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Progressive neuronal death in brainstem nuclei and widespread
accumulation of o-synuclein are neuropathological hallmarks
of Parkinson’s disease (PD). Reduction of a-synuclein levels
is therefore a potential therapy for PD. However, because
a-synuclein is essential for neuronal development and func-
tion, o-synuclein elimination would dramatically impact brain
function. We previously developed conjugated small inter-
fering RNA (siRNA) sequences that selectively target serotonin
(5-HT) or norepinephrine (NE) neurons after intranasal
administration. Here, we used this strategy to conjugate inhib-
itory oligonucleotides, siRNA and antisense oligonucleotide
(ASO), with the triple monoamine reuptake inhibitor indatra-
line (IND), to selectively reduce a-synuclein expression in the
brainstem monoamine nuclei of mice after intranasal delivery.
Following internalization of the conjugated oligonucleotides in
monoamine neurons, reduced levels of endogenous o-synu-
clein mRNA and protein were found in substantia nigra pars
compacta (SNc), ventral tegmental area (VTA), dorsal raphe
nucleus (DR), and locus coeruleus (LC). a-Synuclein knock-
down by ~20%-40% did not cause monoaminergic neurode-
generation and enhanced forebrain dopamine (DA) and
5-HT release. Conversely, a modest human o-synuclein overex-
pression in DA neurons markedly reduced striatal DA release.
These results indicate that a-synuclein negatively regulates
monoamine neurotransmission and set the stage for the testing
of non-viral inhibitory oligonucleotides as disease-modifying
agents in a-synuclein models of PD.

INTRODUCTION

Parkinson’s disease (PD) is characterized pathologically by degener-
ation of discrete groups of neurons in the central, autonomic,
and enteric nervous systems. Particularly, the loss of substantia
nigra dopamine (DA) neurons causes the cardinal motor signs of
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PD (tremor, rigidity, and bradykinesia).! Moreover, monoamine
and non-monoamine neurons show intracellular aggregates, Lewy
bodies and Lewy neurites, containing deposits of insoluble a-synu-
clein*™* Variants in the Snca gene, which encodes the a-synuclein
protein, modulate both PD risk” 7 and a-synuclein expression levels,®
suggesting that a.-synuclein may be an early and integral mediator of
the pathological cascade that ultimately results in neurodegeneration.
The identification of families with duplication or triplication of the
Snca gene (PARK4 locus, PD autosomal dominant Lewy body 4
[Homo sapiens (human)]) strengthened the link between a-synuclein
and PD, and indicated that increased concentrations of the wild-type
protein alone can cause the disease.”'’ In addition, growing evidence
implicates cell-to-cell transmission of misfolded o-synuclein as a
common pathogenic mechanism in synucleinopathies.''"'® Overall,
these data point to o-synuclein as a potential primary target for
therapeutic intervention in PD.

Although the physiological function of a-synuclein remains
largely unknown, it may play a significant role in the regulation of
neurotransmitter release, synaptic function, and neuroplasticity.
Indeed, it is abundantly localized in presynaptic terminals'”'®
is associated with the distal reserve pool of synaptic vesicles.
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Figure 1. 499-siRNA and 1233-ASO Molecules Selectively Reduce «-Synuclein Expression in Cultured Cells

(A and G) Comparative alignment showing the oligonucleotide sequence of human Snca, Sncb, and Sncg. Green letters indicate nucleotide differences compared with Snca
sequence. Red letters indicate the specific sequence targeted by (A) 499-siRNA or (G) 1233-AS0. (B, C, and E) gRT-PCR quantification of Snca (B), Sncb (C), and Sncg (E)
mRNA expression in M17-EV 24 hr after transfection with 200 nM 499-siRNA, MAYO2-siRNA, or SNCA2-siRNA. Cells transfected with nonsense siRNA (NS) were used as
control. Target gene expression was normalized to two different housekeeping genes: GAPDHD and RPLPO. (D) Top: immunofluorescence images showing a-synuclein
expression in M17-EV and M17-Syn. Blue: Hoechst staining; green: a-synuclein. Scale bar: 20 pm. Bottom: a-synuclein immunoblot image and quantification confirming the
overexpression of a.-synuclein protein levels in M17-Syn (n = 3). *p < 0.05, compared with M17-EV cells (one-way ANOVA followed by Tukey’s post hoc test). (F) gRT-PCR
quantification of Snca expression in M17-Syn 24 hr after transfection with 499-siRNA, MAYO2-siRNA, and SNCA2-siRNA. Cells transfected with NS-siRNA were used as a
control. (H and ) gRT-PCR quantification of a-synuclein expression in (H) M17-EV or (I) M17-Syn cells transfected with 300 nM nonsense 1227-ASO or 1233-AS0 for 24 hr.

(legend continued on next page)
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Further, alterations in synaptic transmission have been found in mice

. . . 2335
overexpressing or down-expressing o-synuclein.”

Despite this, it is still unclear how a-synuclein contributes to early
functional changes and cell death in PD, and potential strategies to
either reduce the basal levels of a-synuclein or to inhibit its process
of aggregation are being explored. Preclinical studies have success-
fully shown a-synuclein downregulation both in cell culture and
animal models using antisense oligonucleotides (ASOs), ribozymes,
small interfering RNAs (siRNAs), or microRNA without neurotoxic
effects.’*™** Yet, some studies reported DA neurodegeneration
after a-synuclein silencing using a viral delivery of short hairpin
RNA (shRNA.)** Despite these exciting prospects, the utility of
oligonucleotide-based silencing strategies is severely compromised
by the extreme difficulty to deliver oligonucleotides to specific
neuronal populations because of the need to cross several biological
barriers after administration and the enormous complexity of the
mammalian brain.

We previously developed conjugated siRNA sequences that selectively
target genes in the serotonin (5-HT) or norepinephrine (NE) neurons
after intranasal delivery.**” The covalent binding of the 5-HT or NE
transporter (NET) blockers sertraline or reboxetine, respectively, to
siRNA molecules allows their selective accumulation in 5-HT or NE
neurons after crossing the semi-permeable nasal blood-brain barrier
and being transported rapidly to the brain. Here, we assessed the
cellular selectivity and efficacy of different oligonucleotide sequences
to downregulate a-synuclein expression in vitro and in vivo. We devel-
oped siRNA and ASO molecules conjugated with indatraline (IND;
triple monoamine transporter blocker) to selectively knock down
o-synuclein expression in tyrosine hydroxylase (TH)" and trypto-
phan-hydroxylase, (TPH,)" neurons of mice after intranasal adminis-
tration (in.). In addition, we evaluated the effects of a-synuclein
knockdown on dopaminergic and serotonergic function.

RESULTS

499-siRNA and 1233-ASO Molecules Selectively Reduce
a-Synuclein Expression In Vitro

Three siRNA sequences (499-siRNA, MAYO2-siRNA, SNCA2-
siRNA) were designed and synthesized to target regions of the mouse
and human Snca mRNA encoding a-synuclein protein. The target re-
gion was selected based on its minimal homology to Sncb or Sncg
(encoding B- and y-synuclein, respectively) (Figure 1A; Table S1).
Sequences showing significant homology to other genes by BLAST
search (https://blast.ncbi.nlm.nih.gov/Blast.cgi) were rejected.

First, the three a-synuclein siRNA sequences (499-siRNA, MAYO2-
siRNA, SNCA2-siRNA) were screened in vitro to determine their
efficacy and detect off-target effects. The ability of siRNA sequences
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to downregulate endogenous a-synuclein expression was studied in
M17 human neuroblastoma cells containing a control empty vector
(M17-EV) by qRT-PCR at 24 hr after transfection. One-way
ANOVA followed by Tukey’s post hoc test indicated reductions of
a-synuclein expression of 78% + 8% (p < 0.001) for 499-siRNA,
8% + 1% (p < 0.001) for MAYO2-siRNA, and 72% + 5%
(p < 0.05) for SNCA2-siRNA, respectively (Figure 1B). In contrast,
M17-EV cells transfected with nonsense siRNA (NS; control
group) did not show alterations of a-synuclein mRNA levels. To
confirm the selectivity of siRNAs, we also evaluated B- and y-synu-
clein mRNA levels. MAYO2-siRNA significantly suppressed B- and
y-synuclein expression in M17-EV cells (66% + 4%, p < 0.05; and
59% =+ 3%, p < 0.001, respectively). However, 499-siRNA
and SNCA2-siRNA did not decrease either - or y-synuclein expres-
sion (Figures 1C and 1E).

