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Biodistribution of Radioactively Labeled Splice Modulating
Antisense Oligonucleotides After Intracerebroventricular
and Intrathecal Injection in Mice
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Antisense oligonucleotides (AONs) are promising therapeutic candidates, especially for neurological diseases. In-
tracerebroventricular (ICV) injection is the predominant route of administration in mouse studies, while in clinical
trials, intrathecal (IT) administration is mostly used. There is little knowledge on the differences in distribution of
these injection methods within the same species over time. In this study, we compared the distribution of splice-
switching AONSs targeting exon 15 of amyloid precursor protein pre-mRNA injected via the ICV and IT route in mice.
The AON was labeled with radioactive indium-111 and mice were imaged using single-photon emission computed
tomography (SPECT) 0, 4, 24, 48, 72, and 96 h after injection. In vivo SPECT imaging showed ' 'In-AON activity
diffused throughout the central nervous system (CNS) in the first hours after injection. The '''In-AON activity in the
CNS persisted over the course of 4 days, while signal in the kidneys rapidly decreased. Postmortem counting in
different organs and tissues showed very similar distribution of '''In-AON activity throughout the body, while the
signal in the different brain regions was higher with ICV injection. Overall, IT and ICV injection have very similar
distribution patterns in the mouse, but ICV injection is much more effective in reaching the brain.

Keywords: antisense oligonucleotide, distribution, mouse brain, SPECT imaging, intrathecal administration,
intracerebroventricular administration

Introduction

PLICE-MODULATING ~ ANTISENSE  OLIGONUCLEOTIDES

(AONSs) are promising drugs in central nervous system
(CNS) diseases in preclinical as well as in clinical studies [1,2].
Systemically delivered AONs hardly reach the CNS due to the
blood-brain barrier (BBB) [3]. The delivery of AONs to the
CNS in patients is currently performed by direct injection into
the cerebrospinal fluid (CSF) by means of intrathecal (IT) in-
jection [4]. This delivery method bypasses the BBB by injec-
tion into the subarachnoid space of the spinal cord where
AONSs can pass the pia mater and enter the parenchyma. There
is very limited human data available on how AONs spread
through the different brain regions after IT injection. Clearance

from the CNS is mainly determined by two factors, the rate of
transfer to the CSF and ASO degradation [5]. Tissue half-life in
CNS is chemistry dependent, but in preclinical studies, it
ranges from 3 weeks to 6 months [6-8].

Data from deceased patients in clinical trials of a splice
modulating AON for spinal muscular atrophy injected IT
showed highest AON concentrations in caudal regions, such
as lumbar and thoracic spinal cord, compared to rostral re-
gions, such as cervical spinal cord and the brain [4,7,9].
A study in cynomolgus monkeys shows that the rostral dis-
tribution of IT-injected AON can be improved by increasing
the volume of the dose [10].

In preclinical research, mice are often used as a first in vivo
model to study the effects of AONs on CNS diseases. In
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contrast to AON administration in humans, intracerebro-
ventricular (ICV) injection into the lateral ventricle of the
brain is the main route of delivery used in these models. The
CSF distributes compounds, such as AONS, in the brain via
bulk flow, through the ventricular spaces, down the spinal
cord, and through the glymphatic system [11].

A different site of injection can therefore greatly impact the
final AON dose at the target region. However, there are no
direct comparisons of IT and ICV administration routes,
hampering the translation to humans. In preclinical experi-
ments, there is only in vivo distribution data of IT-injected
AONES in rats, but not for mice. A gapmer AON-injected IT in
rats spreads to the cranium directly after injection, but pene-
tration into deeper brain structures takes longer [12]. In CNS
areas, such as cerebral cortex, hippocampus, and spinal cord,
the effect of the AON was highest after 4 weeks, with less
effect in deeper brain areas such as the striatum. In addition, the
presence of AONs correlated well with protein suppression.

