [1].

Forward Primer Reverse Primer Fragment
5-3 5-3 size (bp)

Slc18a2 | CTTGGGGATCCTCTAAGGCAG | TACAGCGCGGTTCTTCAACT | 313_280
lacZ GTCGTGACTGGGAAAACCCT | TTGTTCCCACGGAGAATCCG | 200_80

SgRNAs

2.1.2 In vivo evaluation of the CRISPR/SaCas9-induced Slc18a2 KD and
downstream molecular changes

2.1.2.1 Experimental design

Wild-type Long-Evans (LE) rats were injected with AAV-PHP.EB vectors into the
right SNc and were divided into two groups. Control rats were injected with AAV-
PHP.EB-sgRNA-lacZ and AVV-PHP.EB-SaCas9. KD rats were injected with
AAV-PHP.EB-sgRNA-SIc18a2 and AVV-PHP.EB-SaCas9. DPBS was injected
into the contralateral side as sham. Afterwards, in vivo PET scans with imaging
markers of VMATZ2 expression, DA availability, nerve terminal integrity and
inflammatory responses were performed in KD and control rats using respectively
['"CIDTBZ (8 —10 weeks post-injection),  ["'C]methylphenidate  (MP)
(10 — 12 weeks post-injection), [""CJRAC (12 — 14 weeks post-injection) and
['8F]GE-180 (14 — 16 weeks post-injection).  Starting 10 weeks after
CRISPR/Cas9 targeting, motor consequences of the CRISPR/SaCas9-induced
VMAT2 KD were explored by several behavioral tasks. 19 weeks post-injection,
biochemical and histological analyses were performed to corroborate the in vivo
findings (Figure 12).
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Figure 12: Experimental design of the in vivo study. AAV-PHP.EB for SaCas9 and
sgRNA-SIc18a2 (KD) or sgRNA-/acZ (control) were injected into the right SNc of wild-
type LE rats. DPBS was injected into the contralateral SNc. Starting 8 weeks after AAVs
delivery, VMAT2 expression, DAT availability, postsynaptic changes, and inflammatory
responses were quantified using dynamic PET imaging with [''CIDTBZ, [''C]MP,
[""CIRAC, and ['"®F]GE-180, respectively. Motor consequences of the KD were
investigated with behavioral tests. Ex vivo analyses were performed to corroborate the
in vivo data. Figure adapted from [1].

2.1.2.2 Animals

"Wild-type LE rats (f, 7— 8 weeks, 202+ 17 g, n=24) were purchased from
Charles River Laboratories (Sulzfeld, Germany). Rats were kept on a 12 h day-
night cycle at a room temperature of 22 °C and 40— 60% humidity. Animals
received a standard diet and tap water ad libitum before and during the
experimental period. All animal experiments were performed according to the
German Animal Welfare Act and were approved by the local ethical authorities,
permit number R4/20G" [1].

2.1.2.3 Stereotactic injections

"Rats were anesthetized by injecting a mixture (1 mL/kg) of fentanyl
(0.005 mg/kg), midazolam (2 mg/kg,) and medetomidine (0.15 mg/kg)
intraperitoneally and were placed onto a stereotactic frame (Harvard Apparatus,
Holliston, MA, USA) with the skull flat between Lambda and Bregma. The
following coordinates were used for the injections (flat skull position): AP: - 5 mm,
ML: £ 2mm, DV: - 7.2 mm, below the dural surface as calculated relative to
Bregma. Rats were injected with 3 uL AAVs into the right SNc and were divided
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into two groups. Control rats (n= 10) were injected with AAV-PHP.EB-sgRNA-
lacZ (1.7 x 10"°gc/mL) and AVV-PHP.EB-SaCas9 (1.4 x 1072 gc/mL) (1:1 ratio).
VMAT2 KD vrats (n=14) were injected with AAV-PHP.EB-sgRNA-
Slc18a2 (2.1 x 10" gc/mL) and AVV-PHP.EB-SaCas9 (1.4 x 10'? gc/mL)
(1:1 ratio) (see AAVs in Figure 10). DPBS (3 uL) was sham-injected into the
contralateral SNc. Solutions were infused at a rate of 0.2 uL/min using a 5 uL
Hamilton syringe (Hamilton, Bonaduz, Switzerland) and an automated
microsyringe pump (Harvard Apparatus, Holliston, MA, USA). To allow for the
diffusion of AAVs into the tissue, the needle was left in place for 10 min, and then
slowly retracted at 0.2 mm/min. After the surgery, an antidote containing
atipamezole (0.75mg/kg) and flumazenil (0.2 mg/kg) was injected
subcutaneously (s.c.). The rats were kept warm in their cages until fully
recovered" [1].

2.1.2.4 In vivo PET imaging and data analysis

"Three small-animal PET scanners (Inveon, Siemens, Erlangen, Germany) and
dedicated rat brain beds (Jomatik Gmbh, Tuebingen, Germany) with stereotactic
holders and temperature feedback control units (Medres, Cologne, Germany)
were used. These ensured the delivery and removal of the anesthesia gas and
stabilized the body temperature at 37 °C during the PET data acquisition.
Anesthesia was induced by placing the animals in knock-out boxes and delivering
2% isoflurane in oxygen air. Subsequently, a 24 G catheter (BD Insyte, NJ, USA)
was placed into the tail vein for the tracer administration. [...] The rats were placed
in the center of the FOV and PET acquisitions started 5 s before the bolus
injection of the tracer. The list-mode data from the dynamic acquisitions of
[['CIDTBZ, ['"CJRAC and [""CJMP were histogrammed into 39 time-frames
(12x5s, 6x10s, 6x30s, 5x60s, 10x300s), from [®F]GE-180 into 16 time-
frames (6x60s, 5x120s, 3x300s, 3x600s). PET scans were reconstructed
using the OSEM3D map algorithm, and a matrix size of 256 x 256 x 159,
resulting in a pixel size of 0.38 x 0.38 x 0.79 mm.

Data preprocessing analysis was performed with Matlab (Mathworks, Natick, MA,
USA), Statistical Parametric Mapping 12 (SPM12, Wellcome Trust Centre for
Neuroimaging, University College London, England), and the QModeling toolbox
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[246]. First, realignment of all frames was performed using SPM12 and average
images were generated for every scan. The mean images were then used for
coregistration to the Schiffer rat brain atlas provided by PMOD software [247].
To generate the respective TAC, VOlIs were defined over the target and reference
regions. VOIs were placed over the right and left striatum for ['"C]DTBZ,
['"CJRAC, and ['"CJMP. Cerebellum was used as reference region.

BPnp for [''CJDTBZ, ['"CJRAC and [''C]MP were calculated over the all frames
in the regions of interest with Logan reference [248], with a population average
k2’ retrieved from SRTM [176] (['"CIDTBZ: 0.41 min’', ['"CJRAC: 0.34 min,
[["CIMP: 0.18 min""). ['"CIDTBZ and ['"CJRAC binding changes (%), here
expressed as ABPnp, were calculated according to the formula:

BPpyp Tight striatum

ABPNDzl_

x 100 [9]

BPpp left striatum

[8F]GE-180 standard uptake in the right striatum was calculated over the interval
between 30 — 60 min after scan start and normalized by the standard uptake
calculated in the left (DPBS-injected) striatum over the same time interval.
QModeling was used to generate voxel-wise BP maps for [''CJDTBZ, [''CJRAC
and ['"CJMP. [®F]GE-180 average uptake images were generated with an in-
house-written script in MATLAB" [1]. In Table 4 injected and molar activities at
the time of injection are reported for each radioligand.

Table 4: Radioligands' injected molar activity. [''CIDTBZ, [''C]MP, ['"C]RAC, and
["®FIGE-180 injected and molar activity. Table from [1].

- Injected Activity (Mean = SD Molar Activity (Mean = SD
Radioligand ! MBq?K(g ) GBc:?:l(mol )
['"'CIDTBZ 25+1 93+35
[''CIMP 25+1 57+ 14
['""C]RAC 25+ 1 88 + 41
['®F]GE-180 2443 576 + 283

2.1.2.5 Data exclusion

"Four rats were excluded from the study because two rats from each cohort died
during a PET acquisition. One additional control rat was excluded from the
['"CJMP analysis due to a poor SNR" [1].
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2.1.2.6 Behavioral studies

2.1.2.6.1 Cylinder test

"Untrained rats were placed individually inside a glass cylinder (19 cm @, 20 cm
height). The test started immediately, and lasted 5 min. During the test session
rats were left undisturbed and were videotaped with a camera located at the
bottom-center of the cylinder to allow a 360 ° angle view. Paw touches were
analyzed using a slow-motion video player (VLC software, VideolLan). The
number of wall touches, contacts with fully extended digits, was counted. Data
were analyzed as follows" [1]:

l L touch
contralateral paw touches (% to total) = contrataterdl LOUCRES % 100 [10]
total touches

2.1.2.6.2 Rotameter test

"Rotational asymmetry was assessed using an automated rotameter system
composed of four hemispheres (TSE Systems GmBH, Bad Homburg, Germany)
based on the design of Ungerstedt and Arbuthnott [249]. Rats were placed into
an opaque half bowl (49 cm @; 44 cm height) and fixed to a moveable wire with
a collar. The number of clockwise (CW) and counterclockwise (CCW) rotations
(difference of 42.3° in their position) were automatically counted. Spontaneous
rotation test lasted 5 min.

Apomorphine-evoked rotational asymmetry was evaluated for 60 min after s.c.
administration of apomorphine hydrochloride (0.25 mg/kg) dissolved in
physiological saline containing 0.1% ascorbic acid (Sigma Aldrich, St. Louis,
Missouri, USA). Two priming injections of apomorphine (one week interval off-
drug) were necessary to produce sensitization to the treatment. The program
RotaMeter (TSE Systems GmBH, Bad Homburg, Germany) was used to acquire

the data. Data were analyzed as follows" [1]:

turns . .
— = ccw rotation — cw rotations [11]
min

2.1.2.6.3 Beam walk test

"Rats were trained for 4 days to cross a built-in-house beam (1.7 cm width, 60 cm
length, 40 cm height), and reach a cage with environmental enrichment. Rats had
5 trials to cross the beam with the reward resting time decreasing from 30 s to

10 s. On the test day (one week apart from the fourth day of training) rats were
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videotaped. The acquired videos were analyzed using a slow-motion video player
(VLC software, VideolLan) and the amount of footslips (falls) was counted. Data

were analyzed as follows" [1]:

contralateral footslips

contralateral footslips (% to total steps) = %X 100 [12]

total steps

2.1.2.6.4 Open Field test

"Untrained rats were set in a rectangular box (TSE Systems GmBH, Bad
Homburg, Germany) for 11 min (1 min habituation, 10 min test) to evaluate the
spontaneous exploratory behavior. A frame with light sensors, as high as the
animals’ body center, was connected to a receiver box to record the rats’ walked
distance. The program ActiMod (TSE Systems GmBH, Bad Homburg, Germany)
was used for the analysis and the experimental session was divided in 1 min time
bins. Results were averaged from the total travelled distance over 10 min
(mean + SD)"[1].

