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Abstract

Introduction: Regulation of brain-derived neurotrophic factor (BDNF) in the basal
forebrain ameliorates sleep deprivation-induced fear memory impairments in rodents.
Antisense oligonucleotides (ASOs) targeting ATXN2 was a potential therapy for
spinocerebellar ataxia, whose pathogenic mechanism associates with reduced BDNF
expression. We tested the hypothesis that ASO7 targeting ATXN2 could affect BDNF
levels in mouse basal forebrain and ameliorate sleep deprivation-induced fear memory
impairments.

Methods: Adult male C57BL/6 mice were used to evaluate the effects of ASO7 tar-
geting ATXN2 microinjected into the bilateral basal forebrain (1 ug, 0.5 uL, each side)
on spatial memory, fear memory and sleep deprivation-induced fear memory impair-
ments. Spatial memory and fear memory were detected by the Morris water maze and
step-down inhibitory avoidance test, respectively. Immunohistochemistry, RT-PCR,
and Western blot were used to evaluate the changes of levels of BDNF, ATXN2, and
postsynaptic density 95 (PSD95) protein as well as ATXN2 mRNA. The morphological
changes in neurons in the hippocampal CA1 region were detected by HE staining and
Nissl staining.

Results: ASO7 targeting ATXN2 microinjected into the basal forebrain could suppress
ATXN2 mRNA and protein expression for more than 1 month and enhance spatial
memory but not fear memory in mice. BDNF mRNA and protein expression in basal
forebrain and hippocampus was increased by ASO7. Moreover, PSD95 expression and
synapse formation were increased in the hippocampus. Furthermore, ASO7 microin-
jected into the basal forebrain increased BDNF and PSD95 protein expression in the
basal forebrain of sleep-deprived mice and counteracted sleep deprivation-induced

fear memory impairments.
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1 | INTRODUCTION

Sleep plays a crucial role in memory stabilization, but many people
suffer from insufficient sleep (Cousins & Fernandez, 2019), which is
called sleep deprivation. Sleep deprivation greatly affects learning and
memory as well as emotion (Krause et al., 2017). The mammalian basal
forebrain plays important roles in controlling sleep and wakefulness,
and activation of the cholinergic neurons in basal forebrain has been
found to enhance arousal, attention, and memory (Xu et al., 2015).

The brain-derived neurotrophic factor (BDNF) mediates the
plasticity-related changes that associate with memory processing
during sleep. Enhancement of BDNF signaling has become a novel
therapeutic approach for neurodegenerative and neuropsychiatric
disorders (Bawari et al., 2019; Rahmani et al., 2020). Enhancement of
BDNF signaling could partly reverse the detrimental effects of sleep
deprivation on memory (Looti Bashiyan et al., 2021; Ma et al., 2020).
Many delivery methods of exogenous BDNF have been investigated
for treatment of neurodegenerative diseases, including viral microbub-
bles, nanoparticles, ultrasound assisted technology, etc. However, it
is still a challenge due to the short half-life, poor bioavailability, and
marginal permeability through the blood-brain-barrier (BBB) (Naga-
hara & Tuszynski, 2011; Wang et al., 2021). Furthermore, the duration
of treating chronic neurodegenerative disorder may last for years.
There was a great need to explore drugs with long-lasting promoting
effects on BDNF expression.

ATXN2 is one of the few genes that a single gene causes sev-
eral diseases and/or modifies several disparate neurological disorders
(Laffita-Mesaet al., 2021). Spinocerebellar ataxia type 2 (SCA2) is auto-
somal dominantly inherited and caused by DNA CAG repeat expansion
leading to an increase in the polyglutamine (polyQ) domain in the
N-terminal part of the ATXN2 protein. The clinical spectra of SCA2
include motor dysfunctions and cognitive disturbances in executive
function and memory (Gigante et al., 2020). Antisense oligodeoxynu-
cleotides (ASOs) targeting ATXN2 mRNA might be useful for treating
SCA2. One study screened 152 ASOs targeting ATXN2 mRNA and
found ASO7 could downregulate ATXN2 mRNA and protein for more
than 12 weeks, resulting in delayed onset of disease phenotypes
in SCA2 model mice (Scoles et al., 2017). Furthermore, the SCA
pathogenic mechanism includes BDNF mRNA expression reduction
and positive regulation of BDNF could ameliorate motor deficits and
cerebellar pathology of SCA (Hourez et al., 2011; Sheeler et al., 2021,
Takahashi et al., 2012). But whether ASOs targeting ATXN2 also
increase BDNF expression is currently unknown. In this study, we pro-
posed and tested the hypothesis that ASOs targeting ATXN2 in the
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Conclusion: ASOs targeting ATXN2 may provide effective interventions for sleep

deprivation-induced cognitive impairments.