In the current study, we investigated the distribution of a
splice modulating AON [22-mer fully modified with 2’-
methoxy ethyl (2’-MOE) and a phosphorothioate (PS)
backbone] over time, using two administration routes: ICV
and IT. Distribution of splice modulating AONs has been
revealed by measuring the exon skipping levels in different
brain regions [2,13], but the distribution over the first 4 days
after administration in live animals in the brain has not been
studied. The AON was designed and tested in vitro and
in vivo previously and targets the amyloid precursor protein
(APP) pre-mRNA [2]. Our previous research has shown that
AON treatment leads to exon skipping in vitro and injection
of this AON in a mouse has shown an exon skipping effect in
several brain areas [2].

Here, we analyze the biodistribution of this same AON
with a radioactive label in the first hours and days after IT and
ICV injection in mice using single-photon emission com-
puted tomography (SPECT) imaging. The advantage of
measuring the distribution with SPECT is that it can be
performed repeatedly in the same animal over time and the
signal can be measured throughout the whole body [14]. We
show that, after AON injection, the tracer persists in the CNS,
while rapidly declining from the rest of the body. As ex-
pected, injections in the lateral ventricle (ICV) gave a much
higher signal in the CNS compared to IT injections in mice,
but the distribution across the body and brain is similar.

Materials and Methods
Animals

For this study, male wild-type mice with a C57BL/6 (B6)
and 129S background were used. All experiments were car-
ried out in accordance with European Communities Council
Directive 2010/63/EU and were approved by the Leiden
University Animal Ethical Committee (AVD11600201
85405). Animals were group housed in individually venti-
lated cages in a 12h light/dark cycle at 20°C-22°C with
standard chow food and water available ad libitum. Cage
enrichment consisted of bedding material, a wooden gnawing
stick, and a cardboard roll. Female and male mice were
3.6 0.2 months of age at the start of the experiment. During
the 4 days of the experiment the mice were individually
housed to avoid cross-contamination of excreted radioactive
metabolites.
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AON AON-DOTA design

The AON used in this study is a 22-mer fully modified with
2’-MOE and PS backbone modifications and binds on the
junction of intron 14 and exon 15 of mouse APP pre-mRNA
(ENSMUSTO00000005406.12, Table 1). The AON was de-
signed according to guidelines previously published [15]. For
the radioactive labeling of the AON, a 1,4,7,10-tetraaza-
cyclododecane-1,4,7,10-tetraacetic acid (DOTA)-coupled
AON (AON-DOTA) was purchased from Axolabs (Kulm-
bach, Germany). The DOTA moiety was covalently bound to
the 3’ side of the AON with a linker (CATCTTCAGCAA
AGAACACCTT-NH,Cs-DOTA) [16]. Radioactive labeling
was achieved with indium 111 with primary energies of
171.3keV (91%) and 245.4keV (94%), half-life 2.8049 days.

Cell transfection with AON and AON-DOTA

To test if the DOTA-coupled AON retained its exon
skipping efficiency, transfection of AON-DOTA was com-
pared to transfection with the AON without DOTA chelation
in mouse neuroblastoma cells (N1E-115-1). Neuroblastoma
cells were maintained on Dulbecco’s modified Eagle’s me-
dium with high glucose (41966; Gibco) supplemented with
10% fetal bovine serum and 1% penicillin/streptomycin.
Cells were seeded in a 12-well plate for 24 h and transfected
with 12.5, 25, 50, and 100nM AON or AON-DOTA using
Lipofectamine 2000 (11668; Invitrogen) in OptiMEM
serum-free medium (31985; Gibco) for 20 min. The medium
was replaced with a serum-containing medium after 4 h. Cells
were harvested for RNA isolation 72 h after transfection.

Synthesis of """ In-labeled AON

To replace the Dulbecco’s phosphate-buffered saline
(DPBS) (Full name, 14190; Gibco) buffer, wherein the AON
stock was dissolved with NH,OAc buffer pH 7.0, the AON in
DPBS was centrifuged in a size-exclusion filter column
(Amicon 3K, 0.5mL) three times at 14,000g for 30 min
adding 0.5 mL NH4OAc buffer after each step. The final
volume was 100 pL at a concentration of ~10mg/mL. The
AON solution was mixed with 300puL InCl; (111 MBq;
Curium Netherlands Holding BV, s Hertogenbosch, The
Netherlands) and 600 uL NH,OAc pH 6.5 buffer and incu-
bated for 20 min at 60°C. To wash out the NH,OAc buffer
containing unbound UL the labeled AON solution was
purified using centrifugation in a filter column as described
above using DPBS as the washing buffer.