Next, we evaluated the efficacy of siRNAs targeting a-synuclein in an
in vitro PD-like model consisting of M17 cells overexpressing wild-
type human a-synuclein (M17-Syn; Figure 1D). One-way ANOVA
analyses followed by Tukey’s post hoc test revealed that all siRNA se-
quences reduced to the same extent the increased a-synuclein levels
in M17-Syn cells 24 hr after transfection (74% =+ 2%, p < 0.001 for
499-siRNA; 75% = 3%, p < 0.05 for MAYO2-siRNA; and 67% =+
3%, p < 0.001 for SNCA2-siRNA) (Figure 1F). Like in M17-EV cells,
MAYO2-siRNA, but not 499-siRNA and SNC2-siRNA, significantly
decreased B- and y-synuclein levels in M17-Syn cells (35% + 4%,
p < 0.05; and 68% + 5%, p < 0.05, respectively) (Figure S1).

In addition, an ASO molecule (1233-ASO), encompassing the same
gene sequence as 499-siRNA, was also validated in vitro prior to
in vivo studies (Figure 1G). As described above, M17-EV and
M17-Syn cells were transfected with 300 nM nonsense ASO (1227-
ASO) or 1233-ASO targeting a-synuclein. Although no statistically
significant differences were detected in M17-EV cells (Figure 1H),
a significant effect of 1233-ASO was observed in M17-Syn cells
(61 £ 6; p <0.05) (Figure 1I). Both M17-EV and M17-Syn cells treated
with 1227-ASO showed no alterations in o-synuclein levels (Fig-
ure 1I). Based on these results, both 499-siRNA and 1233-ASO
were used for subsequent studies in vivo.

Selective Delivery of Conjugated ASO Molecules to Monoamine
Neurons after i.n.

As summarized in the introductory section, the covalent binding of
5-HT or NE reuptake inhibitors to siRNA sequences allows their
selective enrichment into raphe 5-HT neurons or locus coeruleus
(LC) NE neurons after in.""** We previously demonstrated that
the main factor conferring the appropriate neuronal selectivity was
the presence of covalently bound ligand rather than the oligonucleo-
tide sequence.**” Given the efficacy of 499-siRNA and 1233-ASO to

In all graphs, histograms represent average + SEM. Ap < 0.05, AMAp < 0.001, compared with cells treated with lipofectamine alone; *p < 0.05, **p < 0.01, ***p < 0.001,
compared with cells treated with NS-siRNA (one-way ANOVA followed by Tukey’s post hoc test). 499-siRNA, MAYO2-siRNA, or SNCA2-siRNA are siRNA sequences
designed to target regions of the Snca mMRNA encoding a.-synuclein protein (Table S1 shows siRNA sequences). M17-EV, M17 human neuroblastoma cells expressing empty

vector; M17-Syn, M17 human neuroblastoma cells overexpressing a-synuclein.
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suppress a.-synuclein expression in vitro, we next conjugated these se-
quences to the triple monoamine reuptake inhibitor IND to attain
cell-type-selective targeting and to enhance the uptake of oligonucle-
otide based on in vitro and in vivo pharmacological profile of IND.
Indeed, in vitro studies indicated that this agent is a highly potent in-
hibitor at all three uptake sites of monoamine transporters (5-HT
transporter [SERT] > NET > DA transporter [DAT]) with half
maximal inhibitory concentration (ICs,) values around 1-4 nM, lack-
ing affinity for DA, 5-HT, NE, histamine, and cholinergic receptors.
This in vitro profile results in a maximal in vivo occupancy and effi-

. 50
cacy for the monoamine transporters.”

To examine the brain distribution of conjugated oligonucleotide
following in., we first used Alexa 488-labeled IND-conjugated

-

Figure 2. Preferential Accumulation of Indatraline-
Conjugated ASO Molecules in Monoamine Neurons
after Intranasal Administration

(A) Mice were intranasally administered with Alexa
488-labeled indatraline-conjugated 1233-ASO targeting
a-synuclein (A488-IND-1233-AS0) or Alexa 488-labeled
indatraline-conjugated nonsense 1227-ASO (A488-IND-
1227-AS0) at 30 pg/day for 4 days and sacrificed 6 hr after
last administration (n = 3 mice/group). Confocal images
showing the co-localization of A488-IND-ASOs (yellow)
with TH* neurons (red) in the SNc/VTA and LC or with
TPH,* neurons (red) in the DR identified with white arrow-
heads. Cell nuclei were stained with DAPI (blue). Scale bars:
10 um. (B and C) Bars show the extracellular concentration
of indatraline-conjugated 1233-ASO targeting a.-synuclein
(IND-1233-AS0O) (B) and 1233-ASO molecules (C) (ex-
pressed as 10° molecules/ul) in DR, LC, SNc/VTA, and
CPu. Mice received two consecutive ASO doses (1000 uM
to 60 pg and 3000 uM to 180 ug) intranasally administered
with time intervals of 1 hr. Note the higher extracellular
IND-1233-ASO concentration in the DR compared with all
brain areas. Data are mean + SEM. ***p < 0.001 versus
brain areas (two-way ANOVA followed by Tukey’s post hoc
test). (D) Proposed mechanisms for transport of indatraline-
conjugated oligonucleotides to brain following intranasal
administration. Three potential pathways have been indi-
cated for compound transport to the olfactory bulb or
olfactory subarachnoid space following intranasal admin-
istration: (1) receptor-mediated endocytosis into olfactory
sensory neurons followed by slow intracellular transport
(from hours to days) to the olfactory bulb, (2) non-specific
endocytosis into olfactory sensory neurons followed by
intracellular transport to the olfactory bulb, and (3) extra-
cellular diffusion into the olfactory submucosa along open
intercellular clefts in the olfactory epithelium with a rapid
transport (~30 min) directly to the olfactory bulb or the
olfactory subarachnoid space and entrance to the cere-
brospinal fluid (CSF) circulation.®® IND-1233-ASO could be
rapidly transported to the brain following intranasal admin-
istration mediated by the pulsatile flow through CSF leading
to subsequent uptake into monoaminergic neurons via
functional monoamine transporters. CPu, caudate puta-
men; DR, dorsal raphe nucleus; LC, locus coeruleus; SNc/
VTA, substantia nigra compacta/ventral tegmental area.

Hindbrain and
spinal cord

nonsense ASO (A488-IND-1227-ASO) or IND-conjugated 1233-
ASO (A488-IND-1233-ASO) molecules. Confocal fluorescence mi-
croscopy revealed that both A488-IND-1227-ASO and A488-IND-
1233-ASO were intracellularly detected specifically in TPH," raphe
5-HT neurons and in TH" DA and NE neurons of substantia nigra
pars compacta/ventral tegmental area (SNc/VTA) and LC, respec-
tively (Figure 2A; Figure S2). In contrast, IND-conjugated ASO was
absent in cells of brain areas close to the application site (olfactory
bulbs) or to brain ventricles (hippocampus, hypothalamus, and stria-
tum) (Figure S3), indicating that functional monoamine transporters
(DAT, SERT, and NET) are a requirement for oligonucleotide uptake
and internalization. Indeed, pre-treatment with selective monoamine
transporter inhibitors (sertraline for SERT, nomifensine for DAT/
NET, and reboxetine for NET) prior to intranasal treatment with
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IND-conjugated ASO prevented the incorporation of oligonucleotide
in each monoamine neuronal group expressing corresponding trans-
porter (Figures S4-S6). In addition, IND-conjugated ASO co-local-
ized with Rab5 (early endosome marker) and Rab7 (late endosome
marker) (Figures S7-59), which suggests the involvement of complex
trafficking mechanisms after internalization in monoamine neurons
as previously described for sertraline-conjugated siRNA.**

In order to assess whether the presence of IND led to a selective
enrichment of conjugated ASO in monoamine nuclei, we determined
the concentration of ASO molecules targeting o-synuclein (unmodi-
fied and IND-conjugated 1233-ASO) in the extracellular space of
different brain areas using a modified microdialysis procedure and
stem-loop qRT-PCR.”"** Mice received two consecutive intranasal
ASO doses (1000 pM to 60 pg and 3000 pM to 180 pg) with a time
interval of 1 hr. The oligonucleotides were detected in the dialysate
samples at 10-20 min post-administration. The concentration of
IND-1233-ASO was found to be greater in the dorsal raphe nucleus
(DR) and LC than in SNc or VTA (Figure 2B), perhaps due to the
higher affinity of IND for SERT and NET than for DAT.” In
addition, IND-1233-ASO concentration in the extracellular space of
caudate putamen (CPu) was much lower than in brainstem nuclei,
and similar to those found in all brain areas examined after the
i.n. of the non-conjugated 1233-ASO (i.e., non-specific signal) (Fig-
ures 2B and 2C; Figure S3). Two-way ANOVA analysis followed by
Tukey’s post hoc test indicated an effect of brain area F(4,52) =
6.153, p < 0.0004, but not of ASO concentration F(1,52) = 0.3864,
p = 0.763, nor area-by-concentration interaction F(4,52) = 0.1057,
p = 0.98.