2.1.2.6.5 Body weight gain
"Rats body weight was measured before (week 0) and 14 weeks after
CRISPR/SaCas9 VMAT2 KD. Body weight gain was calculated as follows" [1]:

weight at week 14—weight at week 0 % 100 [1 3]

body weight gain (g) =

weight at week 0

2.1.3 Ex vivo evaluation of the CRISPR/SaCas9-induced Slc18a2 KD

2.1.3.1 Immunohistochemistry

"Rats were sacrificed 19 weeks after viral vector injection via CQO; inhalation
followed by intracardial perfusion with heparinized DPBS (1:50 v/v, 100 mL).
After decapitation, brains were rapidly removed and placed in a brain matrix on
ice. The left and right striata were dissected, from 2 mm thick coronal sections,
flash-frozen in liquid nitrogen, and stored at -80 °C until further analysis
(biochemistry). The remaining tissue was fixed in 4% PFA for 48 h and then
transferred to 20% sucrose solution for cryoprotection. Brains were cut into 35 um
thick coronal sections on a freezing microtome (Leica Biosystems, Wetzlar,
Germany) and stored in anti-freeze solution (0.5 M phosphate buffer, 30%
glycerol, 30% ethylene glycol) at -20 °C. Sections were collected in 12 equally
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spaced series through the entire anterior-posterior extent of the SN and striatum
and stored until further analysis. IHC was performed on free-floating sections.
Sections were washed 3 times with TBS buffer and antigen retrieval was carried
for 30 min at 80 °C in Tris/EDTA buffer. Afterward, pre-incubation in MeOH (10%)
and H202 (3%) in TBS was performed for 30 min. Following the blocking in 5%
normal goat serum in TBS-X (0.05%), primary antibody incubation was performed
for 24 h at room temperature in 1% BSA in TBS-X (TH: 1:5000, P40101, Pel-
freez, Arkansas, USA, VMATZ2: 1:5000, 20042, Immunostar, Hudson, USA). The
tissue was rinsed in TBS-X and reacted with the respective biotinylated
secondary antibody (1:200, Vector Laboratories Ltd., Peterborough, UK) for
60 min at room temperature in 1% BSA in TBS-X. Staining was developed using
3,3-diaminobenzidine (DAB Substrate Kit, Vector Laboratories Ltd.,
Peterborough, UK) and an immunoperoxidase system (Vectastain Elite ABC-Kit,
Vector Laboratories Ltd., Peterborough, UK). Slices were rinsed, mounted onto
chromalum gelatinized slides, dehydrated in ascending concentrations of alcohol
and xylene baths, and coverslipped with DPX mounting medium (Sigma Aldrich,
St. Louis, Missouri, USA)" [1].

2.1.3.2 Stereology

"Estimates of total numbers of TH+ cells in nigral sections were obtained with an
unbiased stereological quantification method by employing the optical
fractionator principle [250]. Brain sections from 5 rats (VMATZ2 KD n= 2, Control
n=3) were excluded from the stereological analysis, due to weak TH
immunoreactivity. First, 5x images were acquired with the automated Metafer
slide scanning platform (MetaSystems, AltluRheim, Germany). Then, ROIs were
drawn using the VSViewer program (Metasystems, AltluBheim, Germany), and a
sampling fraction of 50% was defined. Afterwards, 63x images were acquired in
an automated fashion based on the sampling fraction in a random orientation
within the ROI. The acquired 63x images were imported into the VIS program and
cell counting was performed with the CAST module (Visiopharm A/S, Harsholm,
Denmark, Version 2020.08.2.8800).

The number of cells estimates was obtained by applying the formula” [1]:

48



Number of cells counted per brain

Total n of TH+ cells= 2'/

— _ _ X n of series [14]
Acquisition fraction x counting fram

2.1.3.3 Immunofluorescence

"Immunofluorescence was performed on SN sections (35 um thick coronal
sections), mounted onto chromalum gelatinized slides, dehydrated in ascending
concentrations of alcohol and xylene baths. Sections were washed 3 times with
KPBS buffer and antigen retrieval was carried for 30 min at 80 °C in Tris/EDTA
buffer. Following blocking in 5% donkey serum and normal horse serum in KPBS-
X (0.25%), primary antibody incubation was performed for 24 h at RT (VMAT2:
1:5000, 20042, Immunostar, Hudson, USA, HA-tag: 1:5000, MMS- 101R, Nordic
BioSite, Taby, Sweden, GFP: 1:50.000, ab13970, Abcam, Cambridge, UK). The
tissue was rinsed in KPBS-X and reacted with the respective fluorophore-
conjugated secondary antibody (1:200, Vector Laboratories Ltd., Peterborough,
UK) for 2 h in 0.2% KPBS-X. Slides were coverslipped with Vectashield mounting
medium (Vector Laboratories Ltd., Peterborough, UK)" [1].

2.1.3.4 Biochemistry

"DA, DOPAC, HVA and 5-HT striatal levels were determined by HPLC. Brain
samples from 5 rats (VMAT2 KD n= 3, Control n=2) were excluded from the
analysis as striatal sections did not fall in the selected range: 1.2 — 0.4 mm.
Briefly, striatal brain lysates were injected by a cooled autosampler into an ESA
Coulchem Il coupled to a Decade Elite electrochemical detector (Antec Scientific,
Zoeterwoude, The Netherlands) set to a potential of +350 mV. Separation was
facilitated by using an Atlantis Premier BEH C18 AX column (Waters Corporation,
Massachusetts, USA) and a dual mobile phase gradient of decreasing octane
sulfonic acid (OSA) and increasing MeOH content (mobile phase A containing
100 mM POg4-buffer pH 2.50 and 4.62 mM OSA and mobile phase B containing
100 mM POgs-buffer pH 2.50 and 2.31 mM OSA), delivered at a flow rate of
0.35 mL/min to an Atlantis Premier BEH C18 column (particle size 2.5 um,
2.1mm x 150 mm) (Waters Corporation, Massachusetts, USA). Data was
collected using the Chemstation software (Agilent, California, USA) and then
exported to Chromeleon (Life Technologies, Massachusetts, USA) for data quality
control, peak integration, and concentration calculations. Striatal metabolites’
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content was expressed in nmol for each sample and normalized to total protein

(mg). DA turnover rate was calculated according to the formula” [1]:

HVA+DOPAC

DA turnover rate = — [15]

214 In vivo evaluation of the CRISPR/SaCas9-induced Sl/c18a2 KD and
downstream functional connectivity changes

2.1.4.1 Experimental design

"Cylinder test and ['"CJRAC PET/fMRI scans were performed at baseline and
after CRISPR/SaCas9-induced VMAT2 KD to inspect the motor changes
(12— 14 weeks post-injection) and functional connectivity adpatations
(8 — 14 weeks post-injection). [...] Wild-type LE rats were injected with AAV-
PHP.EB-sgRNA-SIc18a2 and AVV-PHP.EB-SaCas9. DPBS was injected into the
contralateral side as sham. In vivo ['"CI[DTBZ PET scans were performed to
inspect the extent of the induced VMATZ2 KD (8 — 10 weeks post-injection)" [1]
(Figure 13).

AAV-SaCas9
AAV-sgRNA

— -~ DPBS

[""C]RAC-PET/fMRI In vivo PET Behavioral
baseline ["C]DTBZ studies
wO w8 w10 w12 w14
Stereotactic injections - ["C]JRAC-PET/IMRI

Figure 13: Experimental design of the in vivo PET/fMRI study. Cylinder test and
[""C]JRAC PET/fMRI scans were performed at baseline. AAV-PHP.EB for SaCas9 and
sgRNA-SIc18a2 were injected into the right SNc of wild-type LE rats. DPBS was injected
into the contralateral SNc. Starting 8 weeks after AAVs delivery, VMAT2 expression,
postsynaptic changes, and functional connectivity adaptations were quantified using
[""C]IDTBZ PET and symultaneous [''CJRAC PET/fMR imaging. Motor consequences of
the KD were investigated with cylinder test. Figure adapted from [1].
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2.1.4.2 Animals

"Wild-type LE rats (f, 7— 8 weeks, 202+ 17 g, n= 33) were purchased from
Charles River Laboratories (Sulzfeld, Germany). Rats were kept on a 12 h day-
night cycle at a room temperature of 22 °C and 40— 60% humidity. Animals
received a standard diet and tap water ad libitum before and during the
experimental period. All animal experiments were performed according to the
German Animal Welfare Act and were approved by the local ethical authorities,
permit number R4/20G" [1].

2.1.4.3 Stereotactic injections
See paragraph 2.1.2 3.

2.1.4.4 Simultaneous PET/fMRI and data analysis

"Rats (n=33) underwent longitudinal simultaneous ['"CJRAC-PET/ fMRI scans at
baseline and 8- 14 weeks after CRISPR/SaCas9-induced VMAT2 KD. [...]
Animals received a medetomidine bolus injection (0.06 mg/kg) and the
anesthesia was switched to constant medetomidine infusion (0.1 mg/kg/h), and
0.5% isoflurane in air during the scan time, as adapted from the literature [251].
Next, rats were placed onto a dedicated rat bed (Medres, Cologne, Germany)
and a temperature feedback control unit (Medres, Cologne, Germany), ensuring
the delivery and removal of the anesthesia gas and stabilizing the body
temperature at 37 °C during the scan time. A breathing pad and a pulse oximeter
were used to observe respiration and heart rates. Scans were acquired using a
small-animal 7 T Clinscan MRI scanner, a 72 cm diameter linearly polarized RF
coil (Bruker) for transmission, and a four-channel rat brain coil for reception
(Bruker Biospin MRI, Ettlingen, Germany). Localizer scans were first acquired to
accurately position the rat brains into the center of the PET/MRI FOV.
Subsequently, local field homogeneity was optimized by measuring local
magnetic field maps. Anatomical reference scans were performed using T2-
weighted Turbo-RARE MRI sequences (TR: 1800 ms, TE: 67.11 ms, FOV:
40 x 32 x 32 mm, image size: 160 x 128 x 128 px, Rare factor: 28, averages: 1).
Finally, T2*-weighted gradient echo EPI| sequences (TR: 25600 ms, TE: 18 ms,
0.25 mm isotropic resolution, FoV 25 x 23 mm, image size: 92 x 85 x 20 px, slice
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thickness 0.8 mm, slice separation 0.2 mm, 20 slices) were acquired for BOLD-
MRI.

A dedicated small-animal PET insert developed in cooperation with Bruker
(Bruker Biospin MRI, Ettlingen, Germany) was used for the [["CJRAC
acquisitions, the second generation of a PET insert developed in-house with
similar technical specifications [252]. ['"CJRAC was applied via a bolus injection.
In Table 5 injected activities (MBq/kg) and molar activities (GBq/umol) at the time
of injection are reported. PET/fMRI acquisitions started simultaneously with the
tracer injection and were performed over a period of 60 min. The list-mode files
of the PET data were histogrammed into 14 time-frames (1x30s, 5x60 s,
5x300 s, 3x600 s), the 30s between acquisition start and the injection were
excluded from the analysis. Reconstruction was performed with an in-house-
written OSEM2D algorithm. Data preprocessing and analysis were performed as
described in paragraph 2.2.d). A population average k2’ ([''CJRAC t0: 0.20 min,
[["CJRAC t8: 0.23 min"') was set for the Logan reference, and retrieved from
SRTM [176, 248].

