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Antisense oligonucleotides (ASOs) are promising therapeutics
for intractable central nervous system (CNS) diseases. For this
clinical application, neurotoxicity is one of the critical limita-
tions. Therefore, an evaluation of this neurotoxicity from a
behavioral perspective is important to reveal symptomatic
dysfunction of the CNS and elucidate the underlying molecular
mechanism. We here exploited a behavioral analysis method to
categorize and quantify the acute neurotoxicity of mice admin-
istered with toxic ASOs via intracerebroventricular injection.
The toxic ASOs were found to reduce consciousness and
locomotor function in mice in a dose-dependent manner.
Mechanistically, we analyzed the effects of modulators against
receptors or channels, which regulate calcium influx of neu-
rons, on the ASO neurotoxicity. Modulators promoting cal-
cium influx mitigated, whereas those hindering calcium influx
increased, in vivo neurotoxicity of ASOs in mice. In an in vitro
assay to evaluate intracellular free calcium levels using rat
primary cortical neurons, toxic ASOs reduced the calcium
levels. The findings of this study demonstrated the behavioral
characteristics of ASO-induced neurotoxicity and revealed
that changes in intracellular free calcium levels are a part of
the mechanism underlying the neurotoxic effects of ASO.
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INTRODUCTION
Antisense oligonucleotides (ASOs) are synthetic single-stranded
DNA or RNA sequences that can hybridize with target RNAs in a
Watson-Crick manner and thereby alter the processing of the
RNAs to modulate protein production.1,2 Because the charge and
size of ASOs make it very difficult for them to cross the blood-brain
barrier, they have been developed to treat central nervous system
(CNS) disease by direct injection into cerebrospinal fluid (CSF) space
via intrathecal injection.1-4 Nusinersen, an intrathecally administered
drug developed to treat spinal muscular atrophy via intrathecal
administration, was the first US Food and Drug Administration
(FDA)-approved ASO drug for CNS disease treatment, and it is
now marketed in over 40 countries.5-8 In addition, the drug milasen,
which was personalized for a patient with Batten disease named Mila,
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was designed to correct abnormal mutations in the brain following
intrathecal injection by Yu and colleagues9 and successfully approved
by the FDA as a therapeutic for one person, i.e., as an “N-of-1” ther-
apy. This breakthrough in “N-of-1” medication led to further initia-
tives in various countries to develop patient-customized ASOs.8,10

The CNS is an ideal target tissue when using this approach because
infrequent dosing is feasible via local injection into the CSF space.8

To reach the goal of these therapeutics targeting the CNS via the intra-
thecal route, the neurotoxicity of ASOs in the CNSmust be addressed,
especially for “N-of-1” ASO drugs because the development period
and budget for identifying a safe candidate ASO can be limited.10

There are several papers showing the characteristics of ASO-induced
behavioral abnormalities in the CNS with intrathecal injection.11-14 In
particular, Hagedorn et al.14 have found that in vitro assay measuring
calcium oscillations in rat primary neuronal cells can predict the
in vivo neurotoxicity of mice administered with intracerebroventric-
ular (i.c.v.) injection of ASOs.13,14 In contrast, molecular pathways
underlying this neurotoxicity induced by ASOs remain unclear, and
current strategies for preventing the toxicity are insufficient.

Calcium ions play a crucial role in regulating physiological neuronal
activities; thus, dysregulation of calcium homeostasis, both extracellu-
larly and intracellularly, can lead to dysfunction of neuronal cells and
even neuronal death. On the plasma membrane of neurons,
numerous Ca2+ channels are activated by ligands with the membrane
receptors; the most prominent ligand and widespread excitatory
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Assessment methods used to

characterize and quantify behavioral dysfunction of

mice for analysis of ASO-induced neurotoxicity

Experimental design of the neurotoxicity assessment

study. (A) Time course of the study. The time course

begins with i.c.v. administration of ASO into the left

ventricle of the mouse. (B) Acute toxicity scoring system.

N.A., not applicable.
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transmitter in the CNS is L-glutamate. Inotropic glutamate receptors
that mediate calcium ion influx mainly comprise a-amino-3-hy-
droxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs)
and N-methyl-D-aspartate receptors (NMDARs). Importantly, direct
interactions between nucleotides, especially guanine nucleotides, and
the ionotropic glutamate receptors are well established.15-21 In addi-
tion, Olson et al.13,14 found that neurotoxic ASOs mediate Ca2+ oscil-
lation in cultured neurons. Thus, we hypothesized that a potential
mechanism of CNS toxicity by intrathecally injected ASO in vivo
was mediated by an imbalance in calcium homeostasis and subse-
quent induction of CNS toxicity.

In the present study, we first assessed symptomatic dysfunction as a
result of CNS toxicity in mice administered with ASOs via i.c.v. injec-
tion. To this end, we used a behavioral rating scale and assessed loco-
motor activity in an open-field test. To reveal the mechanism of
neurotoxicity, we then tested whether the additional administration
modulators targeting receptors or channels associated with calcium
dynamics affected the toxic profiles of ASOs in vivo. Consequently,
we found that an AMPAR antagonist potentiated CNS toxicity,
Molecular Th
whereas calcium channel activator and
AMPAR agonist mitigated this toxicity. In addi-
tion, an in vitro assay of intracellular free
calcium ions with rat primary neuron culture
demonstrated that toxic ASOs reduced intracel-
lular free calcium levels. Overall, these findings
provide new insights demonstrating the molec-
ular mechanisms underlying ASO neurotox-
icity, which involve decreased intracellular free
calcium levels in neuronal cells, thereby result-
ing in acute CNS toxicity.