A lower concentration of the non-conjugated 1233-ASO molecule
was detected in the analyzed brain areas, likely owing to the absence
of IND, which is required for the specific monoaminergic delivery.
Two-way ANOVA analysis showed no significant effects between
the brain areas and ASO concentration (Figure 2C).

IND-Conjugated 499-siRNA and 1233-ASO Induce Selective and
Safe Knockdown of «-Synuclein In Vivo

Next, we examined the temporal pattern of a-synuclein expression in
the monoaminergic nuclei after treatment with IND-conjugated 499-
siRNA (IND-499-siRNA) or IND-1233-ASO. For this purpose, mice
were intranasally administered with IND-499-siRNA or IND-1233-
ASO at 30 pg/day for 4 consecutive days and euthanized at different
times after the last administration (Figures 3A and 4A). a-Synuclein
mRNA levels in the SNc/VTA, DR, and LC, assessed by in situ hybrid-
ization, were significantly lower in IND-499-siRNA-treated mice
than in control groups at 1 day post-administration (81% + 2%,
69 + 07%, and 76% =+ 2%, respectively, versus vehicle-treated mice),
with a recovery of a-synuclein expression to control values at day 3
post-administration (Figures 3B and 3C). a-Synuclein mRNA levels
were unchanged in cortical and subcortical brain regions (data not
shown). Reduction of a-synuclein mRNA expression in the SNc/
VTA was confirmed by western blot procedures for murine a-synu-
clein protein (Figures 3D and 3E). We found that IND-499-siRNA
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(30 pg/day for 4 days) decreased a-synuclein protein levels in the
SNc/VTA at 1 day post-administration (70% + 3% versus vehicle-
treated mice), but not in projection areas, such as CPu (Figures 3D
and 3E; Figures SIOA and S10B). Importantly, IND-499-siRNA
(30 pg/day, 4 days, in.) did not induce any loss of SNc TH" DA
neurons nor striatal TH" fibers (Figure S11). In addition, mRNA
levels of B- and y-synuclein, as well as of DAT, SERT, and NET,
were unmodified by IND-499-siRNA in the SN¢/VTA, DR, and LC,
respectively (Figure S12). Altogether, these data support the speci-
ficity and safety of IND-499-siRNA effects.

Likewise, intranasal IND-1233-ASO treatment (30 png/day for 4 days)
selectively reduced endogenous a-synuclein mRNA expression in
monoaminergic nuclei at 1 day post-administration (SNc¢/VTA:
84% + 2%, DR: 70% =+ 5%, and LC: 79% + 2%, respectively, versus
vehicle-treated mice) (Figures 4B and 4C). However, unlike IND-
499-siRNA, IND-1233-ASO effect on a-synuclein protein levels in
the SN¢/VTA and CPu was time dependent, with protein levels
decreasing up to 3 days post-treatment and a recovery to basal levels
at day 7 post-treatment (SNc¢/VTA: 68% =+ 5%, 44% =+ 3%, and 95% +
20%; and CPu: 67% + 7%, 97% =+ 5%, and 99% + 5% at 1, 3, and 7 days
post-administration, respectively, versus vehicle-treated mice) (Fig-
ures 4D and 4E; Figures S10C and S10D). IND-1233-ASO treatment
did not induce any DA neurotoxicity (Figure S11). Furthermore,
B-synuclein, y-synuclein, DAT, SERT, and NET mRNA densities
were unchanged by IND-1233-ASO in the monoaminergic nuclei
(Figure S13). Overall, these results indicate that intranasal treatment
with IND-1233-ASO would be a better choice for decreasing a.-synu-
clein levels specifically in monoaminergic nuclei than IND-499-
siRNA, because it provides a more sustained knockdown of a-synu-
clein expression.

ASO-Induced a-Synuclein Knockdown Enhances Forebrain DA
Neurotransmission

To evaluate whether IND-1233-ASO-induced a-synuclein silencing
in SNc¢/VTA can modulate forebrain DA function, we performed a
series of microdialysis experiments in freely moving mice. No differ-
ence was observed in baseline DA concentration in the CPu and
medial prefrontal cortex (mPFC) among knockdown mice and
control groups treated with PBS or IND-1227-ASO (Table S2).
However, the infusion of the depolarizing agent veratridine
(50 uM) by reverse dialysis increased ~5-fold striatal DA release
in IND-1233-ASO-treated mice versus ~2-fold in the control
groups treated with PBS or IND-1227-ASO (Figure 5A). Two-way
ANOVA followed by Tukey’s post hoc test analysis showed an
effect of group F(2,21) = 3.58 (p < 0.05), time F(15,315) = 8.94
(p < 0.0001), and group-by-time interaction F(30,315) = 1.761
(p < 0.01). A similar effect of veratridine on DA release was detected
in the mouse mPFC (Figure 5F). Two-way ANOVA showed
effect of group F(1,10) = 7.26 (p < 0.05), time F(15,150) = 8.12
(p < 0.0001), but not group-by-time interaction.

a-Synuclein modulates the function of DAT and vesicular mono-
amine transporter (VMATS,) in DA terminals.”>>* Local application
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Figure 3. Intranasal Indatraline-Conjugated
499-siRNA Treatment Downregulates «-Synuclein
Expression

(A) Schematic representation of the treatment. Mice were
intranasally administered with PBS, indatraline-conju-
gated nonsense siRNA (IND-NS-siRNA), or indatraline-
conjugated 499-siRNA (IND-499-siRNA) at 30 ng/day for
4 days and were sacrificed at 1, 3, or 7 days after last
administration (1, 3, or 7 days, respectively; n = 5-10 mice/
group). (B) Coronal brain sections showing reduced
a-synuclein mRNA levels in the SNc, VTA, DR, and LC of
mice treated with IND-499-siRNA (4 days) and sacrificed
at 1 day post-administration were assessed by in situ hy-
bridization (ISH). Signal represents the relative optical
density (ROD) of autoradiograms as indicated at the right-
hand side of the image. White arrowheads show a-synu-
clein mRNA expression in SNc, VTA, DR and LC. Scale
bar: 500 um. (C) Time course of a-synuclein mRNA sup-
pression in the monoaminergic nuclei after intranasal IND-
499-siRNA administration. Bar graphs showing a signifi-
cant reduction of a-synuclein mRNA level compared with
their respective controls at day 1 post-administration.
Conversely, no difference was detected at days 3 and 7
post-administration. **p < 0.01, **p < 0.001, versus PBS-
treated mice; *p < 0.05, *p < 0.01, ***p < 0.001 versus
IND-NS-siRNA (two-way ANOVA followed by Tukey’s post
hoc test). (D) Image of immunoblot of a-synuclein, B-actin,
and tyrosine hydroxylase (TH) in SNc/VTA of mice treated
with PBS or IND-conjugated siRNAs. (E) Bar graphs
showing a-synuclein protein levels in SNc/VTA normalized
against B-actin or TH, and TH protein levels normalized
against B-actin. IND-499-siRNA reduced a-synuclein
protein level in SNc/VTA 24 hr after last administration;
then a-synuclein level was recovered 3 days later. *p <
0.05 versus control groups (two-way ANOVA followed by
Tukey’s post hoc test). Data are mean + SEM. DR, dorsal
raphe nucleus; LC, locus coeruleus; SNc/VTA, substantia
nigra compacta/ventral tegmental area.

than in control groups (Figure 5B). Two-way
ANOVA showed the effect of group
F(2,16) = 8.38 (p < 0.01), time F(19,304) =
54.19 (p < 0.0001), and group-by-time interac-
tion F(38,304) = 6.463 (p < 0.0001). Similarly,
amphetamine (DA releaser and DAT inhibitor,
1-10-100 uM) dose-dependently elevated dial-
ysate DA concentration in the striatum, being
significantly higher in IND-1233-ASO-treated
mice [effect of group F(2,14) = 17.18, p <
0.001; time F(19,266) = 49.19, p < 0.0001;
and group-by-time interaction F(38,266) =
8.62, p < 0.0001] (Figure 5C). Likewise, local
nomifensine or amphetamine administration
produced a more robust increase of extracel-

of DAT/NET inhibitor, nomifensine (1-10-50 uM) increased dose-
dependently the extracellular DA concentration in the CPu. This
effect was more pronounced in a-synuclein knockdown mice

lular DA levels in the mPFC of a-synuclein knockdown mice
than in control group (Figures 5G and 5H). Two-way ANOVA
showed an effect of time F(19,171) = 9.36 (p < 0.0001) and
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Figure 4. Intranasal Indatraline-Conjugated
1233-ASO Treatment Downregulates «-Synuclein
Expression