TABLE 1. ANTISENSE OLIGONUCLEOTIDE
AND POLYMERASE CHAIN REACTION PRIMER SEQUENCES

Name Sequence

CATCTTCAGCAAAGAACACCTT

Mouse APP exon
15 AON

Mouse APP exon TCTGGGCTGACAAACATCAA
14 forward primer
Mouse APP exon TTCTGCTGCATCTTGGAGAG

16 reverse primer

AON, antisense oligonucleotide; APP, amyloid precursor protein.
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After the last washing step, the column was centrifuged
upside down at 1,000g for 5min to collect the radiolabeled
AON. With counting radioactivity of the purified '''In-
labeled AON and the activity of the washing steps, yield was
determined at 95.8% +0.3%. Using thin layer chromatogra-
phy with water as mobile phase, the purity was assessed at
98.0% +£2.0% [14].

Mouse injections

For IT injections, mice were anesthetized using 3.5%
isoflurane (0.8 L/min) in medical air and maintained under
anesthesia with 1.5% isoflurane (0.4 L/min). The back of the
mouse was shaven and fixed with the thumb, index finger and
middle finger on the spine with tips of fingers touching the hip
bone [17]. Injection was performed using a Hamilton gastight
10 pL Tuer-lock syringe and a 30G disposable needle. Dead
volume was avoided by priming the syringe and needle with
AON solution. The needle was inserted in between L5 and L6
of the spine at an angle of 80° to the horizontal, bevel facing
upwards and toward the tail of the mouse.

When the needle touched the bone of the spinal column,
the needle was lowered to an angle of 30° to the horizontal.
A tail-flick indicated correct insertion of the needle. The
angle could be lowered until a tail flick was observed. The
total volume of 10 pL labeled AON, with a total administered
dose of 220+21 pg AON per mouse (measured with spec-
trophotometer), was injected into the spinal canal at 1 puL/s.

The ICV injections were done as previously described
[18]. In short, mice were anesthetized and analgesia was
administered. Craniotomy into the right lateral ventricle with
a total volume of 10 pL was performed at 1 pL/s. After in-
jection, the cannula guide was either fixed to the skull or it
was removed and the skin was sutured. Directly after injec-
tion and before the first SPECT scan, whole-body activity
(MBq) of the mice was measured using a dose calibrator
(VDC101; Veenstra Instruments, The Netherlands).

General SPECT imaging

To follow the localization of the injected tracers for 96 h,
SPECT scanning was performed using a three-headed
U-SPECT-II (MILabs, Utrecht, The Netherlands) as de-
scribed previously [19]. Mice were anesthetized using 3.5%
isoflurane (0.8 L/min) and maintained under anesthesia
with 1.5% isoflurane (0.4L/min) during each scan for
20 min. Total body scans were acquired using a 0.6 mm
mouse pinhole collimator, and energy setting at 171 and
240keV, both with a window of 20%. Images were re-
constructed using 6 pixel-based ordered subset expectation
maximization iterations with 16 subsets, a 0.2 mm isotropic
voxel size and with decay and scatter corrections integrated
into the unfiltered reconstruction [20]. Volume-rendered
images were generated and analyzed using Amide Medical
Image Data Examiner version 1.0.42 and MATLAB version
9.9.0.