Preprocessing of the fMRI data was performed using a pipeline employing
SPM12, Analysis of Functional Neurolmages (AFNI, National Institute of Mental
Health (NIMH), Bethesda, Maryland, USA), and in-house-written scripts in
MATLAB, as reported previously [253] .

RS-FC was calculated using a seed-based approach. To this extent, 20 regions
were selected from the Schiffer rat brain atlas (a list of the regions is provided in
Table 6). The SPM toolbox Marseille Boite A Région d'Intérét (MarsBaR) was
employed to extract fMRI time-courses from all regions [254]. These were then
used to calculate pairwise Pearson’s r correlation coefficients for each dataset,
generating correlation matrices containing 20 x 20 elements. Self-correlations
were set to zero. The computed Pearson’s r coefficients then underwent Fischer’s
transformation into z values for group-level analysis.

Several rs-FC metrics were computed on different regional levels to investigate
the potential effects of DA depletion in the right striatum. Regional node strengths
were computed as the sum of all correlations of one seed to the regions included
in one network. Interregional node strengths were defined as the sum of the
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correlations of one node to the regions of another network. Network strengths

were defined as the sum of strengths of all correlations between regions

belonging to a network. Internetwork strengths were calculated as the sum of all
correlations between two sets of regions belonging to two networks [255]" [1].

Table 5: Radioligands’ injected and molar activity. [''CIDTBZ and ['"C]RAC injected
and molar activity. Table from [1].

Radioligand Injected Acti“\,llié)é| (Mean * SD) | Molar A%i;:ypg\ln;an * SD)
["C]RAC tO 27 +4 108 + 49
['"C]RAC t8 28 + 1 115 £ 41
[''C]DTBZ 27 +1 180 + 48

Table 6: Rat brain atlas regions. Brain regions included in the Paxinos rat brain atlas,
including their respective volumes and abbreviations. Table from [1].

Brain region (ROI) Hemisphere RO[Ir::&I%me Abbreviation
left
Striatum : 43.552 STR
right
. left
Cingulate Cortex : 14.480 CgC
right
Medial Prefrontal left
Cortex fight 6.304 mPFC
left
Motor Cortex : 32.608 MC
right
i left
Orbitofrontal Cortex : 18.936 OFC
right
i left
Parietal Cortex : 7.632 PaC
right
) left
Retrosplenial Cortex : 18.920 RSC
right
left
Somatosensory Cortex : 71.600 SC
right
) left
Hippocampus : 25.064 Hipp
right
left
Thalamus : 30.712 Th
right
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2.1.4.5 Behavioral studies

Cylinder test See paragraph 2.1.2.6.1

2.1.4.6 Data exclusion

"Three rats were excluded from the study due to aliasing artifacts, local distortion,
and motion during the data acquisition. Seven rats died during a PET/BOLD-fMRI
scan. The final cohort included n= 23 rats. One rat was excluded from the cylinder
test analysis due to issues during video recording” [1].

2.2.Imaging exogenous gene expression changes in the rat brain

2.2.1 In vivo and ex vivo characterization of ["'C]TMP in the rat brain

2.2.1.1 Animals

Wild-type SD rats (f, 8 weeks, 263 + 7 g, n=9) were purchased from Charles
River Laboratories (Sulzfeld, Germany). Rats were kept on a 12 h day-night cycle
at a room temperature of 22 °C and 40 — 60% humidity. Animals received a
standard diet and tap water ad libitum before and during the experimental period.
All animal experiments were performed according to the German Animal Welfare
Act and were approved by the local ethical authorities, Regierungsprasidium
Tudbingen, permit number R4/15.

2.2.1.2 In vivo PET imaging and data analysis

Inveon small-animal PET scanners (Siemens, Knoxville, TN, USA) and dedicated
single rat beds (Jomatik Gmbh, Tuebingen, Germany), ensuring the delivery and
removal of the anesthesia gas and stabilizing the animals’ movements and body
temperature (37 °C), were used. Rats (n=9) were anesthetized with isoflurane
(1.5%) vaporized in 1.0 L/min of oxygen gas and placed in the center FOV.
60 min dynamic PET acquisitions started 5 s prior to the bolus injection of the
tracer. The list-mode data from the dynamic acquisitions were histogrammed into
39 time frames (12x56s, 6x10s, 6x30s, 5x60s, 10x300 s). Images were
reconstructed using FBP algorithm and a matrix size of 256 x 256, resulting in a
pixel size of 0.38 x 0.38 x 0.79 mm. Data analysis was performed with PMOD
software 3.2. PET images (sum of the first 20 frames) were coregistered to the
Schiffer rat brain atlas provided by PMOD software [247]. To generate the
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respective TACs, VOIs were defined over the target and reference regions. TACs

were extracted for each scan and expressed as SUV:

Radioactivity concentration —MB[q [1 6]
SUV = . dose MBq
Injected————— —
body weight Kg

2.2.1.3 Sulfamethoxazole and Elacridar administration

Rats (n= 6) received a solution of Sulfamethoxazole (Sigma Aldrich, St. Louis,
Missouri, USA) and ["'C]TMP (5:1 ratio) via tail vein catheter right before the start
of the dynamic PET scans.

Elacridar (Sigma Aldrich, St. Louis, Missouri, USA) was freshly dissolved at a
concentration of 5mg/Kg in an aqueous solution containing 10%
dimethylacetamide, 40% PEG-800, and 30% hydroxypropyl-B-cyclodextrin and
was injected i.v. (3 mL/Kg) 30 min before the start of the dynamic PET scans
(n=6).

2.2.1.4 Biodistribution experiments

Rats (n=9) were injected with ['"'"C]TMP and were sacrificed via CO- inhalation
2 min (n=3), 15 min (n=3), and 45 min (n=3) post-injection. Kidneys, brain, and
blood were collected at the three time points. Radioactivity concentration in the
samples was measured in a gamma-counter (Perkin Elmer, Waltham, USA). A
single background measurement was performed, and the counts per minute from
each tissue sample were corrected by background subtraction and radioactive
decay. The corrected counts per minute were normalized to the samples weight
(g) and converted in SUVs (%).

2.2.1.5 Radio-HPLC

['"C]TMP was injected into the tail vein and 1 min, 5 min, and 10 min post-
injection rats (n=1/group) were sacrificed via CO2 inhalation. Blood was collected
from the heart left ventricle and centrifuged at 13.3 rpm for 2 min at 4 °C to
separate the plasma. The supernatant (0.3 -0.7 mL) was recovered and
analyzed with radio-HPLC. Afterwards, transcardiac perfusion with ice-cold
DPBS (100 mL) was performed. The brain was collected from the skull,
homogenized in ice-cold DPBS (500 L), and analyzed with radio-HPLC. Radio-
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HPLC was performed on a Luna 5y C18 (2) 100 Angstrom (Phenomenex,
Aschaffenburg, Germany) with 75% H20, 0.1% trifluoroacetic acid, 25%

acetonitrile.

In Table 7, injected, and molar activities are reported.

Table 7: Radioligand's injected and molar activity. [''C]TMP injected activity and
molar activity values.

Study Injected Activity (Mean £ SD) | Molar Activity (Mean * SD)
MBq GBqg/umol
Baseline 224+1.9 498+ 1.6
Sulfamethoxazole 26.6+£0.4 774+14
Elacridar 244+29 925+29
Biodistribution 257+1.9 34.5+26.2

2.3. Statistics

"Statistical analysis was performed with GraphPad Prism 9.0 (Graphpad
Software) if not otherwise stated. Results were analyzed using paired t-test for
the within-subjects comparison (right vs left emisphere) and an unpaired t-test for
the between-groups comparisons. Correlations between PET and behavioral or
ex vivo data were performed using linear regression analysis. Synaptic
dysfunction discrimination was tested with multiple-comparison ANOVA" [1].
Results were considered significant for *P< 0.05, *P< 0.01, **P< 0.001.
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3 Results

3.1.Imaging endogenous gene expression changes in the rat brain

3.1.1 In vitro validation of the CRISPR/SaCas9-induced Slc18a2 KD

3.1.1.1 Immunofluorescence

Neurons were stained for DAPI (first column), GFP (sgRNA, second column), HA-
tag (SaCas9, third column), and VMAT2 protein (fourth column). VMAT2
expression (red) was highly abundant in the cytoplasm of non-transduced
neurons (Figure 14A), neurons transduced solely with sgRNA-S/c718a2 (Figure
14B), and control neurons transduced with sgRNA-lacZ and SaCas9 (Figure
14C). Contrarily, in neurons transduced with sgRNA-S/c718a2 and SaCas9, we
observed a noticeable reduction of the VMAT2 protein (Figure 14D).

DAPI HA-tag VMAT2 merge

sgRNA-
SaCas9-

ngNA-SIc18a2+
SaCas9-

sgRNA-LacZ+
SaCas9+

sgRNA-S/c18a2+

SaCas9+ D

Figure 14: Immunofluorescence. A: Non-transduced neurons. B: Neurons transduced
with AAV-PHP.EB-sgRNA-S/c18a2. C: Neurons transduced with AAV-PHP.EB-SaCas9
and AAV-PHP.EB-sgRNA-/acZ. D: Neurons transduced with AAV-PHP.EB-SaCas9 and
AAV-PHP.EB-sgRNA-SIc18a2. Nuclei were labeled with DAPI (blue). GFP signal (green)
indicates the expression of the sgRNA vector. HA-tag staining (white) indicates the
expression of the SaCas9 vector. VMAT2 expression is depicted in red. Figure adapted
from [1].
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3.1.1.2 Surveyor assay

One-week post-transduction with conditional vectors for SaCas9 and
sgRNA- Sic18a2, neurons were processed for the Surveyor assay. The expected
cleavage products (arrows), and estimated editing of 20%, could be seen for the
digested DNA (Figure 15).

% editing
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Figure 15: Surveyor assay. The expected cleavage products (arrows), and estimated
editing of 20% could be seen for the digested DNA. Figure from [1].

3.1.2 In vivo evaluation of the CRISPR/SaCas9-induced Sic78a2 KD and
downstream molecular changes

3.1.2.1 In vivo PET imaging

"To test the in vivo efficiency of the CRISPR/SaCas9 gene-editing, we expressed

SaCas9 and sgRNA targeting Slc18a2to knock down the VMATZ2, or

targeting lacZ as control, by AAV- mediated gene transfer into the SNc. DPBS

was injected into the left SNc. [...] ['"CIDTBZ BPnp was decreased by 30%

(0 - 62%) in the right striatum of rats where the VMATZ2 was knocked down in

comparison to the contralateral striatum.