antisense oligonucleotides, ATXN2, memory, sleep deprivation

basal forebrain could increase BDNF expression, thereby modulating

sleep deprivation-induced memory impairments.

2 | MATERIALS AND METHODS

2.1 | Animals and sleep deprivation

Adult male C57BL/6 mice (22 + 5 g) from Experimental Charles River
Laboratories, Beijing, China, were used for this study. Procedures
involving animals were conducted in accordance with the Guide for
Care and Use of Laboratory Animals. All animals were housed indi-
vidually under controlled conditions (12 h/12 h light-dark cycle, lights
on at 08:00) in an isolated ventilated chamber maintained at 23 +
1°C with ad libitum access to food and water. The experiments began
when all animals had been acclimated to the environmental conditions
for at least 2 weeks. Mice for sleep deprivation were placed inside a
sleep deprivation device, which consisted of a cylinder and an inbuilt
interfering rod (XR-XS108, Xinruan Information Technology, Shanghai,
China). The mice were allowed to move freely in the cylinder. In order
to avoid sleeping, the interfering rod rotates consistently at a constant
speed (15 rpm) in the cylinder. The process of sleep deprivation started
at 8:00 am and ended at 2:00 pm.

2.2 | Experimental design

We proposed and verified the hypothesis that ASOs targeting the
ATXN2 in the basal forebrain could regulate BDNF expression,
thus modulating sleep deprivation-induced memory impairments. To
achieve this goal, this study comprised the following two parts.

First, animals were divided into ASO7, ASO7 negative control,
and artificial cerebrospinal fluid (aCSF) group depending on the drug
microinjected into the basal forebrain (n = 10 per group). 21 days
after drug microinjection, step-down inhibitory avoidance test was
performed to evaluate fear memory. Spatial learning and memory were
evaluated 30 days after drug microinjection using the Morris water
maze. After these, the mice were euthanized and decapitated. The
brains of mice were coronally sectioned by using the Mouse Brain Slicer
Matrix to verify the injection site visually. The data from mice with
correct microinjection sites were analyzed (n = 8, 7, and 7 for ASO7,
ASO7 negative control, and aCSF group, respectively). The basal fore-
brain and the hippocampus were collected for RT-PCR and Western

blot test to observe mRNA and protein expression (Figure 1A). Then



Brain and Behavior

MAET AL.

WILEY- >

(a)

}‘1 ASO7

Morris water maze test
‘Western-blot

Step-down Morris water maze training
1

BF bilateral mi;:roinjeétion inhibitory avoidance test [ \ RT-PCR
Days 0 21 31 32 33 34 35 36
(b) (c)
8 800, STM 8 800, LTM
[} Q
'«g 600 ) - " g 600- = . "
g 400/ ‘ N s B 400] H
§ 200 | : . : _g 200
g ol . & oL . .
aCSF Control ASO7 aCSF Control ASO7
(d) C3 aCcsF (@ ' '
80+ = Control =3 \ S
60{ 11] ASO7 aCSF  Control ASO7
3 B -
<z g% *
%;‘40 g § 301
s % 204
= 207 Bs | L [
104
8 S
0 2ol .
aCSF Control ASO7
() (9)
=}
=1 =]
5 & 8 GAPDH | S S SN
s &
S s o 10 T T #
I % = 1 *
<
é ° B 0.5 -
< = N
3 . 2 00 .
aCSF  Control ASO7 < Control ASO7