Mice were scanned directly after their first injection and
after 4, 24, 48, 72, and 96 h. Before every scan, mice were
weighed and radioactivity in the total mouse was measured in
a dose calibrator. Two IT-injected mice had very low total
radioactive signal at the first measurement (0.3 and 0.1 MBq),
indicating a failed injection, and were therefore excluded
from the study (Supplementary Fig. S1).
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Biodistribution studies

The mice were sacrificed 4 days after injection, directly after
the last SPECT scan by cardiac exsanguination, and decapitated
directly afterward. Tissues were excised for use in quantitative
biodistribution studies. Tissues were weighed and counted for
their radioactive content using a gamma counter (2470 auto-
matic gamma counter; Perkin—Elmer). Counts per minute
(CPM) were converted into decay-corrected MBq at the time
point of injection (=0): disintegrations per minute (DPM). The
biodistribution is expressed as the percentage of injected dose
(%ID) and was calculated by dividing decay corrected CPM by
DPM (CPM/DPM x 100). Efficiency was corrected for weight
of the tissue (%ID/g) and this was corrected for the weight of
the mouse to result in the standard uptake value. To calculate
the amount of excreted radioactivity, the entire mouse was
weighed and counted for radioactivity in a dose-calibrator.

At the time of dissection, and after the removal of the tis-
sues, the radioactivity in the mice was recalculated. Excreted
radioactivity (in urine and feces) was then calculated as (ra-
dioactivity of injected dose) — (radioactivity of excised tissues
+ radioactivity carcass). The following tissues were collected
and stored in paraformaldehyde (PFA) for gamma counting:
blood (cardiac), urine (urinary bladder), salivary gland, thy-
roid gland, lungs, heart, liver, gallbladder, kidneys, spleen,
stomach, small intestines, large intestines, inguinal lymph
nodes, muscle (paw), skin, fat (neck), bone, and pancreas.

The right hemisphere of the brain was fixed in PFA for
gamma counting as well as immunohistochemical staining.
The left hemisphere of the brain was dissected into the fol-
lowing areas: olfactory bulb, hippocampus, striatum, cortex,
midbrain, cerebellum, brainstem, and spinal cord. For each
brain area half was used for gamma counting and the other
half was snap frozen in liquid nitrogen and stored at —80°C to
be used for RNA analysis.

RNA analysis

Isolation of RNA from brain tissue was performed using
TRIzol (15596026; Invitrogen) and the PureLink RNA Mini
Kit (12183025; Thermo Fisher Scientific), as described be-
fore [21]. In short, ~ 100 mg of tissue was lysed with 1 mL
TRIzol in MagNA Lyser tubes (3358941001; Roche) using a
bullet blender (BBY24M; Next Advance) for 3 min on setting
8. After 5 min of incubation, 200 pL of chloroform was added
and samples were centrifuged at 12,000g for 15 min. The
aqueous phase was removed and added to an equal volume of
70% ethanol. Further RNA purification was performed using
the PureLink RNA Mini Kit in accordance with the manu-
facturer’s protocol and using a 15 min DNase step. RNA was
eluted in 35 pL nuclease-free water.

Isolation of RNA from cultured cells was performed using
the ReliaPrep RNA cell Miniprep System (Promega) ac-
cording to manufacturer’s instructions.

Synthesis of cDNA was performed with 500 ng of RNA
using the Transcriptor First Strand cDNA Synthesis Kit
(Roche), using random hexamer primers. The template-
primer mixture was denatured for 10 min at 65°C. The cDNA
synthesis reaction was performed for 10 min at 25°C and
30min at 55°C and it was stopped for 5min at 85°C, ac-
cording to manufacturer’s instructions.

Subsequently, polymerase chain reaction (PCR) was per-
formed using primers in mouse APP exon 14 and 16
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(Table 1). The PCR reaction was performed with 5 L. cDNA,
FastStart Taqg DNA Polymerase (Roche), 20 mM MgCl2, and
0.25 mM dNTPs. The PCR program started with denaturation
at 95°C for 4 min, followed by 40 cycles of denaturation at
95°C for 10s, annealing at 57°C for 30s and elongation at
72°C for 20s. The program was ended by a final elongation
step at 72°C for 7 min and a cooling step at 4°C for 30 s. The
PCR products were separated by electrophoresis on a 1.5%
agarose gel containing 0.002% ethidium bromide.

