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NSI-189 Phosphate, (4-benzylpiperazin-1-yl)-[2-(3-methyl-butylamino)pyridin-3-yl] methanone is a new chemical entity under development for the treatment of MDD, based upon preclinical data demonstrating stimulation of neurogenesis of human hippocampus-derived neural stem cells in vitro and in mouse hippocampus in
vivo. Previous studies have examined the tolerability and efficacy of NSI-189 for treating major depressive
disorder (MDD). NSI-189 has shown significant potential as a treatment for MDD, with concurrent improvement
of a cognition scale in a small double-blind, placebo-controlled study. The current study evaluated its possible
application for the treatment of Angelman Syndrome. Incubation of acute hippocampal slices from wild-type
mice with NSI-189 resulted in a time- and dose-dependent increase in the magnitude of long-term potentiation
(LTP) elicited by theta burst stimulation (TBS). The same protocol enhanced TBS-induced LTP in acute hippocampal slices from AS mice. A short treatment with daily injections of NSI-189 in AS mice reversed impairments
in cognitive and motor functions, while it slightly enhanced performance of WT mice. The effects of NSI-189 on
synaptic plasticity and cognitive functions were associated with activation of the TrkB and Akt pathways. These
results suggest that NSI-189 could represent a potential treatment for AS patients.

1. Introduction
Angelman syndrome (AS) is a rare (1 in ∼15,000 live births) neurogenetic disorder with cognitive impairment and motor dysfunction and
frequent co-diagnosis of autism spectrum disorder. Patients with AS exhibit microcephaly, seizures, and ataxia and generally have severe
speech impairments. AS patients are also characterized with happy demeanors, with a propensity to smile and laugh (Barry et al., 2005; Oliver
et al., 2007). Most cases of AS arise from deletions/abnormal expression
of genes in the 15q11–q13 region of the maternally inherited

∗

chromosome 15 (Williams et al., 1990), which includes the UBE3A gene,
which codes for the E6-associated protein (E6-AP); this protein functions
both as an E3 ligase and a transcriptional factor. However, the detailed
mechanisms responsible for the cognitive and motor impairments remain
unsettled. Several hypotheses have been proposed, including alterations
in mechanisms of synaptic plasticity, resulting from changes in the regulation of cytoskeletal proteins and various types of receptors and ion
channels, as activity-dependent regulation of Ube3a expression has been
linked to synaptogenesis and synaptic plasticity. A mouse model
(Ube3am−/p+ mice, AS mice) of the human disease has been generated
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by deletion of maternal Ube3a; these mice exhibit impaired long-term
potentiation (LTP) of synaptic transmission in hippocampus, impaired
learning of various hippocampus-dependent tasks, and impaired motor
function (Barry et al., 2005; Chamberlain et al., 2010; Jiang et al., 1998;
Sun et al., 2015b). Deletion of Ube3a is associated with lack of maturation of dendritic spines in multiple structures of the CNS, including
cortex, hippocampus and cerebellum (Dindot et al., 2008; Sun et al.,
2015a, 2016bib_Sun_et_al_2015abib_Sun_et_al_2016; Yashiro et al.,
2009). It has been proposed that these alterations in synaptic morphology and plasticity in AS arise from abnormalities in dendritic spine
signaling leading to impairments in actin cytoskeletal reorganization and
failed consolidation of spine morphology following LTP induction or
learning experiences. We and others have reported that LTP is impaired
in hippocampal slices from AS mice, and that LTP impairment is likely
due to the lack of consolidation of the potentiated state of synapses
through impaired actin polymerization initiated by theta burst stimulation (TBS) (Baudry et al., 2012; Cao et al., 2013; Sun et al., 2016). Because treatments that increase BDNF levels can reverse synaptic plasticity
and learning impairments observed in several disorders related to mental
retardation (Parrini et al., 2017; Troca-Marin et al., 2011), it has been
proposed that increased exposure to BDNF, from either exogenous or
endogenous sources, could directly or indirectly reverse the abnormalities found in AS mice. We previously showed that LTP and learning
impairment in AS mice could be rescued by a semi-chronic treatment
with a positive AMPA receptor modulator (Baudry et al., 2012), which
had been found to enhance BDNF levels (Jourdi et al., 2009; Lauterborn
et al., 2009; Simmons et al., 2009). We also reported the role of mTOR
deregulation in the pathological manifestations of Ube3a deletion and
that a short treatment with rapamycin was able to partially reverse some
of the motor impairments found in AS mice (Sun et al., 2015a). Subsequently, we showed that abnormal mTOR signaling due to Ube3a deficiency-induced increases in mTOR regulator, LAMTOR1/p18 (Sun et al.,
2018), is also involved in impairment of hippocampal synaptic plasticity
and learning and memory performance found in AS mice (Sun et al.,
2016).
The benzylpiperizine-aminopyridine NSI-189 was previously found
to stimulate neurogenesis of human hippocampus-derived neural stem
cells in vitro and to stimulate neurogenesis in young, normal, healthy
mouse hippocampus in vivo, when given orally at low concentrations
(0.1–0.3 μM) (Allen et al., 2018). The present study was directed at
testing the effects of NSI-189 on impairments of synaptic plasticity,
learning and memory and motor function using both acute hippocampal slices as well as following systemic administration for short
periods of time in adult AS mice. Our results indicate that a short
treatment with NSI-189 reverses most of the impairments in synaptic
plasticity and motor and cognitive functions in AS mice and suggest
that NSI-189 could represent a potential treatment for AS patients as
this molecule was previously tested in Phase II clinical trials for major
depressive disorders.