FIGURE 1 Microinjection of ASO7 into basal forebrain imposes no effect on fear memory, but enhances spatial learning and memory. (A)
Schematic design. 21 days after ASO7 microinjection, fear memory was evaluated. After 30 days of microinjection, mice received Morris water
maze test. RT-PCR and Western blot were carried out after the water maze test. Box and whiskers plots (min to max) combined with scatter plots
showing ATXN2 inhibition in basal forebrain has no effect on (B) short-term and (C) long-term fear memory. (D) Latency during the navigation
training phase. (E) Representative video tracks of probe trial and histograms showing the time spent in the target quadrant. (F) Ataxin-2 mRNA
changes after ASO7 treatment. (G) Ataxin-2 protein expression after ASO7 microinjection. Values were presented as means + standard deviations
(SDs). *p < 0.05 compared to the aCSF group. *p < .05 compared to the negative control group.
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32 mice were used to examine the long-term effects of ASO7 on basal
forebrain BDNF expression, hippocampal BDNF, and postsynaptic den-
sity protein-95 (PSD-95) protein expression as well as hippocampal
synaptic structural plasticity evaluated by Golgi-Cox staining. 24 mice
with correct tip sites were included for data analysis 30 days after
microinjection of ASO7 into the bilateral basal forebrain.

Second, ASO7 was microinjected bilaterally into the basal forebrain
to observe whether ATXN2 inhibition reversed sleep deprivation-
induced memory impairments by increasing expression of BDNF and
PSD95 in the basal forebrain (Figure 3A). Mice were randomly divided
into three groups (n = 12 per group) and subjected to rest control or
sleep deprivation combined with ASO7 treatment or aCSF treatment.
Specifically, 1 h after inhibitory avoidance training, four mice per group
were euthanized to collect basal forebrain samples for Western blot
examination of BDNF and PSD95 expression. The other mice were sub-
jected to both short-term memory and long-term memory tests. After
measuring long-term memory, the correct microinjection sites were
confirmed by visual inspection. Forty-nine mice were sacrificed and 36
mice with correct tip site (12 mice per group) were included for data
analyses. The mice with missed cannula placements were 5 in rest con-
trol plus aCSF group, 4 in sleep deprivation plus aCSF group and 4 in
sleep deprivation plus ASO7 group, respectively.

2.3 | Basal forebrain microinjection

ASO7 (sequence GTGGGATACAAATTCT AGGC, position 88209) was
a custom product from Ribobio, China, which included five 2’-O-
methoxyethyl (MOE) modified nucleotides at each end of the oligonu-
cleotide, with 10 DNA nucleotides in the center, and were phos-
phorothioate modified in all positions. Microinjection of ASO7 into
bilateral basal forebrain was performed using a 10-uL Hamilton micro
syringe (Hamilton, Switzerland) with the tip located at basal forebrain
(relative to the bregma: anterior-posterior [AP] 0.1 mm, medial-lateral
[ML] +1.2 mm, and dorsal-ventral [DV] —5.2 to 5.4 mm) under gen-
eral anesthesia, as described previously (Xu et al., 2015). The dosage of
ASO7 was 1 ug (0.5 uL per side). Equal volume of aCSF (Campos-Jurado
et al., 2019) or ASO7 negative control was used as vehicle control and
negative control, respectively. The dosage was based on a previous
study (Scoles et al., 2017). The drug microinjection duration lasted for
2 min. After the injection, the syringe was left in place for 5 min to allow

drug diffusion.

2.4 | Morris water maze (MWM) test

MWM testing was conducted 10 days after step-down inhibitory
avoidance task for assessment of spatial learning and memory, which
was conducted in a circular tank (diameter, 118 cm; height, 44 cm)
filled with white nontoxic paint in a dimly lit room. The water tempera-
ture was continuously monitored and kept at 24 + 1°C. The maze was
divided into four equal quadrants and a platform (diameter, 11 cm) was
placed 1 cm below the surface of water in the center of one quadrant.