RESULTS
Phenotypic analysis of acute CNS toxicity

caused by ASOs with different structures

and target genes

To investigate the phenotypes of CNS toxicity
induced by ASOs via the CSF route, we injected
three types of ASO (ASO1–3; see Table S1 for
details) with different structures and target
genes into mice by i.c.v. route. After the injec-
tions, mice showed abnormal neurological
behaviors, including a decreased desire to
explore their cage, reduced responsiveness to
stimulation, injured motor function, unusual postures, and disrupted
breathing patterns (Video S1). Using the protocol shown in Figure 1A,
we scored these abnormal behaviors using acute toxicity scoring sys-
tem (ATSS) (Figure 1B) from 1 to 4 h after the injection of ASOs. For
all three ASOs, neurotoxicity mainly manifested in mice as abnormal-
ities in the categories 1–3, which reflect hypoactivity of consciousness
and motor function rather than phenotypes based on the category 4
or 5, which are related to hyperactivities of neurological functions
(Figure 2A).

We then assessed the exploration activities and locomotor function of
mice using an open-field test. Consistent with the acute tolerability
scores, all track plots of mice in the three ASO treatment groups
revealed significantly decreased locomotor activity in the open-field
arena compared with that of mice in the negative control group,
which were injected with phosphate buffer saline (PBS) (Figure 2B).
Analysis of the movement parameters, including the total distance
traveled, mobile time, and maximum speed, indicated a significant
reduction in all three ASO treatment groups compared with
the respective parameters in the PBS control group (Figures 2C–2E
erapy: Nucleic Acids Vol. 31 March 2023 183
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Figure 2. ASOs induce hypoactive neurotoxicity following i.c.v. administration in a dose-dependent manner

(A) Acute tolerability score in each category of mice at 1 h after i.c.v. injection with one of three types of toxic ASO: 2.4 nmol ASO1 (13 mg), 4.7 nmol ASO2 (34 mg), and

2.8 nmol ASO3 (13 mg). (B) Representative track plots of mice shown in (A) at 1 h after administration of ASO or PBS (negative control) in open-field tests. (C–E) Locomotor

activity of mice injected with ASOswas assessed in the open-field tests. The three selected parameters were total distance traveled (C), mobile time (D), and maximum speed

(E); the mice tested in (A) were also tested in (C)–(E) at 1 h after injection. An automated image analysis systemwas used to collect data from five independent experiments. (F)

Acute tolerability scores in mice after injection of PBS, 38 nmol ASO1 (200 mg), or 38 nmol ASO4. (G–I) Locomotor parameters including distance traveled (G), mobile time (H),

and maximum speed (I) of mice shown in (F) at 3 h after administration in open-field tests. (J and K) Dose-response analysis of acute tolerability scores in mice injected with

(legend continued on next page)
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and S1). These findings by behavior tests indicate that the in vivo
phenotypic profiles of neurotoxicity are similar for all tested ASOs,
and that these profiles include diminished consciousness and locomo-
tor activity. We next tested a non-toxic ASO, ASO4, which was
reported by Hagedorn et al.14 (Table S1), as a negative control ASO
using our behavior tests. No neurotoxicity according to ATSS and
open-field tests was observed at any time point in mice administrated
38 nmol ASO4 or PBS (Figures 2F–2I). These results indicate that
these analyses are useful for assessing the severity of the neurotoxicity
induced by ASOs in mice.

Based on a dose-response study of the CNS toxicity profiles of ASOs,
a 1.4- to 3.0-fold increase in the acute tolerability score was detected
when 4-fold more ASO1 was injected into mice (Figure 2J); when the
dosage of ASO2 was doubled in mice, there was an 11-fold higher
acute tolerability score at 1 h after injection and the recovery period
was longer (Figure 2K). In open-field tests with three doses of
ASO1 or two doses of ASO2, all three parameters of locomotor activ-
ity decreased in a dose-dependent manner (Figures 2L, 2M, and S2),
which is correlated with an increase in the acute tolerability score. We
next assessed recovery time of neurotoxicity induced by the ASOs.
Consequently, acute tolerability score of mice injected with 38 nmol
ASO1 (200 mg) decreased over time, reaching zero at 17 h after
i.c.v. injection (Figure S3A). In addition, decreases in locomotor activ-
ity in the open-field test of mice with 38 nmol ASO1 (200 mg),
4.7 nmol ASO2 (34 mg), and 2.8 nmol ASO3 (13 mg) showed recovery
to the same level as the PBS-treated group at 12–17, 3, and 7 h,
respectively, after the injection (Figures S3B–S3J). These findings
demonstrated that the ASO-induced CNS toxicity increased in a
dose-dependent manner and is transient, with full recovery within
1 day after the i.c.v. injection.

We next investigated sex and strain difference of neurotoxicity
induced by the ASOs using our behavioral analyses. Male mice
showed significantly higher acute tolerability scores than that in fe-
male mice that had comparable body weight (Figure S4A). Open-field
tests also showed that locomotor activity of the male mice decreased
more than that of the female mice, although the difference was not
significant (Figures S4B–S4D). In addition, we compared neurotox-
icity among three different strains of mice using ASO1. Acute tolera-
bility scores were not significantly different in the three strains of
female mice with comparable body weight (Figure S5A), but locomo-
tor activity in the open-field tests illustrated that ASO-induced
neurotoxicity in C57BL/6J mice was higher than that in Crlj: CD1
(ICR) mice (Figures S5B–S5G). These findings indicate that ASO-
induced neurotoxicity in mice is dependent on differences in both
sex and mouse strain.
PBS (J and K), four different doses of ASO1 (J), or two different doses of ASO2 (K). (L) An

after administration in open-field tests. (M) Analysis of maximum speed of the mice show

three independent experiments; data in (K) and (M) were obtained from two independen

and L: n = 4; K and M: n = 8 for PBS group, n = 4 for ASO groups). **p < 0.01, ***p < 0.0

post hoc test.
ASO decreases intracellular free calcium levels in primary

neuron culture

A previous study of primary cortical neurons in vitro demonstrated
toxic ASOs reduce spontaneous calcium oscillations.14 Accordingly,
we assumed that calcium transport, which is essential for maintaining
cell physiology, may mediate the toxicity of ASOs. To address this
issue, we investigated the effect of toxic ASOs on intracellular free cal-
cium levels in vitro using rat primary neurons. After treating days 11
in vitro (DIV11) primary cortical neurons with toxic ASOs, we
measured the intracellular free calcium levels in neurons loaded
with a calcium indicator, Fluo-4. In agreement with a previous study,
this calcium assay demonstrated that treatment with ASO1–3 treat-
ments lowered intracellular free calcium levels by 3.8%–13.8%; in
contrast, the decrease induced by non-toxic ASO4 was up to 3.4%,
when compared with CSF-only treatment as a negative control (Fig-
ure 3A) in a dose-dependent manner (Figure 3B). These findings
demonstrated that toxic ASOs decrease intracellular free calcium
levels in neurons.