No changes of ['"CIDTBZ BPnp were observed in the contralateral striatum, as

[["CIDTBZ BPnp did not differ between the left striatum of rats injected with

SgRNA targeting lacZ and rats injected with sgRNA targeting Slc18a2" [1].
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(["'C]DTBZ BPnp: control: right striatum: 3.0 + 0.3, left striatum: 2.9 + 0.3; VMAT2
KD: right striatum: 1.9 £ 0.7, left striatum: 2.9 £ 0.3, *P=0.002, Bonferroni-
corrected). "We further evaluated changes of DA availability in the striatum using
['"CJRAC, which competes with DA for the same binding site at the D2R [56].
12 — 14 weeks after VMATZ2 KD in nigrostriatal neurons, we observed 17%
increased binding of [""CJRAC in the right striatum of VMAT2 KD rats and no
changes in control rats, indicating a reduction of synaptic DA levels and/or
compensatory changes of D2R expression at postsynaptic medium spiny
neurons" [1]. (["'CIRAC BPnp: control: right striatum: 2.4 £ 0.2, left striatum:
2.4 + 0.3; VMAT2 KD: right striatum: 2.6 * 0.4, left striatum: 2.2 + 0.2, *P= 0.007,
Bonferroni-corrected) (Figure 16A,B).
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Figure 16: Downstream molecular changes following CRISPR/SaCas9-induced
Sic18a2 KD. A: Mean BPnp maps of control and VMAT2 KD rats co-registered to the
Schiffer anatomical MRI atlas. B: BPnp values of individual control and VMAT2 KD rats
in the left and right striatum. Kinetic modeling was applied using the Logan Reference.
BPnp were calculated from individual TACs of the left striatum (LSTR), right striatum
(RSTR), and cerebellum (CER), which was used as a reference region. LSTR: DPBS-
injected, RSTR: AAV-injected, Control: AAV-PHP.EB-SaCas9 and AAV-PHP.EB-
sgRNA-lacZ, VMAT2 KD: AAV-PHP.EB-SaCas9 and AAV-PHP.EB-sgRNA-S/c18a2.
Figure adapted from [1].
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"A larger VMAT2 KD led putatively to lower DA levels in the striatum and likely to
a higher D2R BPnp" [1] (R?= 0.64, **P< 0.0001) (Figure 17).

509R2= 0.64 (**)
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Figure 17: Correlations of CRISPR/SaCas9-induced S/c18a2 KD and downstream
molecular changes. Linear regression modeling the relationship between the
[""CIDTBZ and ['"C]JRAC binding changes (%, ABPxp). Control: AAV-PHP.EB-SaCas9
and AAV-PHP.EB-sgRNA-lacZ, VMAT2 KD: AAV-PHP.EB-SaCas9 and AAV-PHP.EB-
sgRNA-SIc18a2. Figure adapted from [1].

"We calculated the ['"CJRAC/['"C]DTBZ BPnp ratio for the right and left striatum
to explore the threshold at which the observed postsynaptic changes occur. The
ratio remained close to 1 in the DPBS-injected striatum and control rats, indicating
no substantial difference between the two hemispheres. In contrast, VMAT2 KD
rats displayed large ['"CJRAC BPnp changes when the level of VMAT2 KD was
~ 20%. From this point, a noticeable increase in D2R BPnp was observed in the
right striatum” [1] (Left striatum: R?= 0.02, right striatum: R?= 0.78, **P< 0.0001)
(Figure 18).
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Figure 18: Threshold of [''"C]IRAC changes as a function of CRISPR/SaCas9-
induced Sic18a2 KD. DA availability changes following the VMAT2 KD for the left
(DPBS-injected, empty dots) and right (AAV-injected, full dots) striatum. VMAT2 KD
extent is expressed as [''"C]DTBZ binding changes (%, ABPxp). Control: AAV-PHP.EB-
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SaCas9 and AAV-PHP.EB-sgRNA-/lacZ, VMAT2 KD: AAV-PHP.EB-SaCas9 and AAV-
PHP.EB-sgRNA-SIc18a2. Figure adapted from [1].

"Therefore the 20% threshold was set to split the VMATZ2 KD rats into mild (n= 3,
[["CIDTBZ ABPnp < 20% (5.7 + 8.4)), and moderate (n=9, ['"CIDTBZ ABPnp
> 20% (41.8 £ 17.3)). Notably, ['"CJRAC PET imaging was able to discriminate
between different degrees of synaptic dysfunction, classified from ["C]DTBZ
BPnp changes” [1] (mild vs moderate *P=0.004, control vs moderate
**P< 0.0001) (Figure 19).
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Figure 19: [''C]RAC classifier analysis. [''C]RAC lesion type discrimination was tested
in control and VMAT2 KD mild and moderate rats. Mild: [''C]IDTBZ ABPnp < 20%;
Moderate: ['"C]IDTBZ ABPnp = 20%. Figure adapted from [1].

"We next inspected the integrity of the nerve terminals and the occurrence of
inflammation in the striatum after the VMAT2 KD. ['"CJMP PET imaging of the
DAT and ['®F]GE-180 PET imaging of the translocator protein (TSPO),
overexpressed on activated microglia, was performed"” [1]. VMAT2 KD did neither
alter [""CJMP BPnp (['"C]MP BPnp: control: right striatum: 1.0 + 0.1, left striatum:
0.9+0.1; VMAT2 KD: right striatum: 0.9 £ 0.1, left striatum: 0.8 £ 0.1), nor
['8F]GE-180 uptake (['®F]GE-180 RSTRnom: control: 1.0 £0.1; VMAT2 KD:
1.0 £ 0.1) (Figure 20).

61



Control VMAT2 KD [ LSTR 3 RSTR
1.57 ns : ns
—_— : —_—
g | ==
: B
O 05 :
0.0 :
Control VMAT2 KD
1.59 ns
E :
g :
14 s
= t 1.0 % =SS
Al .
v e LT
O 3 :
o Wi 0.5 :
[y
®
0.0

Control VMAT2 KD

Figure 20: Downstream molecular changes following CRISPR/SaCas9-induced
Sic18a2 KD. A: Mean BPnp maps of control and VMAT2 KD rats co-registered to the
Schiffer anatomical MRI atlas. B: BPnp values of individual control and VMAT2 KD rats
in the left and right striatum. Kinetic modeling was applied using the Logan Reference
for ['"C]MP. BPnp were calculated from individual TACs of the left striatum (LSTR), right
striatum (RSTR), and cerebellum (CER), which was used as a reference region. For
['®F]GE-180 standard uptake values normalized to the left striatum are shown. LSTR:
DPBS-injected, RSTR: AAV-injected, Control: AAV-PHP.EB-SaCas9 and AAV-PHP.EB-
sgRNA-lacZ, VMAT2 KD: AAV-PHP.EB-SaCas9 and AAV-PHP.EB-sgRNA-S/c18a2.
Figure adapted from [1].

3.1.2.2 Behavioral studies

The downstream motor changes following the CRISPR/Cas9-induced Sic18a2
KD were characterized with behavioral tests, as reported in the timeline below

(Figure 21).
Stereotactic Rotameter
injections Open Field  Beam Walk  Rotameter (APO-evoked)
w0 w10 w12 w14 w16 w18

Cylinder

»

Body weight gain

Figure 21: Timeline of the behavioral experiments. Adapted from [1].

Motor tests were performed to assess the forelimb akinesia (Figure 22),
locomotor activity (Figure 23), gait and balance (Figure 24), and spontaneous
(Figures 25) and apomorphine-evoked (Figure 26) rotational behavior. Finally, as
previous studies suggest that body weight changes reflect striatal DA depletion
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[256], we inspected the impact of the VMAT2 KD on the rats' body weight gain
(Figure 27).

3.1.2.2.1 Cylinder test

We evaluated the forelimb akinesia using the cylinder test (Figure 22A). VMAT?2
KD rats displayed a preference for the right forepaw, while control rats used their
right and left forepaw with the same frequency (Contralateral paw touches, % to
total: control: 50.5 + 4.8; VMAT2 KD: 37.8 + 9.3, *P=0.002) (Figure 22B). Paw
use alterations highly correlated with VMAT2 KD (['"'C]DTBZ ABPwp) (R?=0.71,
**P< 0.0001), and DA availability/D2R changes (['"'C]JRAC ABPnp) (R?=0.67,
**P< 0.0001) (Figure 22C,D).
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Figure 22: Forelimb akinesia and its correlation with the molecular changes. A:
Representation of the cylinder test assessing the spontaneous forelimb lateralization. B:
Contralateral paw touches (% to total) were measured for control and VMAT2 KD rats.
C,D: Linear regression of the rats’ performance in the cylinder test and [''C]DTBZ and
[""CIRAC ABPwp, respectively. Control: AAV-PHP.EB-SaCas9 and AAV-PHP.EB-
sgRNA-lacZ, VMAT2 KD: AAV-PHP.EB-SaCas9 and AAV-PHP.EB-sgRNA-S/c18a2.
Figure adapted from [1].
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3.1.2.2.2 Open Field

Locomotor activity was measured in an open field where rats could walk freely
for 11 min (Figure 23A). "We observed a reduction in the locomotor activity of
VMAT2 KD rats in the open field test (Travelled distance (m): control: 19.6 £ 2.2;
VMAT2 KD: 15.7 £ 4.2, *P=0.03) (Figure 23B), but no correlation to VMAT2
expression changes ([''CIDTBZ ABPwnp) (R?=0.12), or DA availability/D2R
changes (["'C]RAC ABPnp) (R?= 0.03) (Figure 23C,D)" [1].
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Figure 23: Locomotor activity and its correlation with the molecular changes. A:
Representation of the open field test assessing the animals’ locomotion. B: Travelled
distance (m) was measured in an open field for control and VMAT2 KD rats. C,D: Linear
regression modeling the distance traveled by the rats and ['"C]IDTBZ and [''C]JRAC
ABPnp, respectively. Control: AAV-PHP.EB-SaCas9 and AAV-PHP.EB-sgRNA-/acZ,
VMAT2 KD: AAV-PHP.EB-SaCas9 and AAV-PHP.EB-sgRNA-SIc18a2. Figure adapted
from [1].

3.1.2.2.3 Beam Walk
Using the beam walk test we evaluated the motor function, coordination, and
balance (Figure 24A). "VMAT2 KD rats stumbled with higher frequency to the left

side, while control rats displayed equal chances to slip in each direction

64



(Contralateral footslips, % to total steps: control: 55.3 £15.9; VMAT2 KOD:
78.7 £ 20.1, *P=0.01) (Figure 24B). No correlations between gait alterations and
VMAT2 KD ([''"C]DTBZ ABPnp) (R?=0.08) (Figure 24C) or DA availability/D2R
changes (['"C]RAC ABPp) (R?= 0.02) were found (Figure 24D)" [1].
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Figure 24: Gait function and its correlation with the molecular changes. A:
Representation of the beam walk test evaluating the animals’ motor function,
coordination, and balance. B: Contralateral footslips (% to total steps) were counted for
control and VMAT2 KD rats. C, D: Linear regression indicating the correlation between
the number of contralateral footslips and [''C]DTBZ and ['"C]RAC ABPwp, respectively.
Control: AAV-PHP.EB-SaCas9 and AAV-PHP.EB-sgRNA-lacZ, VMAT2 KD: AAV-
PHP.EB-SaCas9 and AAV-PHP.EB-sgRNA-SIc18a2. Figure adapted from [1].