Several spatial cues with different geometries were placed on the pool-
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sides to help the mice locate the platform. During the training session,
the mice were trained for 5 consecutive days with four trials per day.
The trial was completed when the mouse found the platform or when
60 s of test time had expired. Once the mouse failed to find the platform
within 60 s, it was guided to the platform and stayed on the platform
for 15 s with manual assistance. After that, the mouse was being trans-
ferred back to cage and the next mouse was tested. This rotation was
repeated till all animals had completed their trials. After 5 days of train-
ing, a single 60-s probe trial was performed on the next day. Swimming
velocity and the latency to the platform during training days and the
time spent in the target quadrant during the probe trial were recorded
using ANY-maze behavioral tracking software system (Stoelting Co.
Wood Dale, IL, USA) and analyzed.

2.5 | Step-down inhibitory avoidance test

The step-down inhibitory avoidance task was performed in a cubic
(50 x 50 x 25 cm) chamber. There is one rubber safe platform on the
floor with 16 parallel copper bars, which can be connected to an elec-
tric stimulator. When the mouse was placed on the platform, it was
allowed for free exploration in the chamber for 300 s. Then, the ani-
mals were subjected to a training session. In the training session, the
mouse received a 0.4 mA scrambled foot shock for 2 s when stepping
down. One hour after the training session, the mouse was placed on
the safe platform again. Latency to step down (four paws on the grids)
was recorded as the level of short-term memory retention. Long-term
memory was evaluated 24 h after training. The maximal observation
time was 600 s.

2.6 | Tissue extraction

Fresh basal forebrain tissues were harvested as described in a previ-
ous study (Ding & Toth, 2006). Briefly, basal forebrain was removed
from the coronal slice cut with a coronal brain slicer matrix (RWD,
China). The 1-mm-thick brain slice was approximately at the level of
the optic chiasm (-0.014 mm anterior to and 0.34 mm posterior to
bregma). Basal forebrain was removed from the slice based on the
visual landmarks of the anterior commissure, third ventricle, striatum,
and olfactory tubercle. After completion of the MWM, mice were sac-
rificed by dislocation and the brains were dissected on ice to obtain the
hippocampus for BDNF and PSD95 protein examination. The tissues

were immediately frozen with liquid nitrogen and stored at -80°C.

2.7 | Quantitative real-time PCR

Total RNA was extracted using the Trizol® kit (Sangon Biotech,
China) according to the manufacturer’s instructions. Equal amounts
of RNA were used to synthesize cDNA using the cDNA Synthe-
sis kit (Takara, Japan). gPCR was performed using the SYBR-Green
Supermix (Sangon Biotech, China). The primers used in the RT-PCR
were as follows: ATXN2, 5'-AAGATACAGACTCCAGTTATGCACGG-
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3’ (forward) and 5’GCTCCAGGTCCTTCTCCTTGTGC-3’ (reverse). All
reactions were performed in triplicate. GAPDH was used as an internal
reference.

2.8 | Immunohistochemistry

The hippocampal tissues were harvested and fixed with 4%
paraformaldehyde in PBS to investigate BDNF and PSD95 pro-
tein expression after finishing MWM. Then, hippocampal tissues
sections (5 um) from the brain were cut and blocked with Tris-buffered
saline containing 0.1% Tween 20 (TBST) and 5% goat serum for 1 h
at room temperature. The slides were incubated overnight at 4°C
with a rabbit anti-BDNF antibody (1:200; ab108319, Abcam, USA) or
PSD95 (1:100; ab238135, Abcam, USA). On the following day, sections
were washed three times and incubated at room temperature with
goat anti-rabbit IgG H&L (1:5000, ab6717, Abcam, USA). Hippocampal
slices from each mouse were analyzed using imaging observation
equipment (LEICA DMI8, LEICA, Germany) to observe immunohisto-
chemistry staining. Cases were scored as negative if no or only weak
BDNF or PSD95 staining was observed. Three sections were obtained
from each mouse (n = 4 in each group), and three visual fields were
randomly selected and observed in each tissue section. The cells were
counted, and the mean rates of positive cells from each mouse were
compared between the aCSF group and ASO7 group. All quantitative
analyses were performed by an experimenter blinded to the group

assignment.