Effect of ASO oligonucleotide sequence and modifications on

neurotoxicity

To investigate the effect of ASO sequence on acute neurotoxicity in
mice, we designed new ASOs that had scrambled sequences of
ASO1–3, respectively (Table S1). A previous study by Hagedorn
et al.14 reported that the number of G nucleotides and distance
between the nearest G nucleotide to the 30 end both significantly in-
fluence calcium oscillation of neurons, which is associated with
neurotoxicity of ASOs. The G nucleotide-free stretch in the scrambled
ASO1 was markedly longer than the original ASO1, while comparable
G nucleotide-free stretches were observed between original ASO2,
ASO3, and their scrambled sequences (Figure 4A). After treatment
of primary cortical neurons with ASO1–3 and corresponding scram-
bled sequences, the original ASO1 decreases intracellular free calcium
levels more greatly than the scrambled ASO1 (Figure 4B). In contrast,
intracellular free calcium levels were comparable among ASO2,
ASO3, and ASOs with corresponding scrambled sequences (Fig-
ure 4B). Mice injected with the ASO with a scrambled sequence of
ASO1 showed lower neurotoxicity than ASO1 with an original
sequence in both ATSS evaluation and open-field tests (Figures 4C
and S6A–S6C). On the contrary, ASOs with scrambled sequences
of ASO2 and ASO3 induced comparable neurotoxicity compared
with the ASOs with original sequence (Figures 4D, 4E, and S6D–
S6I). These findings corroborate a previous study of the relationship
between G position in ASO and the neurotoxic effects of ASO. To
assess the effect of chemical modifications in ASO on its neurotox-
icity, we next designed ASOs with different chemical modifications
in nucleotide or backbones of the ASOs (Table S1). For all three
alysis of maximum speed in mice administrated PBS or varying doses of ASO1 at 1 h

n in (K) at 1 h after administration in open-field tests. Data in (J) were obtained from

t experiments. Data are represented as mean values ± SEM (A and C–E: n = 18; F–J

01, ****p < 0.0001; data were analyzed using one-way ANOVA followed by Tukey’s
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A B Figure 3. ASOs reduce intracellular free calcium

levels in rat primary neurons

(A) Relative intensity levels of Flou4 dye in rat primary

cortical neurons after treatment with 25 mM of four types of

ASO. *p < 0.05, **p < 0.01, and ***p < 0.001 (CSF versus

ASOs) by paired t test; #p < 0.05 (ASO3 versus ASO4) by

one-way ANOVA followed by Tukey’s post hoc test. (B)

Relative intensity levels of Fluo4 in rat primary cortical

neurons at 4 h after treatment with four different doses of

ASO3. The intensity levels were normalized using a group

treated with CSF (negative control). Data are represented

as mean values ± SEM (n = 4). N.S., not significant.
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ASOs, 20-O-methoxyethyl (MOE) modifications in the wing portions
resulted in the lowest reductions in intracellular calcium levels in vitro
(Figure 4F). We tested mouse neurotoxicity of the modified ASOs by
ATSS evaluation and open-field tests. The exchange from locked
nucleotide acid (LNA) or 20-O-methyl (20OMe) toMOEmodification
in the wing portion of ASO1 and ASO3 improved their neurotoxicity,
respectively (Figures 4G, 4I, S7A–S7C, and S7G–S7I). In contrast,
MOEmodification in ASO2 did not improve the neurotoxicity; more-
over, 20OMe modification increased its neurotoxicity compared with
LNA modification (Figures 4H and S7D–S7F). In addition, the
in vitro assay showed that ASOs with phosphorothioate (PS) back-
bones decreased calcium levels more than ASOs with phosphodiester
(PO) backbones (Figure 4J). PO backbones extremely lowered neuro-
toxicity of all three ASOs compared with PS backbones (Figures 4K–
4M and S8). These findings indicate that both oligonucleotide
sequence and chemical modifications affect the neurotoxicity of
ASO in mice, supporting that this in vivo neurotoxicity may be corre-
lated with changes of reductions in intracellular free calcium levels
in vitro.

Calcium channel activator mitigates the acute CNS toxicity of

ASOs

To investigate whether the acute CNS toxicity induced by i.c.v. admin-
istrated ASO is associated with calcium dynamics, we evaluated an ef-
fect of an L-type calcium channel activator, (S)-(�)-Bay K8644 (Bay),
on neurotoxicity induced by ASO. Bay increased intracellular free cal-
cium levels in vitro and ameliorated the effects of toxic ASO2 on intra-
cellular free calcium levels in neurons (Figure 5A). To test this effect
in vivo, we first assessed toxicity of Bay at varying doses (data not
shown) and determined the maximum tolerable dose of Bay,
1.3 nmol. We then administered toxic ASO1 with or without
1.3 nmol Bay for a bolus i.c.v. injection into mice and compared neuro-
toxicity using both the ATSS evaluation and open-field test. The mice
injected with Bay in addition to ASO1 showed less neurotoxicity in
acute tolerability score (Figure 5B), as well as the locomotor function
(Figures 5C–5H), than those injected with only ASO1.