3.1.2.2.4 Rotameter test: spontaneous rotation

Spontaneous rotation in a novel spherical environment was evaluated during a
5 min session in a rotameter (Figure 25A). VMAT2 KD rats displayed more
ipsilateral net turns than control rats (Turns/min: control: -5.6 + 9.4; VMAT2 KD:
6.7 £ 14.6, *P= 0.04) (Figure 25B). "The number of turns did not correlate with
VMAT2 expression changes (['"C]DTBZ ABPwp) (R?=0.13) (Figure 25C), nor
changes in DA availability/D2R expression” [1] (['"C]JRAC ABPnp) (R?=0.05)
(Figure 25D).
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Figure 25: Spontaneous rotational behavior and its correlation with the molecular
changes. A: Representation of the rotameter test. B: Spontaneous turns/min of control
and VMAT2 KD rats in a novel spherical environment. C,D: Linear regression modeling
the correlation between the rotational asymmetry and ['"C]DTBZ or [''C]RAC ABPxp,
respectively. Control: AAV-PHP.EB-SaCas9 and AAV-PHP.EB-sgRNA-lacZ, VMAT2
KD: AAV-PHP.EB-SaCas9 and AAV-PHP.EB-sgRNA-SIc18a2. Figure adapted from [1].

3.1.2.2.5 Rotameter test: apomorphine-induced rotation

Apomorphine-induced rotations were evaluated during a 60 min session in a
rotameter (Figure 26A). Rotations to the contralateral side were higher in VMAT2
KD rats compared to control rats (CCW turns/min, APO-evoked: control:
4.2 £ 23.3; VMAT2 KD: 237.8 + 199.0; *P=0.004) (Figure 26B), and correlated
with changes in VMAT2 expression ([''C]DTBZ ABPwp) (R?= 0.54, **P=0.0002)
and DA availability/D2R expression ([''CJRAC ABPwp) (R?=0.37, *P=0.005)
(Figure 26C,D).
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Figure 26: Apomorphine-evoked rotational behavior and its correlation with the
molecular changes. A: Representation of the drug-evoked rotameter test. B: Number
of CCW turns in the rotameter test following the third apomorphine administration for
control and VMAT2 KD rats. C,D: Linear regression modeling the correlation between
the drug-evoked rotations and the [''C]DTBZ and ['"C]JRAC ABPxp, respectively. Control:

AAV-PHP.EB-SaCas9 and AAV-PHP.EB-sgRNA-lacZ, VMAT2 KD: AAV-PHP.EB-
SaCas9 and AAV-PHP.EB-sgRNA-SI/c18a2. Figure adapted from [1].

3.1.2.2.6 Body weight gain
Body weight gain was measured over 14 weeks (Figure 27A). VMAT2 KD rats

exhibited a 30% reduction in their gained weight, compared with controls (Body
weight gain (g): control: 65.3 + 13.2; VMAT2 KD: 46.2 + 6.7, **P= 0.0004) (Figure
27B). Body weight gain correlated with changes in VMAT2 expression
([""C]DTBZ ABPwnp) (R?=0.39, *P=0.003), and DA availability/D2R changes
([""C]JRAC ABPp) (R?=0.32, *P=0.01) (Figure 27C,D).
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Figure 27: Body weight gain and its correlation with the molecular changes. A:
Body weight was measured before and 14 weeks after CRISPR/Cas9-targeting in control
and VMAT2 KD rats (B). C,D: Linear regression modeling the correlation between body
weight gain and ['"C]DTBZ and ['"CJRAC ABPp, respectively. Control: AAV-SaCas9
and AAV-sgRNA-lacZ; VMAT2 KD: AAV-SaCas9 and AAV-sgRNA-SIc18a2. Figure
adapted from [1].

3.1.3 Ex vivo evaluation of the CRISPR/SaCas9-induced Sic18a2 KD

3.1.3.1 Immunofluorescence

"Using immunofluorescence, we confirmed the concomitant expression of
SaCas9 and Sic18a2-targeting sgRNA 19 weeks post-transduction and a
corresponding decrease of VMATZ2 expression in the SNc of the VMAT2 KD
group” [1] (Figure 28).
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Figure 28: Immunofluorescence. Immunofluorescence for GFP (AAV-sgRNAs, green),
HA-tag (AAV-SaCas9, white), and VMAT2 expression (red) of nigral sections for two
exemplary rats. Control: AAV-SaCas9 and AAV-sgRNA-/lacZ; VMAT2 KD: AAV-SaCas9
and AAV-sgRNA-SIc18a2. Figure adapted from [1].

3.1.3.2 Immunohistochemistry

"IHC revealed a reduction of VMATZ2 expression in the right striatum and SN
(Figure 29A), but no changes in TH expression levels in striatum and SN" [1]
(Total number of TH+ cells: control: right SNc: 11,873 £ 6,706, left SNc:
12,287 + 8,145; VMAT2 KD: right SNc: 13,857 £ 5,490, left SNc: 16,789 + 6,039)
(Figure 29B,C).
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Figure 29: Immunohistochemistry. IHC of VMAT2 (A) and TH (B,C) expression in the
ipsilateral and contralateral striatum and SN of VMAT KD and control rats. Control: AAV-
SaCas9 and AAV-sgRNA-lacZ; VMAT2 KD: AAV-SaCas9 and AAV-sgRNA-S/c18a2.
Figure adapted from [1].

3.1.3.3 Biochemistry

"Biochemical analysis showed a large reduction of DA (DA nmol/mg: control: right
striatum: 308 + 166, left striatum: 244 £ 109; VMAT2 KD: right striatum: 100 + 97,
left striatum: 351 £ 169) (Figure 30A), paralleled by an increased ratio of DA
metabolites (DOPAC, HVA) to DA, in the right striatum of VMATZ2 KD rats (DA
turnover rate: control: right striatum: 0.37 £ 0.41, left striatum: 0.33 £+ 0.28;
VMAT?2 KD: right striatum: 0.85 + 0.50, left striatum: 0.19 + 0.08) (Figure 30B).
The reduced DA content correlated with the in vivo VMATZ2 expression changes
([""C]IDTBZ ABPwnp) (R?=0.28, *P=0.04) and postsynaptic changes" [1]
([""C]JRAC ABPwp) (R?= 0.36, *P=0.02) (Figure 30C,D).
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Figure 30: Biochemistry. A: Striatal DA, normalized to total protein concentration, in
control and VMAT2 KD rats. B: DA turnover rate in control and VMAT2 KD rats. C,D:
Linear regression modeling striatal DA changes and VMAT2 KD extent and postsynaptic
changes, deducted from [''C]IDTBZ and [''C]RAC, respectively. Control: AAV-SaCas9
and AAV-sgRNA-lacZ; VMAT2 KD: AAV-SaCas9 and AAV-sgRNA-SIc18a2. Figure

adapted from [1].

5-HT was unchanged in the striata of VMAT2 KD and control rats (5-HT nmol/mg:
control: right striatum: 19.5 £+ 5.8, left striatum: 17.2 £ 2.2; VMAT2 KD: right
striatum: 22.9 £ 8.5, left striatum: 19.2 £ 8.4), suggesting DA nigrostriatal

pathway specificity. Metabolites and neurotransmitters striatal levels are reported

in Table 8.
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Table 8: Neurotransmitters’' striatal content. DA (dopamine), DOPAC (3,4-
Dihydroxyphenylacetic acid), HVA (homovanillic acid), and 5-HT (serotonin) striatal
content determined by HPLC. Table from [1].

Neurotr::lsmitter nmol/mg
Metabolite [DE £l

DA Control VMAT2 KD
STR-L 244 + 109 351 + 168
STR-R 308 + 166 100 + 97
DOPAC Control VMAT2 KD
STR-L 34+7 34 + 11
STR-R 38+4 27 +5

HVA Control VMAT2 KD
STR-L 24 +5 255
STR-R 26 +6 19+ 4

5-HT Control VMAT2 KD
STR-L 17 +2 19+ 8
STR-R 19+6 23+9

3.1.4. In vivo evaluation of the CRISPR/SaCas9-induced Slc18a2 KD and
downstream functional connectivity changes
3.1.4.1 PET/BOLD-fMRI
"As multiple lines of evidence suggest a broader role of DA in the dynamic
reconfiguration of brain networks [32, 257, 258], we next investigated the impact
of unilateral DA depletion on brain rs-FC. A second cohort of rats underwent
longitudinal simultaneous [''CJRAC-PET/BOLD-fMRI scans at baseline and
8 - 14 weeks after CRISPR/SaCas9-induced VMAT2 KD (Figure 13). [""C]DTBZ
PET scans and behavioral analysis confirmed previous findings in the first cohort,
that is, an efficient depletion of the VMAT2 (20% decrease of [''C]DTBZ binding)
(Figure 31A), paralleled by motor disturbances in the cylinder test (Figure 31E-
G). In line with the findings of cohort 1, DA availability was decreased (10%
increase in ['"CJRAC binding and correlated to the extent of the VMAT2 KD
(Figure 31B,C). An increase in D2R binding was observed in the right striatum
when the level of VMATZ2 KD reached ~ 20% (Figure 31D), enabling a subdivision
into mild (< 20%) and moderate rats (= 20%)" [1].
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Figure 31: Reproducibility of the CRISPR/SaCas9-induced VMAT2 KD. A: [''CIDTBZ
in VMAT2 KD rats and B: ['"C]JRAC PET at baseline and after CRISPR/SaCas9-induced
VMAT2 KD. C: Correlation between ['"C]IRAC and [''"C]DTBZ ABPxp. D: At 20% VMAT2
KD ([''"C]DTBZ ABPwp), D2R binding (['""C]RAC binding) prominently increased. This
threshold was therefore set to separate the rats into mild and moderate. E: Cylinder test
at baseline and 12-14 weeks after CRISPR/SaCas9 gene-editing. F,G: Rats
performance in the cylinder test, % change from baseline, and correlation with VMAT2
expression ([''C]DTBZ ABPnp) and DA availability/D2R changes ([''CJRAC ABPnp).
VMAT2 KD: AAV-SaCas9 and AAV-sgRNA-SIc18a2. Figure adapted from [1].

"We next assessed the occurrence of rs-FC changes in DMN and SMN. Our
analysis focused on identifying early biomarkers of mild dysfunction and patterns
of spreading of synaptic dysfunction. Figure 32A,B illustrates intraregional rs-FC
group-level correlation matrices at baseline and after VMATZ2 KD in mild and
moderate rats for the DMN and SMN, respectively. We observed within-network
rs-FC changes in rats with moderate VMATZ2 KD, in both DMN and SMN.

Rats of the mild KD group revealed rs-FC changes up to 20%, in prefrontal
cortical regions of the DMN, and between the left thalamus (Th) and
somatosensory cortex (SC) in the SMN. However, these data need to be carefully
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interpreted as they did not survive a more stringent P value selection (*P< 0.01)
(P values are reported in Table 9,10).

Rats with moderate VMATZ2 KD exhibited a 60% increase in rs-FC within the right
medial prefrontal cortex (mPFC) and the right and left hippocampus (Hipp)
(Figure 31B) (P values are reported in Table 11).

FC increase between the left thalamus and somatosensory cortex in the SMN
doubled to 34% in rats with moderate VMAT2 KD and extended throughout the
left and right thalamus and striatum, respectively (Figure 32B) (P values are
reported in Table 12).