2.9 | Western blot

Proteins from the basal forebrain or hippocampus were extracted
according to the manufacturer’s instructions (C500007, Sangon
Biotech, China), and then separated by SDS-polyacrylamide gel elec-
trophoresis. After separation, the proteins were transferred onto
polyvinyl difluoride membranes (10600023, GE, USA). After block-
ing, the membranes were incubated overnight at 4°C with rab-
bit anti-BDNF (1:2000; ab108319, Abcam, USA), rabbit anti-PSD95
(1:2000; ab238135, Abcam, USA), or GAPDH (1:20,000; ab181603,
Abcam) antibody. On the following day, membranes were washed
then incubated for 1 h at room temperature with Tris-buffered saline
containing 0.1% Tween 20 (TBST) and the horseradish peroxidase
(HRP)-conjugated secondary antibody IgG-HRP (ab6721, Abcam).
Densitometric analysis was performed using the BioRad Western blot

detection system. GAPDH was used as the internal control.

2.10 |
counting

Golgi-Cox staining and dendritic spine

Golgi-Cox staining was carried out for visualization of synaptic struc-
tural plasticity in the hippocampus. The Golgi-Cox staining solution
kit (Servicebio, China) was employed according to the manufacturer’s

instructions. Specifically, the brain tissues were immersed in Golgi-Cox

staining solution for 48 h and then changed to a new staining solution
once, followed by a new staining solution every 3 days for a total of 14
days in the dark at room temperature. Next, brain tissues were washed
3times in distilled water and then submerged in 80% glacial acetic acid
overnight, and when the tissues became soft, they were washed in dis-
tilled water and placed in 30% sucrose. After that, tissue was cut to 100
um and attached to gelatin slides to dry overnight in the dark. On the
following day, the dried tissue slides were treated with concentrated
ammonia for 15 min, washed with distilled water for 1 min, treated
with acidic firm film fixing solution for 15 min, washed with distilled
water for 3 min, dried, and sealed with glycerol gelatin. A Nikon DS-U3
was used for the photo capture. Analysis of the dendrites and dendritic
spines within the CA1 region of the hippocampus was accomplished

using the ImageJ software.

2.11 | Statistical analyses

Statistical analyses were performed using SPSS 18.0 software (IBM).
As the fear memory data did not follow a normal distribution, the
data were ranked and the ranks were analyzed them using one-way
repeated measures analysis of variance (ANOVA) with the post hoc
Bonferroni’s multiple comparisons test as previously reported (Zhuang
et al., 2018). Data are presented as the medians and interquartile
ranges combined with scatter plots in the Figures. The MWM data were
analyzed using two-way ANOVA with post hoc Bonferroni’s pairwise
comparison and were presented as means + standard deviations (SDs).
Western blot, immunohistochemistry data, and spine density are pre-
sented as means + SDs. One-way ANOVA with post hoc Bonferroni’s
test was used for pairwise comparison. Statistical significance was set
at p <.05 (two-sided).

3 | RESULTS
3.1 | Microinjection of ASO7 into the basal
forebrain imposes no effect on fear memory but

enhances spatial learning and memory

519,
459,

No significant difference in short-term (F,419 = 0.678, p

Figure 1B) and long-term fear memory (F;49 = 0.811, p
Figure 1C) were observed among groups.

Two-way repeated measures ANOVA revealed a significant group
(Fy19 = 5.341, p = .014) and time (F4.19 = 22.565, p = .001) effect on
the swimming latency (Figure 1D). Mice receiving ASO injection had
shortened mean latency compared with animals receiving vehicle con-
trol (p = .040) or negative control (p = .030). Post hoc analysis showed
that there was no significant difference in the latency on day 1 (F 19
= 0.068, p = .934), day 2 (F519 = 0.286, p = .754), or day 3 (F5.19 =
0.463, p = .636) among three groups. On day 4, the latency to reach
the platform in the ASO7 showed no significant difference compared
with negative control group (p = .166) but was shorter compared with
aCSF group (p=.033).Onday 5, the latency in ASO7 group was shorter
compared with aCSF group (p = .002) and negative control group (p
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=.003). The time spent in the target quadrant in probe trial were sig-
nificantly longer in ASO7 group than aCSF group (p = .022) or AOS7
negative control group (p = .040) and there was no significant differ-
ence between aCSF group and AOS7 negative control group (Fp19 =
5.638, p = 1.000). The representative video tracks of probe trial were
showed in Figure 1E.

qRT-PCR examination showed a significant decrease in ATXN2
mMRNA expression 35 days after bilateral basal forebrain injection of
ASO7 (F, ¢ = 15.02, both p < .05, Figure 1F). A significant decrease in
ATXN2 protein expression by ASO7 was also observed (F, ¢ = 19.96,
both p < .05, Figure 1G).