AMPAR antagonist magnifies the acute CNS toxicity of ASOs

To test whether AMPAR, which is one of the receptors regulating
calcium influx of neurons, affects also the neurotoxicity of the
186 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
ASOs, we evaluated neurotoxicity of ASO with pretreatment of
an AMPAR antagonist, 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo
[f]quinoxaline (NBQX), before an i.c.v. injection of ASOs.
NBQX reduced intracellular free calcium levels (Figure S9).
Further, combinatorial treatment with NBQX potentiated de-
creases in intracellular free calcium levels induced by ASO2 (Fig-
ure 6A) and modified ASO5 (Figure S10) previously reported to
be neurotoxic (Table S1).22 Then, we confirmed the maximum
tolerated dose, i.e., 13.1 nmol, at which NBQX itself did not induce
neurotoxicity according to scoring with the ATSS (Figure S11A)
and open-field tests (Figure S12). Acute tolerability scores in
mice injected with ASO1 after pretreatment with the tolerated
dose of NBQX were higher than those of mice injected with
ASO1 after pretreatment with PBS as a negative control (the total
acute tolerability score of the NBQX and PBS group at 1 h were 6.8
and 4.8, respectively; Figure 6B; Video S2). Similar increases in
acute tolerability scores with NBQX pretreatment also occurred
with ASO2 (Figure 6C) and ASO3 (Figure S13A). In the analysis
from the open-field tests for these three ASOs, mice pretreated
with NBQX showed a greater decrease in locomotor function
relative to that of mice pretreated with PBS (Figures 6D and
S13B) and an 18.5%–90.9% reduction in movement parameters
(Figures 6E–6J and S13C–S13H). In addition, the tolerated dose
of NBQX itself did not downregulate the target genes of the tested
ASOs (Figure S14), and the knockdown efficiency of ASO1 and
ASO2 and the ASO delivery level of ASO3 were not affected by
pretreatment with NBQX (Figure S15). These findings indicated
that blocking AMPARs worsens ASO-induced CNS toxicity
without changing the cellular uptake and silencing activity of
the ASOs.

AMPAR agonist mitigates the acute CNS toxicity of ASOs

Next, we investigated whether an AMPAR agonist, L-quisqualic acid
(L-Q), could alter ASO-induced neurotoxicity. In a Fluo4 assay us-
ing primary cortical neurons, L-Q, an AMPAR agonist (Figure S9A),
and CX-546, a positive allosteric modulator of AMPAR (Figure 7B),
increased intracellular free calcium levels. Moreover, treatment of
neurons with L-Q (Figure 7A) or CX-546 (Figure 7B) ameliorated
the effects of ASO2 on intracellular free calcium levels. By testing
the toxicity of L-Q at several doses, we determined the maximum
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tolerated dose at which L-Q slightly induced neurotoxicity with an
acute tolerability score of 0.8 ± 0.2 at 1 h after injection
(Figure S11B) and did not cause significant disturbance of locomo-
tor function as evaluated in the open-field tests (Figure S12). To
explore the effects of L-Q on the acute neurotoxicity of ASOs, we
mixed L-Q with these individual ASOs and injected the mixtures
into mice via a bolus i.c.v. administration. In contrast with the ef-
fects of NBQX, coinjection of L-Q with ASO1 reduced the acute
tolerability scores of the mice at every time point by 39.4%–100%
compared with the scores of mice injected with ASO1 only (Fig-
ure 7C; Video S3). In addition, the gene-silencing effects of the
target gene were not affected 1 week after injection (Figure S16A).
In the open-field tests, the locomotor activity of the mice treated
with additional L-Q was 1.92- to 5.98-fold higher than that of
mice treated with ASO1 only at 1 h after i.c.v. injection
(Figures 7E and 7G). Also, L-Q showed its mitigating effect on acute
tolerability scores of ASO2, which was reduced by 11.8%–54.5% at
every time point (Figure 7D). Furthermore, L-Q significantly
improved locomotor activity in open-field tests at both 1 h (Fig-
ure S17) and 3 h (Figures 7F and 7H) postinjection. Meanwhile,
knockdown efficacy of ASO2 was not influenced by L-Q (Fig-
ure S16B). Compared with an injection of ASO3 only, coinjection
of ASO3 with L-Q reduced acute tolerability score and increased
locomotor activity slightly in open-field tests (Figure S18), without
reducing ASO delivery levels (Figure S16C).
ASO-induced neurotoxicity is not associated with NMDARs

To investigate whether NMDARs, another main type of inotropic
glutamate receptor in neurons, play a role in the acute neurotoxicity
of ASO, we used two types of NMDAR antagonist: D-2-amino-5-
phosphonopentanoic acid (D-AP5) and dizocilpine (MK801). These
two types of NMDAR antagonist did not have a significant effect on
intracellular free calcium levels in the neurons (Figure S9B). After
determining the maximum tolerated doses of D-AP5 and MK801,
i.e., 6.3 and 3.7 nmol, respectively (Figures S11C, S11D, andS12),
we injected the antagonists into mice at these doses with an i.c.v.
injection of each toxic ASO. Mice administrated with ASO1 showed
no significant difference in neurotoxicity with or without either
D-AP5 or MK801 pretreatment prior to ASO1 treatment (Fig-
ure S19A; Video S4A). Additionally, the NMDAR antagonists had
Figure 4. Effect of sequence and modifications on ASO-induced acute neuroto

(A) G nucleotide content of ASO1–3 and corresponding scrambled oligonucleotide sequ

after treatment with 25 mM ASO1–3 or corresponding scrambled ASO sequences. (C)

same dose of ASO with a scrambled ASO1 sequence. (D) Acute tolerability scores in

scrambled ASO2 sequence. (E) Acute tolerability scores in mice administrated PBS, 2.8

Relative intensity levels of Flou4 dye in rat primary cortical neurons after treatment with 25

scores in mice after administration of 2.4 nmol of the original LNA-based, MOE-modified

after administration of PBS or 4.7 nmol MOE-based, LNA-modified, or 20OMe-modifie

original LNA-based, MOE-modified, or 20OMe-modified ASO3. (J) Relative intensity leve

the same sequences with PO backbones. (K) Acute tolerability scores in mice after adm

scores in mice after administration of PBS or 4.7 nmol ASO2 with PS or PO backbones.