Moreover, we inspected rs-FC changes between the DMN and SMN at baseline
and after the CRISPR/SaCas9-induced VMATZ2 KD.

Figure 32C illustrates internetwork rs-FC correlation matrices in rats with mild (left
panel) and moderate (right panel) VMAT2 KD. Brain graphs display the nodes
and edges (raw values) that demonstrated internetwork rs-FC changes to
baseline (%). Strikingly, large alterations between DMN and SMN were already
observable in the mild VMAT2 KD group. Rats presented opposite rs-FC changes
between regions of the anterior/posterior DMN and the SMN, compared with
baseline. A 30 to 60% increase in rs-FC was observed between regions of the
anterior DMN and the SMN. Specifically, rs-FC increased between the right
orbitofrontal cortex (OFC) and striatum bilaterally and the contralateral
somatosensory cortex, and between the contralateral orbitofrontal cortex and
striatum. Instead, a 20% decrease in rs-FC was found between regions of the
posterior DMN and the SMN. Specifically, rs-FC decreased between the left
retrosplenial cortex (RSC) and right somatosensory cortex (Figure 32C, left
panel) (P values are reported in Table 13).

Rats with a moderate VMAT2 KD presented increased rs-FC between regions of
the anterior/posterior DMN and the SMN, compared with baseline. Of particular
note, internetwork rs-FC changes were not found between the regions of the
posterior DMN and the SMN that showed decreased rs-FC in rats with mild
VMAT2 KD. Moreover, between-network rs-FC increase extended to other
regions. A 60 to 80% increase in rs-FC was found between the medial prefrontal
cortex and the right striatum, and the motor (MC) and somatosensory cortex
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bilaterally. FC increased by more than 20% between the hippocampi and
contralateral somatosensory cortex. (Figure 32C, right panel) (P values are
reported in Table 14). Notably, between-network rs-FC changes did not involve
the thalamus, which connectivity was however altered within the SMN" [1].
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Figure 32: PET/BOLD-fMRI. Group level correlation matrices of the DMN (A) and SMN
(B) at baseline and after CRISPR/SaCas9-targeting for rats with a mild (left panel) and
moderate (right panel) VMAT2 KD. C: Internetwork rs-FC changes in the mild (left panel)
and moderate (right panel) VMAT2 KD rats. Brain graphs, right to the matrices, illustrate
the nodes and edges (raw values) that demonstrated rs-FC changes to baseline (%).
*P< 0.01. VMAT2 KD: AAV-SaCas9 and AAV-sgRNA-S/c18a2. Mild: [''C]DTBZ ABPxp
< 20%; Moderate: [''C]DTBZ ABPnp = 20%. VMAT2 KD: AAV-SaCas9 and AAV-sgRNA-
Slc18a2. Abbreviations of brain regions considered for the analysis of the fMRI data,
including their respective volumes, are reported in Table 6. Figure adapted from [1].
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Table 9: P values of the FC changes. P values of the FC changes in regions of the
DMN for rats with mild VMAT2 KD. Data were analyzed using paired t-tests. Table from

[1].

Mild Hipp-R[Hipp-L|{RSC-R|RSC-L|PaC-R|PaC-L|OFC-R|OFC-LimPFC-RImPFC-L|CgC-R
CgC-L 0.40 | 0.56 | 0.95 ] 0.33 | 0.76 | 0.84 | 0.22 | 0.27 | 0.07 0.07 | 0.61
CgC-R 0.30 [ 0.41 | 0.83 [ 0.29 | 0.84 | 0.86 | 0.17 | 0.23 [ 0.03 0.08
mPFC-L 0.210.34 | 0.77 | 0.73 | 0.36 | 0.55| 0.46 | 0.02 [ 0.53

mPFC-R 0.12 1 023 | 054 [ 0.99 |1 0.24 | 046 | 0.24 | 0.61

OFC-L 049 | 055 | 0.20 | 0.05 | 0.51 | 0.67 | 0.18

OFC-R 0.31]1 020 | 0.26 | 0.13 ] 0.23 | 0.45

PaC-L 0.61 | 0.39 | 0.84 | 0.08 | 0.31

PaC-R 0.74 1 0.59 | 0.83 | 0.11

RSC-L 0.18 | 0.22 | 0.31

RSC-R 0.75 | 0.65

Hipp-L 0.67

Table 10: P values of the FC changes. P values of the FC changes in regions of the
SMN for rats with mild VMAT2 KD. Data were analyzed using paired t-tests. Table from

[1].

Mild |Th-R|

Th-L|SC-R

SC-L{MC-R

MC-L|

STR-R

STR-L|0.13

0.06(0.21

0.14]10.23

0.21

0.39

STR-R|0.13

0.09]0.19

0.13]0.39

0.29

MC-L |0.24

0.16(0.47

0.16] 0.46

MC-R|0.29

0.23]0.38

0.21

SC-L (0.14

0.04(0.76

SC-R (0.30

0.12

Th-L (0.79

Th-R

Table 11: P values of the FC changes. P values of the FC changes in regions of the
DMN for rats with moderate VMAT2 KD. Data were analyzed using paired t-tests. Table

from [1].
Moderate|Hipp-R[|Hipp-L|RSC-R|RSC-L|PaC-R|PaC-L|OFC-R[OFC-LimPFC-R|mPFC-L|CgC-R
CgC-L | 0.05 | 0.02 [ 0.07 | 0.11 | 0.24 | 0.22 | 0.05 | 0.03 | 0.03 0.04 | 0.07
CgC-R | 0.03 | 0.02 | 0.08 | 0.14 | 0.21 | 0.25 | 0.04 | 0.01 | 0.03 0.05
mPFC-L| 0.01 | 0.03 | 0.03 | 0.09 | 0.05 [ 0.04 | 0.04 | 0.04 | 0.06

mPFC-R| 0.005 | 0.007 | 0.01 | 0.03 | 0.03 | 0.03 | 0.06 | 0.01

OFC-L | 0.08 | 0.10 | 0.04 | 0.13 | 0.24 [ 0.21 | 0.05

OFC-R | 0.16 | 0.11 | 0.03 | 0.07 | 0.29 | 0.47

PaC-L | 0.35 | 0.60 | 0.03 | 0.10 | 0.13

PaC-R | 0.42 | 0.32 | 0.06 | 0.22

RSC-L | 0.10 | 0.07 | 0.02

RSC-R | 0.03 | 0.04
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| Hipp-L | 0.15 | |

Table 12: P values of the FC changes. P values of the FC changes in regions of the
SMN for rats with moderate VMAT2 KD. Data were analyzed using paired t-tests. Table
from [1].

Moderate|

Th-R|Th-L

SC-RISC-L

MC-R

MC-L|STR-R

STR-L

0.01

0.004

0.02(0.05

0.

0310.04[0.007

STR-R

0.02

0.008

0.060.04

0.

16 [0.07

MC-L

0.04

0.01

0.10/0.08

0.

04

MC-R

0.02

0.02

0.07

SC-L

0.003]0.001

0.11

SC-R

0.02

0.008

Th-L

0.07

Th-R

Table 13: P values of the FC changes. P values of the internetwork FC changes in
regions of the DMN and SMN for rats with mild VMAT2 KD. Data were analyzed using
paired t-tests. Table from [1].

Mild Hipp- [ Hipp-| RSC- [ RSC-| PaC-| PaC-| OFC- [ OFC- | mPFC- | mPFC-| CgC-|CgC-
R L R L R L R L R L R L
STR-L| 0.23 | 0.18 | 0.82 | 0.26 | 0.94 | 0.93 | 0.006 [0.005| 0.10 0.15 | 0.27 | 0.29
S-:;R' 0.16 | 0.44 | 0.65 | 0.32 | 0.65 | 0.98 (0.0004| 0.03 [ 0.06 0.19 | 0.24 | 0.31
MC-L| 0.34 [ 0.39 |1 092 | 0.29 | 093 (0.94| 0.11 | 0.40 [ 0.02 0.04 | 0.10 | 0.07
MC-R| 0.26 | 0.60 | 0.18 | 0.04 | 0.49 | 0.88 | 0.37 | 0.16 | 0.02 0.05 | 0.18 | 0.35
SC-L| 0.12 | 0.26 | 0.78 | 0.05 | 0.87 | 0.46 | 0.002| 0.02 | 0.03 0.05 | 0.13 | 0.17
SC-R| 0.13 | 0.57 | 0.19 |0.006| 0.89 [ 0.04 | 0.01 | 0.04 [ 0.02 0.06 | 0.18 | 0.28
Th-L| 0.35 | 0.27 [ 0.55 [ 0.39 [ 1.00 | 0.89 | 0.09 | 0.21 [ 0.11 0.17 | 0.14 | 0.17
Th-R| 0.38 | 0.98 | 0.66 | 0.26 | 0.94 | 0.70 | 0.09 | 0.15 | 0.09 0.11 | 0.28 | 0.33

Table 14: P values of the FC changes. P values of the internetwork FC changes in
regions of the DMN and SMN for rats with moderate VMAT2 KD. Data were analyzed
using paired t-tests. Table from [1].

Moderate Hisp- HiEp- RS};C- RSI;-C- P??C- PaI\-C- OI;C- OII=_C- mP;C- mPIfC- C%C- C(_;j_C-
STR-L | 0.02 | 0.02 | 0.02 | 0.11 | 0.16 | 0.30 | 0.03 |0.003| 0.006 | 0.01 | 0.07 | 0.09
STR-R | 0.08 | 0.08 | 0.04 | 0.14 | 0.30 | 0.63 |0.008 | 0.01 | 0.002 | 0.003 | 0.04 | 0.07
MC-L | 0.03 | 0.03 |0.003| 0.03 | 0.45|0.46| 0.04 [ 0.07 | 0.003 | 0.003 | 0.02 | 0.02
MC-R | 0.03 | 0.05 [ 0.05]0.18 [ 0.52]0.97 | 0.19 |0.008| 0.01 | 0.007 | 0.03 | 0.03
SC-L (0.004|0.008|0.008| 0.08 | 0.11 [ 0.44 [ 0.05 | 0.02 | 0.003 | 0.004 | 0.04 | 0.06
SC-R | 0.02 | 0.08 | 0.06 [ 0.35]0.27 | 0.94 | 0.07 | 0.04 | 0.001 | 0.003 | 0.04 | 0.07
Th-L | 0.06 | 0.02 | 0.09 | 0.10 [ 0.17 | 0.15] 0.06 | 0.03 | 0.02 0.03 [ 0.03 | 0.04
Th-R | 0.03|0.100.09|0.23|0.15|0.13| 0.14 ] 0.08 | 0.02 0.04 [ 0.07|0.15
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3.2.Imaging exogenous gene expression in the rat brain