Results

The addition of a DOTA chelator to the AON does not
interfere with exon skipping

To label the AON with radioactive indium-111, a DOTA
chelator is covalently bound to the AON using a linker (Fig. 1A).
To determine if the AON conjugated to DOTA (AON-DOTA)
can still bind to the target RNA and would still lead to exon
skipping of exon 15 in APP, we transfected mouse neuroblas-
toma cells (N1E-115-1) with either AON or AON-DOTA
in increasing concentrations. We showed with reverse tran-
scriptase PCR (RT-PCR) that the conjugated AON could still
bind to the target and RNA and exon skipping efficiencies were
not affected by linking the DOTA label to the AON (Fig. 1B).

CNS retains higher levels of """ In-AON activity over
time compared to the rest of the body

Next, we labeled the AON-DOTA with radioactive
indium-111 (AON-indium; Fig. 2A), and prepared 10puL

A 5’ 3

HO CATCTTCAGCAAAGAACACCTT OH

AON

B &= 3

HO CATCTTCAGCAAAGAACACCTT

AON-DOTA

C AON

AON-DOTA
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injections with 220+21.2 pug AON and 31.1+7.3 MBq of
activity per injection (n=9). Mice were injected with either
an IT or an ICV injection. The mean whole-body activity
directly after injection was 28.9+7.7MBq (n=4) for the
ICV-injected mice and 6.0+3.4MBq (n=5) for the IT-
injected mice. Directly after injection, mice were scanned in
the SPECT scanner for 20 min. The scan was repeated at 4,
24, 48, 72, and 96 h after injection (Fig. 2B).

Total body radioactivity over time was measured in two
ICV-injected and four IT injected mice. In the 96 h after the
injections, there was a decrease of signal (Fig. 2C and Sup-
plementary Fig. S2). The signal was corrected for decay and
body weight, and is shown as a fraction of activity compared
to TO. In the ICV-injected mice after 4 h, the signal had
dropped to about 75%, and after this, steadily decreased over
time to about 25% after 96 h (Fig. 2C). When comparing the
total body reactivity to the SPECT, this drop in total body
radioactivity was confirmed and showed that the signal was
distributed throughout the body of the mice (Fig. 2D, E).

Furthermore, the signal after ICV injection was highest at
the injection site, and started spreading through the CNS
directly after injection (Fig. 2D). After 4h, accumulation
could be seen throughout the brain and spinal cord, as well as
in the kidneys, the liver, and urine bladder. After 24 h, the
signal in the brain decreased, and the signal in the kidneys
increased. Over the course of the next days, the signal de-
creased rapidly in the kidneys, while it stayed at a relatively
high level in the CNS. The signal is relatively stable in the
liver, but when comparing signal intensities, the brain signal
seems to be retaining more signal than the liver during the last

FIG. 1. Exon skipping effi-
ciency was not affected by
linking the DOTA label to the
AON. (A) Schematic structure
of the AON without chelator.
(B) Structure of the AON with
0 the linker and DOTA attached
0]

HO OH
Z N N
0 N N

(AON-DOTA) (not to scale).

( ) (C) RT-PCR gel showing the

N N AON-DOTA gives similar

B’ exon skip results as the AON

N without DOTA. The fl-APP

H 0 H  can be seen at 299 bp and the

skipped version of APP

(APPA17) can be seen at

152bp. Neuroblastoma cells

(N1E-115-1) were transfected

with 100, 50, 25, and 12.5nM

AON. AON, antisense oligo-

0]

100 50 25 12.5 100 50

25 125 nM nucleotide; fI-APP, full-length

300 bp

150 bp

amyloid precursor protein;
DOTA, 1,4,7,10-tetraazacyc-
lododecane-1,4,7,10-tetraace-
tic acid; RT-PCR, reverse
transcriptase PCR.