PO backbones. Intensity levels were normalized using a group treated with CSF (nega

represented as mean values ± SEM (n = 4). *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
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no significant effects on neurotoxicity when administrated simulta-
neously with ASO1 (Figure S19B; Video S4B). Furthermore, the
ASO silencing efficacy at 7 days after injection was not affected by
pretreatment (Figure S20A) or coinjection (Figure S20B) with either
of the NMDAR antagonists. These findings indicated that NMDARs
are not involved in the mechanisms underlying acute ASO-induced
CNS toxicity and cellular uptake of the ASOs.

Adding Ca2+ to ASO does not mitigate but rather worsens ASO-

induced neurotoxicity in mice

ASOs generally have a large number of negative charges linked by
phosphorus-based internucleotide linkages. These negatively charged
ASOs may chelate positive ions such as Ca2+ ions, which causes
downregulation of Ca2+ levels in the CSF and leads to disrupted cal-
cium homeostasis, which may contribute to abnormal behaviors in
mice. Therefore, to test whether the addition of Ca2+ ions to ASOs
can recover the ASO-induced neurotoxicity, we added Ca2+ ions to
ASO solutions to reach a final concentration of 10.4 mM, after which
we injected the ASO-Ca2+ mixture into mice by i.c.v. administration.
Unexpectedly, for all three types of ASO, Ca2+-enrichment treatment
did not mitigate but rather worsened the neurotoxicity of ASOs
(Figures 8A–8C; Figure S21A; Video S5). Additionally, open-field
data supported the findings that a high concentration of Ca2+

increased the neurotoxicity of ASOs (Figures 8D–8G, S21B–S21E,
and S22). At 7 days after injection, for all three types of ASO, target
gene levels had no difference between Ca2+-ASO-treated mice and
ASO-only-treated mice (Figure S23). These findings indicated that
the extracellular addition of calcium to ASO injection could rather
exaggerate than improve the neurotoxicity induced by ASOs.

DISCUSSION
In the present study, we determined behavioral characteristics of
acute neurotoxicity induced by three types of ASO administered via
the i.c.v. route. The identified behavioral abnormalities mainly
reflected reduced consciousness and decreased motor function in
mice, which occurred in an ASO dose-, sequence-, and modifica-
tion-dependent manner. Moreover, we revealed four important find-
ings related to the neurotoxicity of ASO in vivo. First, toxic ASOs
reduce intracellular free calcium levels in an in vitro assay, and the
decrease is associated with the severity of acute neurotoxicity in vivo.
xicity

ences. (B) Relative intensity levels of Flou4 dye in rat primary cortical neurons at 1 h

Acute tolerability scores in mice administrated PBS, 2.4 nmol ASO1 (13 mg), or the

mice administrated PBS, 4.7 nmol ASO2 (34 mg), or the same dose of ASO with a

nmol ASO3 (13 mg), or the same dose of ASO with a scrambled ASO3 sequence. (F)

mMASO1–3 or the same sequences with varyingmodifications. (G) Acute tolerability

, 20OMe-modified ASO1 or negative control PBS. (H) Acute tolerability scores in mice

d ASO2. (I) Acute tolerability scores in mice administrated PBS or 2.8 nmol of the

ls of Flou4 dye in rat primary cortical neurons after treatment with 25 mM ASO1–3 or

inistration of PBS or 2.4 nmol ASO1 with PS or PO backbone. (L) Acute tolerability

(M) Acute tolerability scores in mice after administration of 2.8 nmol ASO3 with PS or

tive control) with the ratio of intensity after treatment to before treatment. Data are

0.0001; data were analyzed using paired t test.
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Figure 5. An L-type calcium channel activator, Bay, mitigated acute neurotoxicity of ASO

(A) Relative intensity levels of Flou4 dye in rat primary cortical neurons after treatment with 395 mMBay, 25 mM ASO2, or combined treatment with both. Intensity levels were

normalized to treatment with CSF (negative control). (B) Acute tolerability scores of mice after injection of 2.4 nmol ASO1 (13 mg), ASO1 in addition with 1.3 nmol Bay, or

vehicle. (C–E) Locomotor parameters of mice shown in (B) at 1 h after administration in open-field tests. (F–H) Locomotor parameters of mice shown in (B) at 3 h after

administration in open-field tests. Data are represented as mean values ± SEM (A: n = 4; B–H: n = 5). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; data were analyzed

using paired t test (B) or one-way ANOVA followed by Tukey’s post hoc test (A and C–H).
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The effects of the modulators on this reduction were consistent with
the effects observed during in vivo neurotoxicity. Second, the severity
of ASO neurotoxicity is reduced by the additional administration of
the L-type calcium channel activator and the AMPAR agonist. Third,
an antagonist of AMPAR, but not of NMDAR, increased ASO neuro-
toxicity. Finally, high Ca2+ levels in the CSF space also worsen ASO
neurotoxicity unexpectedly. Overall, these findings reveal a potential
mechanism of ASO neurotoxicity, which is facilitated by regulation of
Ca2+ level at both extracellular level and intracellular level.