3.2.1 Invivo and ex vivo characterization of ["'"C]TMP in the rat brain

3.2.1.1 In vivo PET imaging

In vivo PET studies were conducted to investigate the feasibility of using
[""C]TMP as a reporter gene probe in the rat brain. We observed very poor tracer
uptake in the rats' striatum at baseline (SUV Baseline (mean + SD): 0.15 £ 0.02)
(Figure 33A,D). The co-administration with Sulfamethoxazole did not improve
['"CITMP uptake in the striatum (SUV Sulfamethoxazole (mean * SD):
0.13 £ 0.03) (Figure 33B,D). Instead, we observed ~ 46% increase of ["'"C]TMP
striatal uptake following the Pgp-blockade (SUV Elacridar (mean t SD):
0.28 + 0.09, *P= 0.04) (Figure 33C,D).
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Figure 33: ['"C]JTMP in vivo PET imaging. Radioactivity uptakes were decay corrected
to the injection time and are expressed as the standardized uptake value (SUV),
normalized for the injected radioactivity and rats’ body weight. [''C]TMP striatal SUVs
(mean + SD) and exemplary coronal PET images (sum of all frames) for rats scanned at
baseline (A), after Sulfamethoxazole administration (B) and following PgP-blockade with
Elacridar (3 mL/Kg) (C). D: SUVs (mean + SD) values (0-30 min) of ['"C]TMP at baseline,
with Sulfamethoxazole and Elacridar in the rats’ striatum.
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3.2.1.2 Biodistribution

Ex vivo biodistribution was performed 2 min, 15 min, and 45 min after [''C]TMP
injection. Brain, blood, and kidney were isolated from wild-type SD rats at the
indicated time points (n= 3/group) and analyzed in a gamma counter. Our data
revealed a high initial kidney uptake (SUV ~ 70%). ['"C]TMP was present in a
minimal quote in the brain 2 min post-injection (SUV ~ 20%) and showed low
retention by 15 —45 min (SUV < 0.2%), supporting the in vivo imaging data.
Similar [""C]TMP uptake (SUV ~ 30%) was found in blood (Figure 34).
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Figure 34: [""C]TMP biodistribution. Radioactivity, expressed as the % of the
standardized uptake value (SUV), normalized for the injected radioactivity, rats’ body
weight and mass of tissue samples (g) (mean = SD), in the brain, blood, and kidney,
collected 2 min, 15 min, and 45 min after [''C]TMP injection, as measured in a gamma
counter.

3.2.1.3 Metabolism

In Figure 35, results of the radio-HPLC analysis of blood and brain samples
collected from wild-type SD rats (n= 1/group), 1 min, 5 min, and 10 min after
['"C]ITMP administration are shown. The parent radioligand (Figure 35A)
(tr[""C]TMP= 5 min) was not detected in blood and brain at 1 min after tracer
injection (Figure 35B). 5 min post-injection, the parent compound and one
metabolite ([''C]A) were identified in the blood (tr[''C]A= 3.8 min, ~ 80%;
tr['"C]TMP= 5 min, ~ 20%), however only the [''C]A peak could be detected in
the brain tissue ([''C]JA tr= 3.8 min, ~40%), while the parent tracer was not
detectable (Figure 35C). 10 min post-injection, the metablite ['"'"C]A was present
in the blood (~ 95%) but undetectable in the brain (Figure 35D). The percentage
of the parent compound ['"C]TMP rapidly decreased in blood during the first
10 min after the injection, as no parent compound (tr= 5 min) could be detected
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in the sample. Instead, the radioactive metabolite [''C]A could still be found in the
blood collected after 10 min (tr= 3.8 min), with a quote of ~ 95% (Figure 35D).
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Figure 35: ['""C]TMP metabolism. A: HPLC standard of ['"C]TMP after tracer synthesis.
Brain lysate (blue graphs) and serum (red graphs) were collected 1 min (B), 5 min (C),
and 10 min (D) following [""C]TMP injection andparent compound and metabolites in
plasma and tissue were determined by radio-HPLC.
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4 Discussion

This CRISPR/Cas9-brain imaging study "highlights the feasibility and potential of
combining CRISPR/Cas9 gene-editing with PET imaging to identify molecular
adaptations in response to targeted gene modulations. Using CRISPR/SaCas9,
we knocked down the Sic18aZ2 gene, encoding the VMATZ2, which plays a key
role in the storage and release of DA in response to neuronal activity [83]. The
CRISPR/SaCas9-mediated KD allowed us to investigate the VMATZ2-dependent
DA signaling in the striatum while structurally preserving neuronal integrity.
[®F]GE-180 data suggested that glial activation is not the source of dopaminergic
synaptic dysfunction and excluded the occurrence of inflammatory responses
arising from the surgical procedure and the chosen AAV-serotype, in line with
recent reports [151].

Our study revealed that the targeted gene KD in the SNc leads to an expected
reduction of DA release in the striatum, paralleled by ['"CJRAC binding changes.
It is conceivable that the observed postsynaptic changes result from an increase
in binding due to the reduced DA concentration in the striatum. Yet, several
studies have revised this notion [259, 260]. In this regard, our results of the drug-
evoked rotational behavior are in better agreement with a D2R compensatory
upregulation. Indeed, supersensitivity to apomorphine in rats with nigrostriatal
lesions or VMAT?Z2 knockout is accompanied by an increase in striatal D2R binding
sites but no change in affinity [261-266]. Further, the observed striatal increase
in ['"CJRAC binding is independent of presynaptic nerve terminal loss and occurs
in response to a ~ 20% decrease of ['"C]DTBZ binding. This confirms, in line with
our ['"CJMP results, that ['"C]JRAC can be used to delineate postsynaptic changes
in the absence of DAT-mediated compensation triggered by neuronal loss.
Accordingly, increased ['"CJRAC binding is observed in the early but not later
stages of PD [267], characterized by severe neuronal cell loss and DAT changes
(> 50%) [161]. Consistently, rats with severe denervation (> 75%) present earlier
mitigation by the DAT, followed by D2R binding changes [159]. Hence, with our
method, it is feasible to study the consequences of synaptic DA dysfunction
without compensations triggered by neuronal cell loss. Moreover, the observed
[["CJRAC and ["C]DTBZ correlations to the motor behavior highlight that
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['"CJRAC binding remains at control levels as long as synaptic DA levels are
sufficient to maintain adequate motor function. Motor disturbances strongly
correlate to pre and postsynaptic changes if movements of the forelimbs, but not
whole-body, are considered, in agreement with earlier observations in DA-
depleted rats [256]. VMATZ2 KD reduced DA tissue levels in the ipsilateral
striatum, nicely merging with the in vivo data. Moreover, metabolite analysis
suggested that DA is quickly converted due to the lack of VMAT2-mediated
storage in presynaptic vesicles. The increased metabolism might as well be a
possible compensatory mechanism consequent to the VMAT2 KD, reflecting
actions that residual nigrostriatal neurons undertake to maintain DA homeostasis,
as already speculated by others [262, 268]. Further, by inducing a mild to
moderate gene KD, we could investigate early to late rs brain network adaptations
prompted by presynaptic dysfunction. We show that the selective impairment of
presynaptic DA storage and release is followed by rs-FC alterations within and
between the DMN and SMN. Our results confirm previous findings that the DMN,
associated with ideation and mind wandering [235], and the SMN, involved in
sensory processing and motor function [242], do not function in isolation from
each other, but rather synchronize [269]. The observed internetwork
synchronization may reflect compensatory brain reorganization, as already
speculated by others [270, 271]. We also identified enhanced intranetwork rs-FC
in the DMN and SMN. Rs-FC changes were observed in prefrontal cortical
regions, hippocampus, thalamus, and striatum. Our data parallel previous
findings of cortico-striato-thalamic hyperconnectivity in decreased DA
transmission states [272-275]. In line, increased synchronous neural oscillatory
activity and functional coupling in the basal ganglia and its associated networks
have been observed in PD [276-281]. The increase of cortico-striatal FC could in
part be due to dysfunctions of multiple tonic inhibitory gate actions of D2R [282].
Increased FC across the thalamus and prefrontal cortex has been reported in
drug-treated PD patients [283, 284], potentially indicating functional
compensation, as the brain recruits additional anatomical areas to aid in restoring
cognitive processes. This might as well explain the engagement of the
hippocampus, functionally connected with DMN cortical regions [285, 286]. In this
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regard, research has shown that the hyperconnectivity of brain circuits is a
common response to neurological dysfunction, and may reflect a protective
mechanism to maintain normal brain functioning [287]. Such a mechanism has
been proposed in PD, mild cognitive impairment, and AD [288-291]. Collectively,
our findings support this model and indicate a reorganization of brain networks
that adapt to the synaptic dysfunction through enhanced interregional synchrony.
Recruiting alternative brain regions may be an early response to the dysfunction
preceding neuronal cell loss and motor impairment. Interestingly, brain
connectome adaptations occurred symmetrically in the DMN but were more
weighted towards the contralateral hemisphere in the SMN" [1]. Our findings
suggest that the lack of DA release due to VMAT2 KD is insufficient to induce cell
loss or that this might develop over a longer time frame. Herewith, we speculate
that the observed increase in D2R expression, together with the network-level
functional adaptations and the metabolic outcome appears as a compensatory
neurochemical and functional manifestation preceding neuronal cell loss. Yet, a
longitudinal study that monitors these changes beyond our endpoint (19 weeks
post-targeting) would be needed to confirm this hypothesis.

"We knocked down VMATZ in dopaminergic projection neurons from the SNc to
the dorsal striatum. To achieve selective targeting of this neuronal subtype, rat
Cre driver lines have been developed [19, 292]. Although all monoamine-
releasing neurons express VMATZ2, in contrast to other brain regions, SNc
neurons are predominantly dopaminergic [293]. Thus, even though we used wild-
type rats, we can largely dismiss effects on other monoaminergic neurons, as

also indicated by biochemical analysis of 5-HT striatal levels.

Despite its limited off-target editing [138], undesired targeting of SaCas9 on other
genes cannot be entirely excluded. Nevertheless, off-target candidates with up to
4 mismatches were screened in the whole genome of Rattus norvegicus
(http://www.rgenome.net/cas-offinder/), consistently with past reports [18]. To the
best of our knowledge, the off-target matches (Ndrg1, RGD1305938, Btn2a2,
AABRO07042293.2) have no effects on VMATZ2 function, being involved in cell

differentiation, T-cell regulation, and mRNA processing, respectively

(https://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/index.html).
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Another limitation of the study is the relatively small sample size, related to the
complex and high-cost procedures involved in the in vivo imaging measurements.
In addition to this, the differences in VMATZ2 KD efficiency, contributed to the
significant variance in our cohorts. Nevertheless, the variability of gene-editing
efficiency was in line with previous in vivo brain studies [18, 143]" [1].

We show that CRISPR/Cas9 editing combined with multimodal in vivo imaging
can be used to detect pathological features typical of mild or severe disease
phenotypes. Indeed, it identifies stage-specific molecular and functional brain
adaptations. Ultimately, our combinatorial approach has the potential to aid in the
development of targeted therapies to restore physiological brain function. Further,
our multimodal design can aid dissecting the pathogenic role of receptors,
transporters, and ion channels playing a role in neurological diseases.