3.2 | Microinjection of ASO7 into the basal
forebrain increases BDNF protein expression in the
basal forebrain and regulates BDNF and PSD95
protein expression and synapse formation in
hippocampus

Western blot results showed a significant increase in BDNF protein
expression in the basal forebrain after ASO7 microinjection (t = 2625,
p =.0393, Figure 2A). BDNF and PSD95 protein expression in the hip-
pocampus were also increased 35 days after ASO7 microinjection (t
= 2.954, p = .0255; t = 2.632, p = .0390, Figure 2B and C). Immuno-
histochemical staining showed that the proportions of BDNF-positive
and PSD95-positive cells in hippocampus CA1 field were significantly
increased in ASO7 group compared with those of the control group (t
=3.525,p=.0124;t=3.270,p =.0170, Figure 2D-H). Compared with
aCSF group mice, ASO7 group had significantly larger spine dendritic
numbers (t =2.910, p =.0102, Figure 2|-K).

3.3 | ASO7 partly counteracts acute sleep
deprivation-induced fear memory impairments

Western blot showed that sleep deprivation led to increased BDNF
expression in the basal forebrain, and ASO7 further enhanced the
BDNF expression when combined with acute sleep deprivation (Fy4
= 20.72, p = .0020, Figure 3B). Six hours of sleep deprivation did not
increase PSD95 protein expression, but ASO7 increased the PSD95
protein expression in sleep-deprived mice (F4 = 7.058, p = .0265,
Figure 3C). In the step-down avoidance test, the latencies measured at
1 and 24 h after training were significantly increased in sleep depriva-
tion plus ASO7 microinjection group (F 24 = 6.011, p =.009, Figure 3D;
Fg21=7.720, p <.003, Figure 3E, respectively) compared with that of

sleep deprivation.

4 | DISCUSSION

This study revealed that downregulation of ATXN2 mRNA and protein
by ASO7 in basal forebrain increased BDNF expression in the basal

forebrain and regulated BDNF and PSD95 expression in the hippocam-
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pus, which in turn enhanced spatial memory and partly reversed sleep
deprivation-induced fear memory impairments.

Sleep deprivation and chronic sleep restriction increase homeo-
static sleep drive and impair waking neurobehavioral functions as
reflected in attention, cognitive speed and memory (Goel et al., 2013).
Basal forebrain is a critical region regulating sleep and wakefulness
(Peng et al., 2020). Intertissue networks between the basal forebrain,
hippocampus, and prefrontal cortex in rodent animals could be affected
by disturbed sleep (Lagus et al., 2012). The hippocampus serves a crit-
ical function in memory and receives input from the medial septum
of the basal forebrain cholinergic system. It is not surprising that the
potential role of the septo-hippocampal pathway has been proven to
play arole in learning and memory (Kesner, 1988; Khakpai et al., 2013).
We selected the basal forebrain as the brain area for drug injection
in this study to observe whether basal forebrain BDNF signaling acti-
vation by ASO targeting ATXN2 mRNA could reverse the memory
impairments induced by sleep deprivation.

We previously found that 6 h of sleep deprivation induced fear mem-
ory impairments and microinjection of BDNF into the basal forebrain
mitigated the fear memory impairments caused by sleep depriva-
tion (Ma et al., 2020). The results indicate that increasing BDNF
expression in the basal forebrain is important in combating sleep
deprivation-induced cognitive impairments. The pathogenic mecha-
nism of spinocerebellar ataxia associates with reduction in BDNF
mRNA expression and abnormal localization of BDNF protein (Taka-
hashi et al., 2012). Antisense oligonucleotide drugs (ASOs) directed
at the ATXN2 gene had been administered to the central nervous
system of SCA2 mouse models and had a dramatic effect on sur-
vival and improved motor function of mouse with SCA2 phenotypes
(Becker et al., 2017; Scoles et al., 2017). More importantly, ASO7 could
reduce cerebellar ATXN2 expression by 75% for more than 10 weeks
(Scoles et al., 2017). So, we propose the hypothesis that inhibition of
ATAXIN by ASO7 may consistently increase BDNF expression, thereby
ameliorating memory impairments in sleep-deprived mice.