fl-APP

APPA15




FIG. 2. Radioactive measurements of
ICV- and IT ""'In-AON-injected mice over
the course of 96h were similar throughout
the body with IT injection showing lower
levels in the brain compared to ICV injec-
tion. (A) Schematic representation of AON
labeled with indium-111. (B) Experimental
timeline. (C) Before each SPECT scan, a
whole-body measurement of '''In-AON
activity was performed; n=2 ICV injected
and n=4 IT injected. This graph shows the
""In-AON activity corrected for decay and
weight, and as percentage of the first mea-
surement. (D, E) Images of a representative
scintigram of an ICV- (D) and IT (E)-in-
jected mouse at the different time points, the
first picture is a side view from the scanner.
The images show cumulative '''In-AON
activity in the sagittal plane. Highlighted
with numbers are the (1) injection site, (2)
the brain, and (3) the kidneys. These repre-
sentative images are taken from the total of
four ICV-injected mice, and five IT-injected
mice. ICV, intracerebroventricular; IT, in-
trathecal; SPECT, single-photon emission
computed tomography.
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three time points because the brain:liver ratio goes up (Sup-
plementary Fig. S3). Some of the signal was detected in the
thyroid gland, indicative of unattached iy [14].

In the IT-injected mice, a similar signal distribution over
time was observed (Fig. 2E). The scintigram at TO showed
the spread of the '"'In-AON activity in the spinal cord di-
rectly after injection. After 4 h, the signal spread to the brain,
but the levels were much lower than in the ICV-injected
mice. Similar to the ICV-injected mice, the signal in the
kidneys increased up to 24 h and decreased rapidly after this,
while the brain showed low, but persistent retention.
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""7In-AON activity is distributed in similar way
in the mouse 96 h after ICV or IT injection

Mice were sacrificed after 96 h, and the dissected tissues
were measured for '''In-AON activity. '''In-AON activity
was the highest in the kidneys and liver (Fig. 3A) and dis-
tribution was similar across all tissues for both ICV- and IT-
injected mice, suggesting that AON that is eliminated from
CSF after IT or ICV administration distributes in a similar
manner to systemic tissues. In the CNS, the signal was higher
in ICV-injected mice compared to IT-injected mice but the

= IcV

FIG. 3. Similar distribution
of "'In-AON activity in
different tissues and brain
regions, measured postmor-
tem after ICV and IT injec-
tion. (A) '"n-AON activity
in peripheral tissues and in
the brain (hemisphere) in
ICV (dark blue) and IT (light
blue)-injected mice. SUV are
a radioactive counts per
minute corrected for decay
and body weight, and ex-
pressed as percentage of the
ID per tissue mass. (B) iy
AON activity different brain
regions in ICV- and IT-
injected mice. The corrected
counts are depicted on a
logg-scale. (C) RT-PCR gel
showing faint bands for the
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distribution of the signal was similar across all brain regions
for both IT- and ICV-injected mice (Fig. 3B). This confirmed
our imaging findings of the activity over time.

Interestingly, despite the much lower brain levels in the I'T-
injected mice, the spinal cord showed comparable '' 'In-AON
activity between ICV- and IT-injected mice. The standard
deviation in the IT-injected mice was higher than in the ICV-
injected mice. This can be explained by the technical diffi-
culty of injecting in the mouse spinal canal.

Although this study was suboptimal for detecting a func-
tional exon skipping effect because of the relatively low dose
and short time after injection, there was a faint truncated PCR
product on an overexposed image of a gel of an RT-PCR on
mouse APP. This indicated low levels of splice modulating of
APP mRNA in cortex tissue of ICV-injected mice only
(Fig. 3C and Supplementary Fig. S4A, B).

Discussion

In the current study, we showed that the biodistribution and
clearance of '''In-labeled AONs is comparable for ICV and IT
administration routes in mice. However, large differences in
total delivered dose are found between IT and ICV injection.
This difference in delivered dose could be explained by the
partially missed IT injections, differences in signal intensity
between IT- and ICV-injected mice along the spinal cord at 4 h
postinjection confirm this exglanation (data not shown). Im-
mediately after injection, '''In activity in the kidney was
highest due to renal clearance of the AON. Over time, the AON
was rapidly cleared systemically, while imaging and postmor-
tem analysis showed robust retention of the AON in the brain.