(A) Schematic representation of the treatment. Mice
were intranasally administered with PBS, indatraline-
conjugated nonsense ASO (IND-1227-AS0), or indatra-
line-conjugated 1233-ASO (IND-1233-ASO) at 30 pug/day
for 4 days and were sacrificed at 1, 3, or 7 days after last
administration (1, 3, or 7 days, respectively; n = 5-10 mice/
group). (B) Coronal brain sections showing reduced
a-synuclein mRNA levels in the SNc, VTA, DR, and LC of
mice treated with IND-1233-ASO (4 days) and sacrificed
at 1 day post-administration assessed by in situ hybridi-
zation (ISH). Signal represents the relative optical density
(ROD) of autoradiograms as indicated at the right-hand
side of the image. White arrowheads show a-synuclein
mRNA expression in SNc, VTA, DR and LC. Scale bar:
500 um. (C) Time course of a-synuclein mRNA suppres-
sion in the monoaminergic nuclei after intranasal
IND-1233-ASO administration. Bar graphs showing a
significant reduction of a-synuclein mRNA level compared
with their respective controls at day 1, but not at 3 and
7 days post-administration. *p < 0.05, **p < 0.01 versus
PBS-treated mice; *p < 0.05, **p < 0.01, ***p < 0.001
versus IND-1227-ASO (two-way ANOVA followed by
Tukey’s post hoc test). (D) Image of immunoblot of
a-synuclein, B-actin, and tyrosine hydroxylase (TH) in
SNc/VTA of mice treated with PBS or IND-conjugated
ASOs. (E) Bar graphs showing a-synuclein protein levels in
SNc/VTA normalized against B-actin or TH, and TH protein
levels normalized against B-actin. IND-1233-ASO
decreased a-synuclein protein levels in SNc/VTA up to
3 days post-treatment, with a subsequent recovery to
basal values at 7 days. “p < 0.05 versus control groups
(two-way ANOVA followed by Tukey’s post hoc test). Data
are mean = SEM. DR, dorsal raphe nucleus; LC, locus
coeruleus; SNc/VTA, substantia nigra compacta/ventral
tegmental area.
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group-by-time interaction F(19,171) = 2.23 (p < 0.01), but not
group for nomifensine, and an effect of group F(1,7) = 5.68 (p <
0.05), time F(17,119) = 1331 (p < 0.0001), and group-by-
time interaction F(17.119) = 3.58 (p < 0.0001) for amphetamine.
In addition, local tetrabenazine application (VMAT, inhibitor,
100 pM) decreased dialysate DA concentration to a minimum of
~28% (CPu) and ~34% (mPFC) of baseline in all experimental
groups at 30-40 min post-infusion (Figures 5D and 5I). However,
in the CPu (but not mPFC), prior to the massive DA depletion,

pirole infusion (10 pM) markedly reduced DA
release in CPu and mPFC of all experimental
groups (Figures 5E and 5]). After the replace-
cerebrospinal  fluid
(aCSF) containing quinpirole by standard aCSF, DA release
returned to baseline values in control groups (PBS- and IND-
1227-ASO-treated mice), but remained reduced in IND-1233-
ASO-treated mice (Figure 5E). Two-way ANOVA showed a
significant effect of the group F(2,19) = 622 (p < 0.01), time
F(17, 323) = 16.19 (p < 0.0001), and group-by-time interaction
F(34,323) = 1.71 (p < 0.01). Similar effects were detected in the
mPFC of IND-1233-ASO-treated compared with PBS-treated
mice (Figure 5]). Two-way ANOVA analysis showed an effect of

ment of the artificial
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ASO-Induced a-Synuclein Knockdown Enhances Forebrain

5-HT Neurotransmission

Given the involvement of a-synuclein in the regulation of synaptic
transmission in general and not only of the DA system,” we also
examined whether the knockdown of a-synuclein expression in
DR serotonergic neurons may affect forebrain 5-HT function. As
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Figure 6. Neurochemical Effects on Forebrain 5-HT
Neurotransmission of IND-1233-ASO-Induced
a-Synuclein Knockdown

Mice were intranasally administered with PBS or indatra-
line-conjugated 1233-ASO (IND-1233-ASO) at 30 png/day
for 4 days. Microdialysis experiments were conducted
between 1 and 3 days after last administration. (A and F)
Local veratridine infusion (depolarizing agent, 50 uM) by
reverse dialysis increased extracellular 5-HT release in
CPu (A), but not in mPFC (F). This effect was more
significant in IND-1233-ASO-treated mice than in PBS-
treated mice. (B and G) Citalopram (SERT inhibitor, 1-10-
50 pM) increased more significantly extracellular 5-HT
levels in CPu (B) and mPFC (G) of a-synuclein knockdown
mice than in PBS mice. (C and H) Local tetrabenazine
(VMAT inhibitor, 100 uM) application significantly reduced
5-HT release in CPu (C) and mPFC (H). However, only CPu
reached a marginal statistical difference between pheno-
types (p = 0.053), with a greater effect of tetrabenazine in
control than in a-synuclein knockdown mice. (D and I
Local activation of 5-HTg receptor in CPu (D) and mPFC
() by the infusion of 300 uM CP93129 by reverse dialysis
reduced 5-HT release in PBS and a.-synuclein knockdown
mice. However, after CP93129 was removed, PBS mice
recovered baseline 5-HT levels more rapidly than a-syn-
uclein knockdown mice. (E and J) Systemic 8-OH-DPAT
(56-HT4a receptor agonist, 1 mg/kg i.p.) administration
reduced 5-HT release similarly in CPu (E) and mPFC (J) of
PBS and a-synuclein knockdown mice. The number of
mice used in each experiment is shown in parentheses.
*p < 0.05, **p < 0.01, **p < 0.001 compared with PBS
mice (two-way ANOVA followed by Tukey’s post hoc test).
Data are mean + SEM. CPu, caudate putamen; mPFC,
medial prefrontal cortex.

previously observed for DA (see above), there
were no differences in basal 5-HT concentra-
tion in CPu and mPFC between the different
groups (Table S2). We first evaluated the effect
of veratridine (50 pM) on striatal or cortical
5-HT release (Figures 6A and 6F). Compared
with PBS-treated mice, veratridine-stimulated
5-HT levels in CPu (but not in mPFC) were
higher in IND-1233-ASO-treated mice [effect
of time F(15,135) = 69.05, p < 0.0001, and
group-by-time interaction F(15,135) = 10.71,
p < 0.0001, but not of group]. Furthermore,

local application of the SERT inhibitor citalopram (1-10-50 puM)

dose-dependently increased the extracellular 5-HT concentration
in the CPu and mPFC. This effect was significantly higher in

IND-1233-ASO-treated mice than in PBS-treated mice (Figures

6B and 6G). Two-way ANOVA showed an effect of time

F(19,152) =

18.84 (p < 0.0001) and group-by-time interaction
F(19,152) = 2.092 (p < 0.001), but not of group in CPu, and an effect
time F(19,133) = 14.82 (p < 0.0001) and group-by-time interaction
F(19,133) = 2.07 (p < 0.01), but not group in the mPFC. Likewise,
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we found that local tetrabenazine infusion (100 uM) decreased
5-HT release in the striatum, but not in mPFC, more markedly in
control mice than in IND-1233-ASO-treated mice [marginal effect
of group F(1,9) = 492, p = 0.053; effect of time F(14,126) =
56.25, p < 0.0001; and group-by-time interaction F(14,126) = 3.41,
p < 0.0001] (Figures 6C and 6H).