The previous study has shown that ASO can inhibit calcium oscilla-
tions in primary neuron cultures in vitro13,14; hence we investigated
the role of extracellular and intracellular calcium ions in ASO neuro-
toxicity. Because we assumed that negatively charged ASOs may
chelate extracellular Ca2+ resulting in neurotoxicity, we hypothesized
that adding more Ca2+ to the CSF would mitigate ASO-induced
neurotoxicity. On the contrary, we found that excessive levels of
Ca2+ worsen the acute neurotoxicity of ASO. This unexpected finding
could perhaps be associated with the results of previous studies, i.e.,
that high extracellular Ca2+ levels increase the threshold of activation
at AMPARs, resulting in enhanced inhibition of AMPARs by
ASOs.23,24 A previous study demonstrated higher levels of GluA1
and GluA2 in female mice,25 which may explain the greater neurotox-
icity induced by ASO inmale mice compared with female mice. In our
behavioral analysis, C57BL/6J mice (strain2) showed lower tolerance
to ASO neurotoxicity than other strains, which could be explained by
the results of a previous report showing that C57mice were more sen-
sitive to calcium-dependent upregulation of AMPA binding in the
hippocampus than other strains.26 In addition, our in vitro analysis
using primary neurons showed that toxic ASOs lowered the
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Figure 6. An AMPAR antagonist, NBQX, magnifies the neurotoxicity of ASOs

(A) Intracellular free calcium levels in primary cortical neurons following treatment with 125 mM NBQX, 25mM ASO2, or combined treatment with both. Intensity levels were

normalized using a group treated with CSF (negative control). (B) Acute tolerability scores of mice after injection of PBS as a negative control, 2.4 nmol ASO1 (13 mg) with

pretreatment of 13.1 nmol NBQX or PBS. (C) Acute tolerability scores of mice after injection of PBS as a negative control, 4.7 nmol ASO2 (34 mg) with a pretreatment of

AMPAR antagonist NBQX or PBS. (D) Representative track plots of mice shown in (B) and (C) at 1 h after injection in open-field tests. (E–G) Locomotor parameters of mice

shown in (B) at 1 h after injection in open-field tests. (H–J) Locomotor parameters of mice shown in (C) at 1 h after injection in open-field tests. Data are represented as mean

values ±SEM (n = 4). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; data were analyzed using paired t test (B andC) or one-way ANOVA followed by Tukey’s post hoc test

(A and E–J).
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Figure 7. An AMPAR agonist, L-Q, mitigates the acute neurotoxicity of ASOs

(A) Relative intensity levels of Flou4 dye in rat primary cortical neurons after treatment with 800 mM L-Q, 25 mM ASO2, or combined treatment with both. Intensity levels were

normalized to treatment with CSF (negative control). (B) Relative intensity levels of Flou4 dye in rat primary cortical neurons after treatment with 5,696 mM CX 546, 25 mM

ASO2, or combined treatment with both. Intensity levels were normalized using a group treated with CSF (negative control) with the ratio of intensity after treatment to before

treatment. (C) Acute tolerability scores of mice after injection of 2.4 nmol ASO1 (13 mg), ASO1 in addition with 10.6 nmol L-Q, or PBS. (D) Acute tolerability scores of mice after

(legend continued on next page)
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intracellular free calcium levels, whereas this decrease was enhanced
by the addition of the antagonist of AMPAR and restored by agonists
of AMPAR, as well as the L-type calcium channel activator, to in-
crease intracellular free calcium levels in neurons in vitro calcium
assay. Moreover, these agonists of AMPAR and the calcium channel
activator also mitigated neurotoxicity in vivo. Thus, although we
cannot rule out completely a possibility that the modulators of
AMPAR bind directly to the ASOs, the direct modulation of Ca2+

intracellular flux seems to be more important than extracellular inter-
action with Ca2+ for the in vivo CNS toxicity by ASOs. These findings
indicate that promising approaches for clinical application of ASO
targeting the CNS include elucidation of calcium-related mechanisms
underlying ASO neurotoxicity and development of solution against
the toxicity based on its mechanism.

AMPARs and NMDARs are twomain ionotropic glutamate receptors
on neurons regulating excitatory synaptic transmission in broad areas
of the CNS; while the AMPA type mediates faster, the NMDA type
mediates more slowly.27 Given the importance of the physiological
maintenance in neural activity by the AMPA and NMDA receptors
and considering the characteristics of ASO neurotoxicity based on
reduced neuronal activity, we investigated whether AMPARs or
NMDARs mediate ASO-induced suppression of in vivo neural activ-
ity at the acute phase. Additional administration of AMPAR agonists
mitigated the neurotoxic effects of ASOs, whereas these effects were
exaggerated by administration of an AMPA antagonist. Thus, one
hypothesis of possible mechanisms underlying ASO neurotoxicity is
inhibition of AMPAR function by ASO, which may decrease intracel-
lular levels of ions, including Na+ and Ca2+. This finding is consistent
with the results of previous studies, which reported that guanine
nucleotides act as competitive glutamate antagonists against
AMPARs and thereby reduce intracellular ion levels in neurons.17,20

However, further studies that provide evidence of direct binding be-
tween ASOs and AMPAR, such as competition assay using AMPAR
agonists or antagonists, will be needed to demonstrate the mechanism
of AMPAR-dependent ASO neurotoxicity.

The results of the present study demonstrate the effect of ASO
sequence and chemical modifications on intracellular free calcium
levels, which are associated with acute neurotoxicity severity in
mice. Hagedorn et al.14 demonstrated that the distance between the
30 end and the nearest guanine nucleotides, G-free stretch, in the
ASO sequence influences the effect of ASO on calcium oscillations
in vitro. Our results of in vitro studies indicate the association between
G-free stretch and reduction of intracellular free calcium levels, which
may be explained by disturbance of neural calcium oscillation. In
addition, previous papers reported that chemical modifications influ-
injection of vehicle (negative control), 4.7 nmol ASO2 (34 mg) with or without 5.3 nmol L

after injection (E) or mice from (D) at 3 h after injection (F). (G and H) Locomotor activity

shown in (C) at 1 h after injection (G) and mice shown in (D) at 3 h after injection (H). Da

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; data were analyzed using paired t te
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ence protein-binding properties of ASOs, subsequently affecting hep-
atotoxicity of ASOs.28-31 In particular, PS backbones have stronger
binding affinity to proteins compared with PO backbones.28,29 In
contrast, ASOs with MOE modifications bind to proteins weakly
compared with other modification, including LNA.30,31 According
to these previous reports, the chemical modifications may alter the
binding affinity of ASOs to proteins that regulate calcium transporta-
tion in neurons, such as L-type calcium channels and AMPAR, result-
ing in changes to intracellular free calcium levels.