In addition, signal intensity increases relatively in the brain
compared to the liver during the last three time points. This
indicates that AONs are not cleared from the brain as rapidly
as from peripheral organs such as liver and kidney.

Although equal volumes were injected with ICV and IT,
whole-body radioactivity levels showed that AON levels
were much lower in IT-injected mice directly after injection.
This can be explained by technical difficulties of injecting
into the mouse spinal cord, which is small. In many cases,
part of the dose was found in the needle or spilled. In two
cases the procedure failed, and these mice were excluded
from the study.

It is clear that technical difficulties will lead to higher
variability in measurements, but IT injections also lead to
relatively lower signal in the brain compared to ICV injec-
tions. A potential reason for this is that the IT injection site is
further away from the brain than the ICV injection site. In
addition, the circulation of CSF in the spinal cord is rostral to
caudal, making it more difficult for AONs to reach the brain
[12]. Despite lower intensity of '' 'In-AON signal in the brain
after I'T injection compared to ICV, the levels and distribution
of "''In-AON activity over the peripheral organs measured
Postmortem is quite similar. There is, however, a higher

""In-AON signal in the spinal cord of IT-injected mice and a
lower signal in the brain regions analyzed.

Although overall levels were higher across brain regions in
ICV-injected mice, the distribution throughout the brain was
relatively even for both ICV- and IT-injected mice. Practically
this would mean that when IT delivery is used in mouse studies,
more frequent deliveries, or higher doses, would be needed to
reach the same levels of AON throughout the brain than with
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ICV delivery. Alternatively, achieving higher brain concen-
trations after IT delivery might be achieved after continuous
infusion with an injection pump [22]. However, for AON
studies, it is known that bolus injections lead to more efficient
treatment effects than continuous infusion delivery [8].

The distribution after IT injection of our splice-modulating
AON over time was similar as was reported in a previous
study for a gapmer AON-injected IT in rats, where it was
shown that AONS rapidly spread throughout the CSF along
the neuraxis, to the meninges, before entering the brain
through penetrating arteries [12].

Our findings are in accordance with a simulated model of a
splice modulating AON for spinal muscular atrophy, which
showed initial high AON concentrations in plasma and CSF
with the plasma and systemic tissue AON concentrations
decreasing to much lower levels than the CSF and CNS tissue
[23]. By adding a label to an AON, it is always possible that
the label is detached from the AON or distribution is affected
by the label. However, since our study is in agreement with
previous distribution studies [12,23,24], with the exon skip-
ping efficiencies in mouse brain from our previous study with
an unlabeled AON [2,21], this suggests that the activity signal
in the current study represents AON localization.

For clinical purposes, administration of AON to the human
brain is being optimized continuously. Systemic delivery to
the CNS is being developed with delivery aids, such as
peptides [25], nanoparticles [26], exosomes [27], and
receptor-mediated passage of the BBB [28], however, these
delivery systems are not yet optimal and need high dosing to
be effective. Ligand-conjugated AONs, as developed for li-
ver delivery [29], could potentially offer systemic delivery to
brain in the future. Intranasal delivery is an alternative option
for delivery directly into the CNS [30], but mucus and me-
tabolizing enzymes make it hard to get the AON in the CNS.

Injection into the lateral ventricle could be realized with a
permanent cannula and an injection pump or Ommaya res-
ervoir, which would make repeated dosing more safe and
efficient. This ICV delivery has been used successfully in the
treatment of conditions such as neurodegenerative diseases
[31,32], intractable pain [33], and cancer [34]. However, this
is quite an invasive procedure and infection [35] and com-
plications related to the implant procedure [34] have been
reported making IT delivery still the current preferred
method of delivery for ASOs.

In preclinical research, IT injection would more closely re-
semble the current clinical practice. However, we showed that
IT delivery in mice is challenging, because of the small size of
the spinal canal. Importantly, IT and ICV injection in mice
show comparable biodistribution over time. Furthermore, be-
cause similar doses lead to higher amounts of AON in the brain
with ICV injection, higher effective dosing can be accom-
plished than with IT, and therefore ICV may remain the pre-
ferred AON delivery method for most preclinical applications.
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