Future studies could profit from in vivo reporter gene PET probes to quantitatively
assess and monitor the Cas9 and sgRNA brain expression over time [38, 220].
This would provide a quantitative measure of the gene expression differences
between rats and would additionally allow a longitudinal examination of the
gene expression. Despite several reporter genes have been developed in the
last years, these show major limitations, which include f.e. endogenous
expression in the brain, resulting in high background binding or low brain
uptake [37-43]. Thus, our aim was to investigate the potential of [''C]TMP as a
novel PET reporter probe to image EcDHFR-expressing cells in the rat brain.
[""C]TMP has shown great potential as reporter gene probe in xenografted tumor
models [47], binding with very low affinity to the mammalian DHFR (4-fold less)
and being biologically inert [47]. As no studies on [""C]TMP suitability for brain
imaging were perfomed in the rat, our aim was to investigate the [''C]TMP brain
pharmacokinetics and biodistribution in the species.

Our study proved the unsuitability of ['"C]TMP as a PET reporter gene probe in
the rat brain. We conducted in vivo and ex vivo examinations to characterize
[""C]TMP uptake, pharmacokinetics and metabolism. ["'C]TMP highest SUV in
the rat brain was about 7-fold lower the suitable values for brain imaging
(SUV3omin~ 0.2 vs > 1.5) [157], in line with a recent study performed in mice [210].

Further, we observed a significant enhancement in ['"C]TMP uptake following
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PgP-blockade (SUV3omin 0.3 £ 0.1 vs 0.15 + 0.1), suggesting dependency on the
efflux pumps at the BBB that might have hampered the compound brain uptake.
Strong efflux transporter dependency greatly reduces the concentration of
radioligands within the brain, leading to negligible uptake [294, 295]. Similarly,
['""C]TMP analogs with improved pharmacokinetics show PgP-dependency in
mice [210]. Of note, due to the higher PgP activity in rodents, several tracers
perform poorly in rodent imaging studies compared to higher-order species [188].
Indeed, brain uptake discrepancies due to the PgP efflux transporter differences
have been observed in the rat, pig, monkey, and human BBB [188, 296, 297].
Finally, our study revealed ['"C]TMP rapid in vivo metabolism hampering the
tracer brain availability and producing a radiometabolite crossing the BBB. We
observed that [''C]TMP is metabolized to ["'C]A in vivo within 5 min, and that
[''C]A is predominant in blood and brain by 5 - 10 min. In the brain, the HPLC
analytical findings at 5 min suggested that the in vivo PET data may mostly reflect
the behavior of the radioactive metabolite [''C]A rather than ['"'"C]TMP. Our data
agree with a recent study from Shimojo et al., published after completion of our
study, and performed in mice and non-human primates [210]. Similarly to what
we observed, the authors showed limited brain uptake of ["'C]TMP and its
analogs, potentially due to the dependency on PgP efflux transport at the BBB.

In conclusion, our data indicated unfavorable characteristics of [''C]TMP and
discouraged its use as a reporter gene probe in the rat brain. Future studies
should focus on investigating different targets or developing ['"C]TMP analogs
with more favorable brain pharmacokinetics and detectability, which are neither

PgP substrate nor metabolized.
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5. Summary

"Receptors, transporters and ion channels are important targets for therapy
development in neurological diseases, [...] but their mechanistic role in
pathogenesis is often poorly understood. Gene-editing and in vivo imaging
approaches will help to identify the molecular and functional role of these targets
and the consequence of their regional dysfunction on whole-brain level. Here, we
combine CRISPR/Cas9 gene-editing with in vivo PET and fMRI to investigate the
direct link between genes, molecules, and the brain connectome. The extensive
knowledge of the Slc18a2 gene encoding the VMAT?2, involved in the storage and
release of DA, makes it an excellent target for studying the gene networks
relationships while structurally preserving neuronal integrity and function. We
edited the Slc18aZ2 in the SNc of adult rats and used in vivo molecular imaging
besides behavioral, histological, and biochemical assessments to characterize
the CRISPR/Cas9-mediated VMATZ2 KD.

Simultaneous PET/fMRI was performed to inspect the molecular and functional
brain adaptations, beyond the predicted dopaminergic changes.

We found a regional increase in postsynaptic DA receptor availability, preceded
by a reorganization of brain networks that adapt to reduced DA transmission
states by becoming functionally connected and organized. We observed that FC
adaptations are stage-specific and follow the selective impairment of presynaptic
DA storage and release. Further, the observed hyperconnectivity within and
between brain networks spreads from the contralateral thalamus and prefrontal
cortical regions to the striata and hippocampi.

Our study reveals that recruiting different brain networks is an early response to
the dopaminergic dysfunction preceding neuronal cell loss. Our combinatorial
approach is a novel tool to investigate the impact of specific genes on brain
molecular and functional dynamics which will help to develop tailored therapies
for normalizing brain function. The method can easily be transferred to higher-

order species allowing for a direct comparison of the molecular imaging findings"”

[1].
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Future studies could benefit from in vivo reporter gene PET probes to
quantitatively assess and monitor the Cas9 and sgRNA brain expression over
time [38, 220]. Indeed, in vivo reporter gene imaging is a powerful tool to monitor
gene therapy and image exogenous gene expression in the brain of preclinical
models of neurological diseases. Despite several reporter genes have been
developed in the last years, these show major limitations. Indeed, most
available reporter gene systems are based on endogenously expressed genes,
resulting in high background binding or low brain uptake.

Here, we characterized the pharmacokinetics and metabolism of [''C]TMP, a
novel PET reporter probe which binds to EcDHFR-engineered cells and shows
potential for imaging ectopic gene expression in xenografted tumor models in
vitro and in vivo [47].

We found that [""C]JTMP presents several unfavorable characteristics;
dependency on PgP efflux transport at the BBB, hindering its brain uptake in the
rat species, and in vivo metabolism, hampering the PET data quantification.

Our study shows that ['"C]TMP is not a suitable PET reporter gene probe to
image exogeneous gene expression in the rat brain, presenting low brain uptake
and fast metabolism.

Future studies should focus on the investigation of different targets and the
development of ['"C]TMP analogs with more favorable pharmacokinetics and
detectability, which are neither PgP substrate nor rapidely metabolized.

Signature of the Doctoral Thesis Supervisor

Prof.Dr.Kristina Herfert
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6. German summary

Rezeptoren, Transporter und lonenkanale sind wichtige Zielstrukturen fur die
Entwicklung von Therapien bei neurologischen Erkrankungen, doch ist ihre
mechanistische Rolle bei der Pathogenese oft nur unzureichend bekannt. Gen-
Editierungen und In-vivo-Bildgebungsverfahren konnen dazu beitragen, die
molekulare und funktionelle Rolle dieser Ziele und die Folgen ihrer regionalen
Fehlfunktion auf der Ebene des gesamten Gehirns zu ermitteln. Hier kombinieren
wir CRISPR/Cas9-Gen-Editing mit /n-vivo-PET und -fMRI, um die direkte
Verbindung zwischen Genen, Molekulen und dem Konnektom des Gehirns zu
untersuchen. Das umfangreiche Wissen Uber das Slc718a2-Gen, das fur den
VMAT2 kodiert und an der Speicherung und Freisetzung von DA beteiligt ist,
macht es zu einem ausgezeichneten Ziel fur die Untersuchung der Beziehungen
zwischen Gennetzwerken bei gleichzeitiger struktureller Erhaltung der
neuronalen Integritat und Funktion. Wir haben das Slc18a2-Gen in der SNc
erwachsener Ratten editiet und in vivo molekulare Bildgebung sowie
verhaltensbiologische, histologische und biochemische Untersuchungen
durchgefuhrt, um den CRISPR/Cas9-vermittelte VMAT2-KD zu charakterisieren.
Es wurde eine gleichzeitige PET/fMRI-Untersuchung durchgefuhrt, um die
molekularen und funktionellen Anpassungen des Gehirns zu untersuchen, die
uber die vorhergesagten dopaminergen Veranderungen hinausgehen. Wir
fanden eine regionale Zunahme der postsynaptischen Dopamin-
Rezeptorverfugbarkeit, der eine Reorganisation der Gehirnnetzwerke
vorausging, die sich an die reduzierte Dopamin-Ubertragung anpassen, indem
sie funktionell verbunden und organisiert werden. Wir beobachteten, dass die
Anpassungen der funktionellen Konnektivitat stadienspezifisch sind und auf die
selektive Beeintrachtigung der prasynaptischen DA-Speicherung
und -Freisetzung folgen. Daruber hinaus breitete sich die beobachtete
Hyperkonnektivitat innerhalb und zwischen  Gehirnnetzwerken  vom
kontralateralen Thalamus und den prafrontalen kortikalen Regionen bis zu den
Striaten und dem Hippocampus aus. Unsere Studie zeigt, dass die Rekrutierung
verschiedener Hirnnetzwerke eine frihe Reaktion auf die dopaminerge

Dysfunktion ist, die dem neuronalen Zellverlust vorausgeht. Unser
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kombinatorischer Ansatz ist ein neuartiges Instrument zur Untersuchung des
Einflusses spezifischer Gene auf die molekulare und funktionelle Dynamik des
Gehirns, was zur Entwicklung mafigeschneiderter Therapien zur Normalisierung
der Gehirnfunktion beitragen wird [1]. Die Methode lasst sich leicht auf Arten
hoherer Ordnung Ubertragen, was einen direkten Vergleich der Ergebnisse der
molekularen Bildgebung ermdglicht. Kunftige Studien konnten von In-vivo-
Reportergen-PET-Tracern profitieren, um die Cas9- und sgRNA-Expression im
Gehirn im Laufe der Zeit quantitativ zu bewerten und zu Uberwachen [214, 224].
In der Tat ist die In-vivo-Reportergen-Bildgebung ein leistungsfahiges Instrument
zur Uberwachung der Gentherapie und zur Darstellung der exogenen
Genexpression im Gehirn praklinischer Modelle neurologischer Erkrankungen.
Obwohl in den letzten Jahren mehrere Reportergene entwickelt wurden, weisen
diese erhebliche Einschrankungen auf. Die meisten verfugbaren
Reportergensysteme basieren namlich auf endogen exprimierten Genen, was zu
einer hohen Hintergrundbindung oder einer geringen Aufnahme im Gehirn fuhrt.
Hier haben wir die Pharmakokinetik und den Stoffwechsel von [''C]TMP
charakterisiert, einem neuen PET-Reportergen-Tracer, der an EcDHFR
gezuchtete Zellen bindet und das Potenzial hat, ektopische Genexpression in
xenotransplantierten Tumormodellen in vitro und in vivo darzustellen [40]. Wir
haben festgestellt, dass [''C]TMP mehrere ungiinstige Eigenschaften aufweist:
Abhangigkeit vom PgP-Efflux-Transport an der BHS, was die Aufnahme im
Gehirn der Ratte verhindert, und In-vivo-Metabolismus, der die Quantifizierung
der PET-Daten erschwert. Unsere Studie zeigt, dass ['"C]TMP aufgrund der
geringen Aufnahme ins Gehirn und des schnellen Metabolismus keine geeignete
PET-Reportergen-Sonde fur die Darstellung exogener Genexpression im
Rattenhirn ist. Kunftige Studien sollten sich auf die Untersuchung anderer
Targets und die Entwicklung von [""C]TMP-Analoga mit glnstigerer
Pharmakokinetik und Nachweisbarkeit konzentrieren, die weder PgP-Substrat

sind noch schnell metabolisiert werden.
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