Morris water maze (MWM) are classical tasks widely used to assess
spatial learning and memory in rodents (Lissner et al., 2021; Liu et al.,
2020). In this study, we used the MWM to see whether ASO7 microin-
jected into the basal forebrain could improve the spatial memory ability
of normal mice and observed BDNF expression in basal forebrain
and hippocampus (Figure 1A). The results suggested ASOs targeting
ATXN2 could enhance spatial learning of mice (Figure 1D and E) and
the inhibitory effect on ATXN2 mRNA and protein expression last more
than one month (Figure 1F and G). The Western blot results showed
BDNF protein expression in the basal forebrain and hippocampus was
elevated (Figure 2A, B, E, and F). Our MWM results were consistent
with previous research revealing that BDNF is an important regulator
of synaptic transmission and long-term potentiation (LTP) in the hip-
pocampus and increases in hippocampal BDNF levels were associated
with improved spatial learning and memory retention (El Hayek et al.,
2019; Leal et al., 2014).

Acetylcholine has consistently been shown to be elevated in the
hippocampus during various memory tasks, which demonstrated that

cholinergic signaling from the medial septal nucleus and diagonal band
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FIGURE 2 Microinjection of ASO7 into basal forebrain increases BDNF and PSD95 protein expression and synapse formation in the
hippocampus. (A) Representative Western blot images and histograms showing that ASO7 increased brain-derived neurotrophic factor (BDNF)
protein expression in the basal forebrain. (B) Representative Western blot images and histograms showing ASO7 increased BDNF protein
expression in the hippocampus. (C) Representative Western blot images and histograms showing ASO7 increased PSD95 protein expression in the
hippocampus. Histograms (D) and representative immunohistochemical pictures (E-H) showing ASO7 increased BDNF and PSD95 expression in
the hippocampus. (1-K) Spine density was quantified in the CA1 region of the dorsal hippocampus from ASO7 and aCSF group mice. (I)
Representative images of the hippocampal CA1 region analyzed for spine density. (J) Representative images of spine density from aCSF and ASO7
group mice. (K) ASO7 treatment significantly increased spine density levels of mice compared to aCSF-treated mice. *p < .05. Scale bar = 200 um.
Data were expressed as means + SDs. Note: Western blot gel images of subpanels B and C were obtained from the same hippocampus tissues and
the same GAPDH gel image was used.
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FIGURE 3 ASO7 increases BDNF and PSD95 protein expression, and partly recues short- and long-term fear memory impairments induced by
sleep deprivation. (A) Schematic design. ASO7 (1 ug/0.5 ulL/side) or aCSF (0.5 uL/side) were microinjected bilaterally into the basal forebrain of
adult male mice. After 14 days, the mice were subjected to 6 h of total sleep deprivation or rest control followed by inhbitory avoidance training.
The effects of basal forebrain ATXN2 inhibition on BDNF and PSD95 protein expression and short-and long-term memories were then detected.
(B) Representative Western blot images and histograms showed incresed BDNF expression in the basal forebrain after sleep deprivation, which
was enhanced by ASO?7. (C) Representative Western blot images and histograms showed no change in PSD95 protein expression in basal forebrain
after sleep deprivation, but increased PSD95 protein expression was detected in sleep-deprived mice with ASO7 treatment. (D, E) Box and
whiskers plots (min to max) combined with scatter plots showing the partial rescue of sleep deprivation induced (F) short-term and (G) long-term
term fear memory impairments by ASO7. *p < .05; **p < .01 compared to the rest control group. #p < .05 compared to the sleep deprivation group.
Data were expressed as means + SDs for the Western blot results. n = 4 per group for the Western blot experiment. n = 8 per group for the
memory test. Note: Western blot gel images of subpanels B and C were obtained from the same basal forebrain tissues and the same GAPDH gel