Systemic administration of 5-HT;, receptor agonist 8-OH-DPAT
(1 mg/kg intraperitoneally [i.p.]) comparably reduced the extracel-
lular 5-HT level in control and IND-1233-ASO mice [effect of time
F(15,195) = 15.77, p < 0.0001, and F(15,120) = 5.37, p < 0.0001, but
not of group and group-by-time interaction in CPu and mPFC,
respectively] (Figures 6E and 6]). However, the local perfusion of
5-HTp receptor agonist CP93129 (300 pM) reduced more markedly
5-HT release in CPu and mPFC of IND-1233-ASO-treated mice than
in control mice (Figures 6D and 6I). Two-way ANOVA showed an
effect of group F(1,14) = 1347 (p < 0.001) and time F(17,144) =
4.19 (p < 0.0001), but not group-by-time interaction in CPu, and
an effect of group F(1,12) = 15.62 (p < 0.001) and time F(17,119) =
6.46 (p < 0.0001), but not group-by-time interaction in mPFC. As
observed for the effect of quinpirole on DA release, the effect of
CP93129 on 5-HT release persisted after the end of reverse dialysis
only in IND-1233-ASO-treated mice. Overall, these data support
that a-synuclein knockdown in the cell bodies of DA and 5-HT
neurons facilitates the terminal release of the respective neurotrans-
mitters in projection areas of the forebrain, also altering the function
of axon terminal autoreceptors (DA D2 and 5-HT 5-HT;3p).

a-Synuclein Overexpression in TH* Neurons Impairs DA Release
in the Nigrostriatal Pathway

To obtain more information about the role of a-synuclein on the
in vivo DA release and reuptake in the CPu, we used a mouse trans-
genic model overexpressing human wild-type a-synuclein selectively
in TH" neurons (referred as TG" onward). Immunoblot with an
antibody that recognizes both rodent and human a.-synuclein showed
that a-synuclein expression in TG" mice is 2- to 3-fold greater than
murine endogenous levels. This range not only reduces the likelihood
of toxicity due to massive protein expression, but also reproduces the
levels of a-synuclein accumulation in patients with duplication or
triplication of the gene.29’53’56 Indeed, TG* mice showed a normal
development, maintenance of TH-immunoreactive nigral neurons
and locomotor activity, being an appropriate model to evaluate the
biological, but not pathological, function of a-synuclein on synaptic
DA neurotransmission.” Like a-synuclein knockdown mice (see
above), TG" mice showed no differences in baseline DA levels in
CPu as compared with TG— mice (Table S2). In contrast, veratridine
increased extracellular DA in CPu much less in TG* mice than in the
TG— mice [marginal effect of group F(1,8) = 4.45, p = 0.06; time
F(15,120) = 10.17, p < 0.0001; and group-by-time interaction
F(15,120) = 2.96, p < 0.001] (Figure 7A). Moreover, local nomifensine
application (1-10-50 pM) evoked a significantly lesser increase of
extracellular DA concentration in the CPu of TG" compared with
TG— mice [group F(1,8) = 5.93, p < 0.05; time F(19,152) = 10.45,
p < 0.0001; and group-by-time interaction F(19,152) = 1.85,

p < 0.05] (Figure 7B). No significant differences on DA release were
seen between both phenotypes after local amphetamine or tetrabena-
zine infusion by reverse dialysis (Figures 7C and 7D). However, the
reduction of striatal DA release after local quinpirole infusion in
TG— mice was absent in TG" mice, suggesting that the inhibitory
feedback mechanism mediated by DA D2 receptor activation is
attenuated by overexpressed a-synuclein (Figure 7E). Two-way
ANOVA analysis showed an effect of time F(17,221) = 4.961
(p < 0.001) and of group-by-time interaction F(17,221) = 2,402
(p < 0.01), but not of group. These results concur with previous find-
ings suggesting that increased expression of o-synuclein reduces
neurotransmitter release.””

DISCUSSION

The present study confirms and extends previous studies by our
group on the use of oligonucleotides (siRNA and ASO) conjugated
with monoamine transporter inhibitors to selectively silence genes ex-
pressed by monoaminergic neurons in vivo.**"*’ The design of IND-
conjugated oligonucleotides allowed us to selectively enrich them in
DA, 5-HT, and NE neurons after i.n. Using this strategy, we were
able to reduce the expression of a-synuclein only in the monoamin-
ergic neurons vulnerable to PD, with no signs of neuronal toxicity or
compensatory mechanisms involving the expression of other mem-
bers of the synuclein family. a-Synuclein knockdown in monoamin-
ergic nuclei was followed by increased DA and 5-HT neurotransmis-
sion in the forebrain areas examined: CPu and mPFC. These
findings improve the current knowledge of the physiological role of
a-synuclein to regulate monoaminergic synaptic plasticity. But, more
importantly, represent a major advance in the development of new
therapies using non-viral inhibitory oligonucleotides to treat PD and
other neurological diseases involving a.-synuclein accumulation.

The potential use of siRNA and ASO oligonucleotides as therapeutic
tools has aroused a great deal of interest. However, this interest is
greatly dampened by the difficulties into delivering these oligonucle-
otide molecules to the desired neurons/circuits in the mammalian
brain. As previously reported,*®™** our strategy was to develop conju-
gates of siRNA or ASO in which the oligonucleotide sequence was
covalently bound to a triple inhibitor of monoamine transporters
IND to selectively accumulate it in monoaminergic cells via mono-
amine transporters. The precise mechanism(s) by which IND-conju-
gated siRNA/ASO reaches DA, 5-HT, and NE neurons after in. are
not fully understood. At least three potential pathways have been
proposed for oligonucleotide transport to the brain following in.:
(1) receptor-mediated endocytosis into olfactory sensory neurons
followed by slow intracellular transport (from hours to days) to the
olfactory bulb, (2) non-specific fluid-phase endocytosis into olfactory
sensory neurons followed by intracellular transport to the olfactory
bulb, and (3) extracellular diffusion into the olfactory submucosa
along open intercellular clefts in the olfactory epithelium with rapid
transport (~30 min) directly to the olfactory bulb or the olfactory
subarachnoid space and CSF circulation® >’ (Figure 2D). Therefore,
conjugated siRNA/ASO molecules may use the extracellular pathway
to be rapidly transported over large distances via CSF by pulsatile flow
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Figure 7. Neurochemical Effects on Nigrostriatal DA Neurotransmission in
Transgenic Mice Overexpressing a-Synuclein

Transgenic mice expressing human wild-type a-synuclein cDNA under the control
of TH promotor (TG") and their respective controls (TG™) were implanted with a
microdialysis probe into CPu. Microdialysis experiments were conducted between
1 and 3 days post-implantation. (A) Local veratridine infusion (depolarizing agent,
50 uM) by reverse dialysis increased extracellular DA release in CPu, but this effect
was more significant in TG- mice than in TG mice. (B) Local nomifensine (DAT
inhibitor, 1-10-50 uM) application increased more significantly extracellular DA
levels in CPu of TG~ mice than in TG" mice. (C) However, local infusion of
amphetamine (DA releaser, 1-10-100 uM) increased striatal DA levels similarly in
both phenotypes. (D) In addition, tetrabenazine (VMAT, inhibitor, 100 pM) induced a
comparable effect on striatal DA release in TG~ and TG* mice. (E) Local activation of
DA Dy/3 receptor in CPu by the infusion of 10 uM quinpirole by reverse dialysis only
reduced DA release in TG~ mice, but not in TG* mice. The number of mice used in
each experiment is shown in parentheses. *p < 0.05, **p < 0.001, compared
with TG~ mice (two-way ANOVA followed by Tukey’s post hoc test). Data are
mean + SEM. CPu, caudate putamen.

and then be taken up by the dense network of axons emerging from
monoamine cell bodies that contain the greatest densities of SERT,
DAT, and NET.%>®' This possibility is supported by: (1) the absence
of fluorescence-linked conjugated oligonucleotides in the projection
brain areas closer to the administration site, as shown by previous%’48
and present observations; (2) the short time required for IND-
conjugated ASO to reach brainstem monoamine nuclei after in.
(10-20 min); (3) the preferential extracellular concentration of conju-
gated ASO in the monoaminergic nuclei in a concentration gradient
(DR > LC > SN¢/VTA) that is consistent with in vitro affinity and
in vivo occupancy of IND by the respective transporters (Ki =
0.6, 2, and 4 nM for SERT, NET, and DAT, respectively);5 9 and (4)
the association of conjugated siRNA*"** or ASO (present study)
with Rab5 and Rab7 in the monoamine neurons supporting endocy-
tosis and intracellular traffic processes via early and late endomem-
brane compartments. Overall, our results demonstrate a selective
and active accumulation of conjugated oligonucleotides in DA,
5-HT, and NE neurons.