In our assessment of the silencing effects of ASO on the target genes,
none of the modulators had effects on gene expressions and the
knockdown efficacy of ASOs. Therefore, the delivery efficiency of
ASOs into the CNS is not changed by modulators of glutamate recep-
tor. Consequently, the toxicity mechanism is independent of the
major pathway of cellular uptake of ASOs into neurons.

In addition, our analysis of biomarkers, including neuroinflammatory
and glial activation markers, showed that both AMPAR antagonist
and agonist have no influence on gene expression of those markers
after ASO injection (data not shown). These results suggest that the
effects of the modulators of AMPAR on the acute neurotoxicity
induced by ASO are not explained by the direct binding of the
modulators to ASOs.

In summary, we have established a method of behavioral assessment
with which to characterize i.c.v. administered ASO-induced CNS
toxicity, and we revealed one of the underlying mechanisms, i.e.,
mediation by Ca2+ ions. Based on our findings, we suggest that addi-
tional administration of the calcium channel activator or AMPAR
agonist can mitigate ASO neurotoxicity without reducing the
silencing efficacy of target genes, which is a promising strategy to
improve in vivo the therapeutic index of ASOs targeting the CNS.
Because CNS toxicity of ASOs is one of their crucial limitations for
clinical application, our findings could provide new insights to over-
come the limitation and make the therapeutic window wider and
would lead to the development of novel strategies and technologies
for targeting CNS diseases with ASOs.

MATERIALS AND METHODS
Oligonucleotides

The chosen three toxic oligonucleotides with a PS backbone were two
DNA/LNA gapmer-type ASOs32 targeting mouse beta-site amyloid
precursor protein cleaving enzyme (Bace1) and microtubule-associ-
ated protein tau (Mapt) mRNAs, respectively, and one 20mer
DNA/MOE gapmer-type ASO33 targeting metastasis-associated
lung adenocarcinoma transcript 1 (Malat1) long non-coding RNA
(as shown in Table S1). ASO1 was reported by Hagedorn et al.13,14
-Q. (E and F) Representative track plots from open-field tests of mice from (C) at 1 h

parameters including distance traveled, mobile time, and maximum speed of mice

ta are represented as mean values ± SEM (A, B, D, and H: n = 4; C and G: n = 6).

st (C and D) or one-way ANOVA followed by Tukey’s post hoc test (A, B, G, and H).
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Figure 8. Increase of extracellular Ca2+ level does not mitigate but rather worsens the neurotoxicity of ASOs

(A and B) Acute tolerability scores of mice after injection of nuclease-free water as negative control (N.C.), 4.7 nmol ASO1 (25 mg, A) or ASO2 (34 mg, B) with or without

156 nmol Ca2+. (C) Acute tolerability scores in mice after administration of nuclease-free water as a N.C., 4.7 nmol ASO1 only, or 4.7 nmol ASO1with 156 nmol Ca2+, 78 nmol

Ca2+, 39 nmol Ca2+, or 18 nmol Ca2+. (D) Representative track plots of mice shown in (B) at 1 h after i.c.v. injection in open-field tests. (E–G) Three locomotor activity

parameters ofmice shown in (B) at 1 h after injection in open-field tests. Data are represented asmean values ±SEM (n = 4). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001;

data were analyzed using paired t test (A and B) or one-way ANOVA followed by Tukey’s post hoc test (E–G).
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as acutely neurotoxic ASO; on the contrary, ASO4 induced no neuro-
toxicity with i.c.v. injection into mice. ASO2 and ASO5 with different
modifications were also previously reported by Moazami et al.22 to
have acute neurotoxicity in mice. ASO3 was originally designed and
tested by our group for silencing Bace1 by i.c.v. injection into
mice.32 However, we have not yet reported that ASO3 has moderate
neurotoxicity at the acute phase. We chose these three ASOs because
we elucidate the general mechanisms underlying acute neurotoxicity
via the intrathecal (IT) route using these ASOs with different lengths
and chemical modifications. All oligonucleotides were synthesized by
Ajinomoto (Tokyo, Japan). ASOs were prepared using either
nuclease-free water (Invitrogen,Waltham,MA, USA) or 1X PBS (Na-
calai Tesque, Tokyo, Japan).

Animals and i.c.v. administrations

All protocols met the ethics and safety guidelines for animal experi-
mentation and were approved by the ethics committee of TokyoMed-
ical and Dental University (A2021-191A). Animals we used were
wild-type female Crlj: CD1 (ICR) mice at 5–7 weeks of age, male
Crlj: CD1 (ICR) mice at 4 weeks of age, female C57BL/6J mice at
Molecular Therapy: Nucleic Acids Vol. 31 March 2023 193
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13 weeks of age, and female BALB/c mice at 12 weeks of age (Oriental
Yeast, Tokyo, Japan or Sankyo Labo Service Corporation, Tokyo,
Japan). Mice were anesthetized with 2.5% isoflurane and maintained
under 2% isoflurane. i.c.v. bolus administrations were performed as
previously described32 with the following modifications. For ASO
injection with pretreatment of other reagents, mice were adminis-
trated with the modulators at 10 mL/2 min. At 3.5 h after that, oligo-
nucleotides were administrated at 15 mL/3 min through the same burr
hole. For the calcium solution, CaCl2 (Nacalai Tesque) was diluted in
nuclease-free water at 2.6, 5.2, 10.4, and 20.8 mM, and a final concen-
tration of 1.3, 2.6, 5.2, and 10.4 mM in solution, respectively, was in-
jected into mice. The modulators against glutamate receptors were
prepared with PBS buffer using 5 mg (13.1 nmol) of NBQX (Tocris
Bioscience, Ellisville, MO, USA) as the AMPAR antagonist, 2 mg
(10.6 nmol) or 1 mg (5.3 nmol) of L-Q (Alomone Labs, Jerusalem,
Israel) as the AMPAR agonist, 1.3 mg (3.7 nmol) of MK801 (Alomone
Labs) as the NMDAR non-competitive antagonist, and 1.3 mg
(6.3 nmol) D-2-amino-5-phosphonopentanoic acid (D-AP5) (Alo-
mone Labs) as the NMDAR competitive antagonist; the L-type
calcium channel activator was prepared using 0.8 mg (1.3 nmol) of
Bay (Tocris Bioscience).