image was used.
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nucleiin basal forebrain to the hippocampus is important for formation
of spatial memories (Ballinger et al., 2016). Moreover, it was demon-
strated that BDNF can stimulate the choline acetyltransferase activity
in the basal forebrain (Liebl & Koo, 1994). Collectively, the present
data indicated that ASOs targeting ATXN2 may activate cholinergic
signaling in the basal forebrain by increasing BDNF expression and
thus regulate BDNF protein expression in the hippocampus. However,
whether the levels of choline acetyltransferase activity in the basal
forebrain were increased by ASO7 targeting ATXN2 needs further
confirmation.

The postsynaptic density protein-95 (PSD95) played an important
role in synaptic plasticity and memory formation (Coley & Gao, 2018;
Dinget al., 2020; Jeong et al., 2019). Changes in dendritic spine density
or structural reorganization of spines are also important for synap-
tic function and memory (Frank et al., 2018; Ultanir et al., 2007). The
study found that inhibition of ATAXINZ2 in the basal forebrain of mice
increased the expression of PSD95 protein (Figure 2B, C, F, and G) and
spine density (Figure 2H-J) in the hippocampus. Studies have reported
that blockade of BDNF signaling could impair hippocampal PSD95
expression (Mizuno et al., 2003; Yang et al., 2014). Whether inhibi-
tion of ataxin-2 increases PSD-95 expression through BDNF signaling
needs further investigation.

The relation between BDNF and ATXN gene is not clear. Some stud-
ies found that expression of BDNF is decreased in ATXN-mutant mice
and delivery of BDNF could ameliorate ATXN-mutation-related neu-
rological diseases (Mellesmoen et al., 2018; Sheeler et al., 2021). In
the present study, we found for the first time that inhibition of the
basal forebrain ATXN2 gene increased the expression of BDNF in the
basal forebrain (Figure 2A). TAR DNA binding protein 43 (TDP-43)
is a versatile RNA/DNA binding protein involved in RNA metabolism
(Prasad et al., 2019). It was reported that abnormal TDP-43 function
could impair activity-dependent BDNF secretion, synaptic plasticity,
and cognitive behaviors and the decrease in ataxin-2 protein could
reduce aggregation of TDP-43 (Becker et al., 2017; Tann et al., 2019).
Therefore, there is a possibility that the increase of BDNF expres-
sion may be related to the suppressed TDP-43 expression caused by
reduced ataxin-2 expression.

We demonstrated that inhibition of ATXN2 by ASOs improves mem-
ory in mice by increasing BDNF and PSD95 expression in the basal
forebrain and hippocampus. Based on the findings above, we next
applied ASOs to sleep-deprived mice to observe whether it could ame-
liorate sleep deprivation-induced cognitive impairments (Figure 3A).
Previous studies have confirmed that sleep deprivation can cause fear
memory impairments and activating BDNF/tyrosine receptor kinase
(TrkB) signaling could improve memory deficits in rodents under sleep
deprivation (Ma et al., 2020; Montes-Rodriguez et al., 2019; Pace-
Schott et al., 2015; Pei et al., 2021). In this study, we found 6 h of
sleep deprivation increased BDNF expression, which was consistent
with previous research showing that acute sleep deprivation induced a
fast increase in BDNF serum levels within hours (Giacobbo et al., 2016;
Schmitt et al., 2016). Different sleep deprivation protocols caused dif-
ferent changes in the expression of PSD95. Studies showed that 4 h of

sleep deprivation for 3 days or 96-h paradoxical sleep deprivation did
not alter the PSD-95 expression in rats (Fernandes et al., 2013; Lopez
et al., 2008), while 18-h sleep deprivation for 3 days decreased PSD-
95 expression (Li et al., 2019). In this study, we did not find significant
changes induced by 6-h sleep deprivation but found increased BDNF
and PSD95 in the basal forebrain of ASOs-injected mice.

5 | CONCLUSION

In summary, we successfully used a novel method, ASOs targeting
ATXNZ2, to attenuate sleep deprivation-induced fear memory impair-
ments by modulation of BDNF signaling in the basal forebrain and

hippocampus.
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