After i.n., both 499-siRNA and 1233-ASO conjugated with IND and
targeting a similar region of mRNA induced comparable a.-synuclein
mRNA downregulation in the monoaminergic brainstem nuclei.
However, the effect of IND-1233-ASO on a-synuclein protein levels
in the SN¢/VTA was more sustained than that produced by IND-499-
siRNA (72 versus 24 hr post-administration). Likewise, a decrease of
striatal o-synuclein protein density was evident after treatment with
IND-1233-ASO0, but not with IND-499-siRNA. Reduced a-synuclein
protein levels for 3 or more days are consistent with its half-life (48—
54 hr) and indicate that stable and long-lasting reductions can be
achieved.®>® Hence, in our in vivo model, the use of ASO may be
more advantageous than that of siRNA in terms of a longer-lasting
effect of the former on a-synuclein knockdown. Previously, different
silencing efficacies have been reported using siRNA and ASO in vitro
and in vivo.®*"*® Both strategies powerfully knock down genes, and
there is no clear evidence that the silencing is substantially stronger
for either siRNA or ASO. The choice of the optimal mode will prob-
ably depend on the molecular mechanisms by which oligonucleotides



www.moleculartherapy.org

modulate RNA expression/function in brain cells. Indeed, ASO mol-
ecules have inherent advantages: (1) they are half the molecular
weight of siRNAs; (2) they do not require hybridization, thus large-
scale preparation of drugs is more straightforward; and (3) because
endogenous duplex RNAs control important physiological processes,
introducing synthetic siRNA may result in competition for binding to
the RNA-induced silencing complex (RISC) and cause toxicity
in vivo.”%® To the best of our knowledge, similar studies of ASOs
showing competition for the RNase H enzyme and in vivo toxicity
have not been reported.®” In particular, three observations of the pre-
sent study indicate that intranasal IND-1233-ASO treatment is safe
and highly specific: (1) selective a-synuclein silencing occurred only
in monoamine neurons, leaving other genes expressed by these
neuronal populations, including B- and y-synuclein, unaffected; (2)
it was functionally effective for at least 3 days post-treatment; and
(3) there were no signs of cellular toxicity in DA neurons in the
animals treated.

Interestingly, 1233-ASO was more effective in vivo than in vitro at
reducing o-synuclein expression; a difference that may be
because of the experimental conditions used, such as the require-
ment for a delivery agent (e.g., lipofectamine) in the in vitro, but
7% Moreover, cultured cells were only briefly
exposed to the 1233-ASO oligonucleotide, whereas in vivo experi-
ments involved multiple doses of conjugated 1233-ASO, thereby
allowing gradual intracellular accumulation of the oligonucleo-
tides. Likewise, it was reported that cell systems with high gene
expression are more susceptible to oligonucleotide-mediated
silencing than low-expression cell systems,71 as we also showed
using M17-Syn cells overexpressing o-synuclein (but not in
M17-EV cells).

not in in vivo, studies.

Downregulation of o-synuclein in mouse monoamine neurons
induced by intranasal IND-1233-ASO treatment enhanced DA and
5-HT neurotransmission in projection brain areas, such as CPu and
mPFC (the effects on NE release were not assessed because of lack
of adequate high performance liquid chromatography (HPLC)
methods in our laboratory). Previous findings indicated that nigro-
striatal terminals of a-synuclein-deficient mice display a standard
tonic DA activity after electrical stimulation with single pulses;
however, they also exhibited increased DA release with paired stimuli
that elevated Ca** levels.”” The present data are in full agreement with
those observations. Although a-synuclein knockdown mice exhibited
unchanged DA and 5-HT baseline values, the release of these
neurotransmitters was increased by the depolarizing agent veratridine
mainly in the striatum. An inverse effect on stimulated DA release
was observed in the CPu of transgenic mice a-synuclein
overexpressing.

Moreover, recent studies showed that a-synuclein inhibits exocytosis
and the refilling of releasable synaptic vesicles.””’* a-Synuclein
modulates the SNARE-complex assembly in glutamatergic presynap-
tic terminals.”® Although it is so far unclear whether monoaminergic
terminals share the same mechanism of action, a-synuclein probably

plays a dynamic role in regulating synaptic vesicle release or reuptake
at the DA and 5-HT terminals. In vitro studies showed that a-synu-
clein and vy-synuclein regulate the expression, trafficking, and
function of monoamine transporters (DAT, SERT, and NET) at the
cell surface.””” In the present in vivo study, nomifensine (DAT
inhibitor) and amphetamine (DA releaser and DAT inhibitor), as
well as citalopram (SERT inhibitor), produced robust increases of
DA and 5-HT levels, respectively, in the CPu and mPFC of a-synu-
clein knockdown mice. Similarly, a decrease of striatal DA reuptake
with a concomitant increase of extracellular DA levels was reported
in o-synuclein-deficient mice.”* In contrast, striatal nomifensine
application reduced extracellular DA levels by approximately 50%
in mice overexpressing a-synuclein, thereby suggesting that DAT
function was markedly impaired in these animals. Together, this
evidence confirms that a-synuclein plays a key role in the regulation
of monoamine reuptake function.

Early studies reported that the overexpression of mutant a-synuclein
variants also decreases VMAT, expression/function leading to
increased cytosolic DA levels at the presynaptic terminals and
resulting in DA neurotoxicity.”” Our data showed that a moderate
wild-type o-synuclein downregulation (~20%-40% reduction) or
overexpression (~2- to 3-fold increase) in monoamine neurons
does not cause significant alteration of VMAT, function, as evaluated
with tetrabenazine, and thereby that the physiological intracellular
DA and 5-HT concentrations in projection areas of the brain are
maintained.

A key observation in the present study is that the selective downregu-
lation or upregulation of a-synuclein expression evoked opposite
changes in terminal autoreceptors controlling DA and 5-HT
release, a crucial mechanism in the regulation of monoamine homeo-
stasis.””””” The local administration of quinpirole (DA D2 receptor
agonist) or CP93139 (5-HT 3 receptor agonist) induced a long-last-
ing reduction of DA and 5-HT release, respectively, in the CPu and
mPFC of a-synuclein knockdown mice. In contrast, quinpirole had
no effect on striatal DA release in a-synuclein-overexpressing trans-
genic mice. This reveals an interesting compensatory mechanism
regulated by a-synuclein, by which monoaminergic terminals can
maintain functional extracellular DA and 5-HT activation of postsyn-
aptic receptors in conditions of presynaptic deficit, such as that
occurring in early PD stages when DA release is impaired.”** So
far, the cellular mechanism by which o-synuclein affects the
downstream signaling of monoaminergic receptors remains unclear.
Notwithstanding, using whole-cell patch-clamp recordings from
medium-sized striatal spiny neurons in slices of wild-type and a-syn-
uclein-overexpressing mice, it has been reported that quinpirole
produces opposing effects on spontaneous excitatory postsynaptic
currents (sEPSCs) mediated by the DA D2 receptor leading to
an altered DA efflux.”® Likewise, a-synuclein modified DA
D2-agonist-mediated inhibition of adenylate cyclase, which conse-
quently affected its element
(CRE)-mediated gene transcription in CHO cells transfected with
DA D2 receptors.”” Altogether, this evidence confirms that

downstream cAMP-responsive
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a-synuclein plays an essential physiological role as a fine-tuning regu-
lator for the maintenance of monoaminergic plasticity.

In conclusion, the cellular selectivity and efficacy obtained with the
intranasal IND-1233-ASO administration indicate that this may be
a new approach to reduce a-synuclein expression specifically in
monoamine neurons, with a high translational value in the treatment
of PD. In addition, a-synuclein silencing would improve a deficit in
DA and 5-HT neurotransmission in PD by enhancing monoamine
release and/or reducing uptake. Notably, preliminary data showed
that IND-1233-ASO induces a functional recovery of the nigro-stria-
tal DA pathway in an animal PD model.*” Overall, these effects would
potentially delay the progression of PD symptomatology without
serious deleterious effects.

MATERIALS AND METHODS

Small Interfering RNA and ASO Molecules

Three unmodified siRNA and ASO molecules targeting o-synuclein
were chosen for in vitro and in vivo studies. In addition, an unrelated
siRNA duplex (nonsense siRNA [NS-siRNA]) or ASO (1227-ASO)
with no homology to mouse genome were used as negative controls.
Sequences of different oligonucleotides are shown in Table SI.
IND-conjugated siRNA or ASO targeting a-synuclein or nonsense
were synthesized by nLife Therapeutics (Granada, Spain) as
previously reported.’**® Moreover, to study in vivo brain distribution
and intracellular incorporation of IND-conjugated ASO into DA,
5-HT, and NE neurons, IND-1227-ASO and IND-1233-ASO were
additionally bound to fluorophore Alexa 488 as previously reported
by siRNA molecule.*® Stock solutions of all siRNAs and ASOs were
prepared in RNase-free water and stored at —20°C until use. Details
are shown in the Supplementary Information.