Tolerability evaluation using ATSS

Home-cage neurobehavioral functions were assessed in mice using
an ATSS as shown in Figure 1B. In brief, the scale was scored
from five categories: (1) consciousness, (2) motor function, (3)
appearance, (4) hyperactivity, and (5) involuntary movement.
Each category was scaled from 0 to 4. Mice were scored for the
severity of CNS side effects on a scale from 0 (no side effects) to
20 (convulsions resulting in euthanasia). ATSS was based on previ-
ously described acute tolerability behavioral assessments13 with
several modifications as follows. We defined two new sub-categories
with some specific examples of abnormal behaviors in the one cate-
gory to make clearer and easy-to-use scoring based on the abnormal
behaviors that are cross-correlated. Each category score was selected
as the higher score in two sub-categories. We arranged the category
order as categories 1–3, which show hypoactive behaviors, and cat-
egories 4 and 5, which show hyperactive behaviors of mice to help
easily follow what kind of abnormal behaviors are in mice after toxic
ASO injection. Mice expired during or after i.c.v. administration
were scored 22 to score higher than 20, which is the highest score
when mice are alive. Animals were observed for changes in their be-
haviors in the home cage, as well as outside the home cage, i.e., for
more detailed observations including measurements of strength and
righting response. ATSS evaluation was conducted for each animal
following each administrated dose by a separate rater who was
blinded from information related to the drug for reliability
purposes.

Open-field tests

Mouse locomotor activity was assessed using an open-field test. Mice
were placed in the center of an activity field arena, which was a cage
(50 cm in width � 50 cm in diameter � 40 cm in height) equipped
with a camera above to record activity. Testing lasted for 5 min per
194 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
animal. The total distance traveled, mobile time, and maximum speed
in the open field was analyzed using the ANY-maze video tracking
system (Stoelting, Wood Stale, IL, USA).
RNA isolation and quantitative real-time PCR assay

Animal tissue samples were collected at 7 days postdosing. Total RNA
was extracted from mouse brain samples using ISOGEN I and
following the manufacturer’s protocol (Nippon Gene, Tokyo, Japan).
cDNA strands were synthesized from total RNA using TAKARA 5�
Prime Script RT master mix (Takara Bio, Kusatsu, Shiga, Japan) for
use in subsequent quantitative real-time PCR conducted with a
LightCycler 480 Probes Master kit (Roche Applied Science, Penzberg,
Germany) in a LightCycler 480 instrument (Roche Diagnostics, Man-
nheim, Germany). A TaqMan MicroRNA Reverse Transcription kit
(Applied Biosystem, Foster City, CA) was used to detect ASO3.
Primers and probes for ASO3, mouseMapt, and Bace1 were designed
by Applied Biosystems, whereas those for Malat1 were designed by
Sigma-Aldrich. All studies were performed in accordance with Min-
imum Information for Publication of Quantitative Real-time PCR Ex-
periments (MIQE) guidelines.34
Primary neuron culture

Primary neuronal cultures were prepared from the cortices of embry-
onic day (E) 19 rat embryos from pregnant Crl: CD (SD) Interna-
tional Genetic Standardization (IGS) rats (Oriental Yeast) and
collected in cold HBSS+ (Wako, Tokyo, Japan) buffer. Cortical neu-
rons were then isolated using a neuron dissociation solution
(Wako) following the manufacturer’s protocol, after which they
were plated on Corning poly-D-lysine 384-well plates (BioCoat, Hor-
sham, PA, USA) at a density of 15,000 cells/well. Neurons were grown
in neuron culture medium (Wako) containing 0.5% penicillin/strep-
tomycin. Primary neuron cultures were incubated at 37�C in a
humidified atmosphere 5% CO2 and 95% air, and the medium was
half changed at 4 and 7 days in vitro.
Fluo4 calcium assay

Intracellular free calcium levels in primary cortical neurons were de-
tected using the fluorescent Ca2+ indicator dye Fluo4 acetoxymethyl
ester (Fluo4-AM) with Calcium Fluo4 Kit (Donjindo, Kumamoto,
Japan) following the manufacturer’s protocol. Primary neuron cul-
tures were loaded with 0.9 mM Fluo4-AM in 25 mL loading buffer,
which contains 1X recording buffer supplemented with 5% Pluronic
F-127 with a final concentration of 0.04%. Then cultures were incu-
bated at 37�C for 1 h, after which loading buffer was removed and
then replaced with 25 mL of human CSF before further incubation
with the ASOs or the modulators we used in our study at 37�C for
10 min. Intracellular free calcium levels were measured for 20–50
cycles every 1 s according to the intensity of fluorescent dye at exci-
tation peak: 485 nm/emission peak: 525 nm with a gain of 105–115
using infinite M200 software on TECAN. The modulator against
glutamate receptor was prepared using 5,696 mM CX 546 (Tocris
Bioscience) as the AMPAR allosteric agonist.
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Statistical analysis

Mean values for treatment groups (n = 4, 5, 6, 8, 12, or 18) with cor-
responding standard errors of the mean were used to plot the figures.
Pairwise and multiple comparisons were performed using Student’s t
tests and one-way ANOVA with Tukey’s multiple comparison tests,
respectively. Sample group differences with p values <0.05 were
considered statistically significant.
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