In Vitro Experiments

Cell Culture

M17 human neuroblastoma cells overexpressing o-synuclein
(M17-Syn) or the corresponding empty vector (M17-EV) were grown
in Opti-MEM (GIBCO) medium supplemented with 10% fetal calf
serum (FCS) and 0.5 mg/mL active Geneticin (GIBCO). Transfec-
tions were performed with 200 nM siRNAs or 300 nM ASOs in
24-well plates using lipofectamine RNAiMax (Invitrogen). Equal
transfection efficiency in independent experiments was controlled
by using BLOCK-IG Fluorescent Oligo (Invitrogen).

mRNA Extraction and RT-PCR

Isolation of mRNA was performed 24 hr post-transfection by the
TRIzol (Invitrogen) following the manufacturer’s protocol. In brief,
cell pellets were lysed in 1 mL TRIZOLTM Reagent (Invitrogen)
and frozen overnight to help homogenization. Then 0.2 mL chloro-
form was added and samples were centrifuged for 15 min at
10,000 rpm at 4°C. The aqueous supernatant was mixed with
0.5 mL isopropanol and centrifuged again for 20 min at 15,000 rpm
at 4°C. Finally, isopropanol was replaced by 0.9 mL of cold 75%
ethanol, and the samples were centrifuged for 5 min at 10,000 rpm
at 4°C. Air-dried samples were re-suspended in RNase-free water,
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and genomic DNA was removed by digestion with DNase I
(QIAGEN). Total mRNA concentration was measured on a
NanoDrop 200 (Thermo Fischer Scientific). One microgram of total
mRNA was reverse-transcribed with Oligo dT by using SuperScript
III first-strand synthesis system for RT-PCR (Invitrogen). After
RNase treatment, cDNA was diluted to 8 ng/uL in 10 mM
Tris-HCI (pH 8.0).

gRT-PCR

qRT-PCR was performed on a 7900HT SDS (Applied Biosystems)
with TagMan Universal Master Mix II with UNG (Roche Applied
Biosystems) for detection using 20 ng of cDNA per reaction in a total
volume of 10 pL. The cycling conditions were as follows: 2 min at
50°C and 10 min at 95°C, followed by 40 cycles, each consisting of
15 s at 95°C and 1 min at 60°C. Fluorescence-labeled specific probes
were used to detect the expression levels of the target genes
o- (SNCA-FAM, Hs00240907-m1), B- (SNCB-FAM, Hs00608185-
ml), or y-synuclein (SNCG-FAM, Hs00268306-m1), normalized
against the housekeeping genes B-actin (FAM, 4333762F), RPLPO
(VIC, 4326314E), and GADPH (FAM, 4333764F), all from Applied
Biosystems. Threshold cycles (Ct) were calculated using the software
ABI PRISM 7900HT SDS version 2.2 (Applied Biosystems). Relative
quantification using the comparative Ct method was used to analyze
the data output. Values were expressed as fold change over corre-
sponding values for the control by the 2—AACt method.

Western Blot Analysis

M17-EV and M17-Syn cells grown on culture plates for 48 hr were
harvested and centrifuged at 1500 rpm for 5 min. Pellets were washed
with PBS three times. Lysis buffer (Tris-HCl 50 mM [pH 7.4], NaCl
150 mM, EDTA 1 mM, Triton X-100 1%) was added to the pellet
and then incubated on ice for 30 min. Total protein concentration
was determined using bicinchoninic acid (BCA) assay (Thermo
Fisher Scientific). Thirty micrograms of protein was resolved by
SDS-PAGE on 12% polyacrylamide gels and electrotransferred onto
nitrocellulose membranes (GE Healthcare), which were blocked in
5% non-fat milk powder in PBS for 1 hr at room temperature and
incubated overnight at 4°C with human o-synuclein primary
antibody (mouse monoclonal anti-a-synuclein [BD Biosciences],
610786, dilution 1:1,000). Incubation with the anti-mouse secondary
antibody coupled to horseradish peroxidase (dilution 1:5,000;
Amersham Bioscience) was performed at room temperature for
1 hr, followed by repeat washing with PBS. Immunoreactive bands
were visualized using SuperSignal Femto Chemiluminescent Sub-
strate (Pierce) according to manufacturer’s instructions on an
ImageQuant RT ECL imaging system (GE Healthcare).

In Vivo Experiments

Animals

Wild-type male C57BL/6] mice (10-14 weeks; Charles River, Lyon,
France) were housed under controlled conditions (22 = 1°C; 12 hr
light/dark cycle) with food and water available ad libitum. Animal
procedures were conducted in accordance with standard ethical
guidelines (EU directive 2010/63 of September 22, 2010) and
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approved by the local ethical committee. In addition, transgenic
mice containing human wild-type o-synuclein cDNA under the
control of TH promotor (TG") and their respective controls (TG—)
on a C57BL/6 background were also used in microdialysis studies.”

Treatments

For i.n., mice were slightly anesthetized by 2% isoflurane inhalation
and placed in a supine position.**** A 5-uL drop of PBS or IND-
conjugated siRNA or ASO molecules was applied alternatively to
each nostril once daily. A total of 10 pL of solution containing
30 pg (2.3 nmol/day siRNA or 4.6 nmol/day ASO) of conjugated
oligonucleotides was delivered for 4 days, and mice were killed at 1,
3, or 7 days after last administration.

Western Blot Analysis

Mice (n = 8-10 per group) were sacrificed at all time points, brains
were rapidly removed, and CPu and ventral midbrain were dissected
and snap-frozen on dry ice. Tissues were homogenized in lysis buffer
(Tris-EDTA-SDS-NP40 buffer) with protease inhibitors, and protein
was quantified using a Pierce BCA protein assay kit (Thermo Fisher
Scientific). A total of 10 pg of protein per well in the presence of
Laemmli buffer was loaded in a Mini-Protean TGX precast gel
(Bio-Rad, Madrid, Spain). Electrophoresis was run 5 min at 80 V
followed by 40 min at 120 V. Protein transfer was done using the
Trans-blot turbo system (Bio-Rad) in 0.2-um polyvinylidene fluoride
(PVDF) membranes. After transfer, membranes were blocked
and incubated in primary antibodies (anti-o-synuclein, 1 pg/mL,
ab6162 [Abcam, Cambridge, UK]; anti-B-actin, 0.2 pg/mL, A5316
[Sigma-Aldrich, Madrid, Spain]; and anti-TH, 0.5 pg/mL, AB152
[Sigma-Aldrich, Madrid, Spain]) overnight at 4°C. Secondary anti-
body incubation was done at room temperature during 1 hr in block-
ing solution (4% BSA in PBS-Tween 0.05%). Detection was done by
chemiluminescence using SuperSignal Chemiluminescence ECL sub-
strate kit (Thermo Fisher Scientific), and pictures were taken using
ImageQuant LAS500 (GE Healthcare, Madrid, Spain). Images were
analyzed using Image] software (https://imagej.nih.gov/ij/).

In Situ Hybridization

Mice were killed by pentobarbital overdose, and brains were
rapidly removed, frozen on dry ice, and stored at —80°C. Coronal
tissue sections (14 um thick) were cut using a microtome-cryostat
(HM500-OM; Microm, Walldorf, Germany),
onto 3-aminopropyltriethoxysilane (Sigma-Aldrich)-coated slides,
and kept at —20°C until use. Antisense oligoprobes were complemen-
tary to bases: o-synuclein/411-447 (GenBank: NM_001042451),
B-synuclein/1161-1194 (GenBank: NM_033610.2), ‘y-synuclein/
366-416 (GenBank: NM_011430), DAT-DAT/564-614 (GenBank:
NM_010020), SERT-SERT/820-863 (GenBank: NM_010484.1), and
NET-NE/1210-1260 (GenBank: NM_009209), respectively (Gottin-
gen, Germany). Each oligoprobe was labeled (2 pmol) at the 3’ end
with [**P]-dATP (>2,500 Ci/mmol; DuPont-NEN, Boston, MA)
using terminal deoxynucleotidyltransferase (TdT; Calbiochem,
La Jolla, CA). Sections were hybridized as previously described.***®
Details are shown in the Supplementary Information.

thaw-mounted

Quantitative Image Analysis of Film Autoradiograms
Autoradiograms were analyzed and relative optical densities (RODs)
were obtained using a computer-assisted image analyzer (MCID,
Mering, Germany). For binding experiments, the system was cali-
brated with *H-microscales standards to obtain fmol/mg protein
equivalents from ROD data. The slide background and non-specific
densities were subtracted. ROD was evaluated in two to three
duplicate adjacent sections from each mouse and averaged to obtain
individual values. MCID system was also used to acquire pseudocolor
images. Black-and-white photographs were taken from autoradio-
grams using a Wild 420 microscope (Leica, Heerbrugg, Germany)
equipped with Nikon DXM1200F digital camera and ACT-1 Nikon
software (Soft Imaging System, Miinster, Germany). Figures were
prepared for publication using Adobe Photoshop software (Adobe
Software, San Jose, CA, USA). Contrast and brightness of images
were the only variables we adjusted digitally.

Immunohistochemistry

Mice were anesthetized with pentobarbital and transcardially
perfused with 4% paraformaldehyde in sodium-phosphate buffer
(pH 7.4). Brains were collected, post-fixed 24 hr at 4°C in the same
solution, and then placed in gradient sucrose 10%-30% for 3 days
at 4°C. For immunohistochemical procedures, 20- or 30-pum-thick
brain sections were inactivated with 1x PBS containing 48% meth-
anol and 1.5% H,O, for 25 min. After several 1x PBS washes, tissues
were blocked with normal serum from secondary antibody host in a
1x PBS/0.2% Triton for 120 min. Then sections were rinsed with
1x PBS/0.2% Triton and incubated at 4°C overnight with primary
antibodies: anti-human o-synuclein (1:20 for CPu, SNc¢/VTA,
and LC; ab75305; Abcam, Cambridge, UK), anti-a-synuclein
(1:2,500 for CPu, SNc/VTA, and LC; 610786; BD Biosciences, NJ,
Franklin Lakes, USA; EEUU) or anti-TH (1:5,000; ab112; Abcam).
Once washed with 1x PBS/0.2% Triton, sections were incubated
with the following biotinylated secondary antibodies: anti-mouse
IgG1 (1:200; A-10519; Life Technologies, Carlsbad, CA, USA) for
anti-human a-synuclein and anti-a-synuclein, and anti-rabbit
(1:200; BA-1000, Vector Laboratories, Burlingame, CA, USA) for
anti-TH. Then tissues were incubated with 1% avidin/biotin complex
(Vectastain Elite ABC Kit; Vector Laboratories) for 60 min. Finally,
sections were washed and reacted for visualization using diaminoben-
zidine tetrahydrochloride (DAB; D5905-50TAB; Sigma-Aldrich)
solution in a peroxidase reaction to produce a brown reaction
product. Sections were mounted and embedded in Entellan (Electron
Microscopy Sciences).

For quantitative morphology, the total number of TH" SNc¢ neurons
was assessed by stereology in regularly spaced 20-pm-thick sections
spanning the entire SNc using Stereolnvestigator software (MBF
Bioscience). In brief, SNc was delineated for each slide and probes
for stereological counting were applied to the map obtained (size of
counting frame was 100 x 80 pm spaced by 600 x 400 pm). Each
TH" cell with its nucleus included within the counting frame was
counted. Striatal TH innervation was assessed by ROD in regularly
spaced 20-um-thick sections corresponding to different striatal
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anatomical levels using Sigma Scan.®' Sections were scanned using an
Epson high-resolution scanner, and Sigma Scan software was used to
compare the optical density in each region of interest.

Confocal Fluorescence Microscopy

Intracellular IND-1227-ASO distribution in monoamine neurons
was examined by confocal microscopy using a Leica TCS SP5 laser
scanning confocal microscope (Leica Microsystems Heidelberg,
Manheim, Germany) equipped with a DMI6000 inverted microscope,
blue diode (405 nm), argon (458/476/488/496/514), diode pumped
solid-state (561 nm), and HeNe (594/633 nm) lasers. After i.n. admin-
istration with Alexa 488-labeled IND-1227-ASO at 30 pg/day for
4 days, mice were sacrificed at 30 min or 6 hr, and their brain was
extracted and processed for immunofluorescence. Details are shown
in the Supplemental Information.

Drug and Reagents

All reagents used were of analytical grade and were obtained
from Merck (Darmstadt, Germany). 5-HT oxalate, (+)-8-hydroxi-2
(dipropylamino)tetralin hydrobromide (8-OH-DPAT), DA hydro-
chloride, nomifensine maleate, (-)-quinpirole hydrochloride, and
tetrabenazine were from Sigma-Aldrich-RBI (Madrid, Spain).
Moreover, D-amphetamine sulfate, 1,4-dihydro-3-(1,2,3,6-tetrahy-
dro-4-pyridinyl-5H-pyrrol[3,2-b] pyridine-5-one)-dihydro chloride
(CP93129), citalopram hydrobromide, and veratridine were pur-
chased from Tocris (Madrid, Spain). To assess local effects in
microdialysis experiments, we dissolved drugs in aCSF (in mM:
NaCl, 125; KCl, 2.5; CaCl,, 1.26; and MgCl,, 1.18) and administered
by reverse dialysis at the stated concentrations (uncorrected for
membrane recovery). Stock solutions of tetrabenazine and veratridine
were made in DMSO and were diluted to appropriate concentrations
in aCSF to reach 1% DMSO. All other drugs were dissolved in saline
or aCSF, as required. Concentrated solutions (1 mM; pH adjusted
to 6.5-7 with NaHCO; when necessary) were stored at —80°C, and
working solutions were prepared daily by dilution in aCSF.

Microdialysis Procedures

Extracellular DA and 5-HT concentration were measured by in vivo
microdialysis as previously described.*>** In brief, one concentric
dialysis probe (Cuprophan membrane; 6,000 Da molecular weight
cutoff; 1.5 mm long) was implanted in the CPu (coordinates in
mm: anteroposterior [AP], +0.5; mediolateral [ML], —1.7; dorsoven-
tral [DV], —4.5) or mPFC (AP, +2.2; ML, —0.2; DV, —3.4) of
pentobarbital-anaesthetized mice.** Experiments were performed
24-48 hr after surgery in freely moving mice. Nomifensine (10-
50 uM) or citalopram (1-50 uM), respectively, was added to aCSF
to assess quinpirole, 8-OH-DPAT, CP93129, or tetrabenazine
effects on extracellular DA or 5-HT levels. The aCSF was pumped
(WPI model, SP220i) at 1.5 pL/min, and 20-min samples were
collected (except for the experiment using tetrabenazine, where
aCSF was perfused at 3 uL/min and collected 10-min samples). DA
and 5-HT concentrations were analyzed by HPLC-amperometric
detection (+0.75 and +0.6 V, respectively; Hewlett Packard 1049,
Palo Alto, CA, USA) with 3-fmol detection limits. Baseline DA and
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5-HT levels were calculated as the average of the five to six pre-
drug samples.

In addition, we evaluated extracellular 1233-ASO concentration in a
different mouse cohort after i.n. using in vivo microdialysis and stem-
loop qRT-PCR detection. One concentric dialysis probe (Cuprophan
membrane as above described; 1 or 1.5 mm long) was implanted
in the CPu, SNc¢/VTA (AP, —3.0; ML, —0.75; DV, —5.0), DR
(AP, —4.5; ML, —1.0; DV, —4,2 with a lateral angle of 20°), or LC
(AP, —5.4; ML, —0.9; DV, —3.5).%* Experiments were performed
24 hr after surgery. The aCSF was perfused at 3 pL/min, and
10-min samples were collected. 1233-ASO concentration was quanti-
fied using stem-loop qPCR. Reverse transcription (RT) was per-
formed directly on the samples using the SuperScript II Enzyme at
a final concentration of 6.67 U/uL (18064-014; Invitrogen, Thermo-
Fisher) and the antisense RT stem loop primer at a final concentration
of 0.05 uM (IDT, Coralville, IA, USA) on a Bio-Rad Thermocycler
C1000 (Bio-Rad, Madrid, Spain). After the RT, 2 pL of the reaction
was mixed with Immolase DNA polymerase (final concentration of
0.04 U/uL) and reaction buffer (BIO-21046; Bioline, London, UK)
with the forward and reverse primers and probe (final concentrations
of 1.5, 0.7, and 0.2 pM, respectively) for the gPCR. The qPCR was
performed in a LightCycler 480 System (Roche Molecular Systems,
CA, USA).

Statistical Analyses

All results are given as mean + SEM. Data were analyzed using
GraphPad Prism 7.01 (San Diego, CA, USA). Statistical analyses
were performed by two-tailed Student’s t test and one-way or
two-way ANOVA followed by Tukey’s post hoc test as appropriate.
Differences were considered significant when p < 0.05.
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