the care and use of Laboratory animals (NIH Publications No. 8023,
revised 1978). In all experiments male AS mice aged between 2 and 4
months were used. Control mice were age-matched, male, wild-type
littermates. Mice were raised on a 12-h light/dark cycle, with food and
water available ad libitum and were housed in groups of two to three
per cage.
2.3. Acute hippocampal slice preparation and electrophysiology
Acute hippocampal transversal slices (350 μm-thick) were prepared
from adult male mice as previously described (Baudry et al., 2012) and
recording was done in an interface recording chamber; slices were
continuously perfused with oxygenated (95% O2/5% CO2) and preheated (33 ± 0.5 °C) artificial cerebrospinal fluid (aCSF) (in mM) [110
NaCl, 5 KCl, 2.5 CaCl2, 1.5 MgSO4, 1.24 KH2PO4, 10 D-glucose, 27.4
NaHCO3]. Field EPSPs (fEPSPs) were elicited by stimulation of the
Schaffer collateral pathway in CA1 stratum radiatum. Before each experiment, the input/output (I/O) relation was examined by varying the
intensity of the stimulation. Long-term potentiation was induced using
theta burst stimulation (10 bursts at 5 Hz, each burst consisting of 4
pulses at 100 Hz). Data were collected and digitized by Clampex; the
slope of fEPSP was analyzed.
2.4. Behavioral analysis
2.4.1. Hanging wire
The wire hang test evaluates muscle strength as well as motor coordination. The set up included a wire (0.2 cm in diameter and
∼54.5 cm in length) stretched horizontally between two poles and
elevated from a padded surface. The test started with the mouse
hanging onto the wire from its two forelimbs and lasted for 120 s
maximum. The latency to fall, or the maximum score of 120 s if no fall
occurred, was recorded for each animal (Karl et al., 2003).
2.4.2. Novel object recognition
The Novel Object Recognition task was conducted in an open field
arena with two different kinds of objects (Zhu et al., 2015). Both objects
were consistent in height and volume but were different in shape and
appearance. During habituation, animals were allowed to explore an
empty arena. Twenty-four hours after habituation, animals were exposed to the familiar arena with two identical objects added. 24 h later,
mice were allowed to explore the open field in the presence of one
familiar object and a novel object to test short-term or long-term recognition memory. Time spent exploring each object is measured and a
discrimination index percentage is calculated as Tnew/(Tnew +
Told) × 100%.
2.4.3. Fear conditioning
Mice were handled daily for 5 days prior to training. On training
day, mice were placed in the fear-conditioning chamber (H10-11M-TC,
Coulbourn Instruments) located in the center of a sound-attenuating
cubicle (Coulbourn Instruments). The conditioning chamber was
cleaned with 10% ethanol to provide a background odor. A ventilation
fan provided a background noise at ∼55 dB. After a 2 min exploration
period, one or three tone-foot-shock pairings separated by 1 min intervals were delivered. The 85 dB 2 kHz tone lasted for 30 s, and the
foot-shocks were at 0.75 mA and lasted for 2 s. Foot-shocks coterminated with the tone. Mice remained in the training chamber for another
30 s before being returned to their home cages. Context test was performed one day after training. Mice were placed back into the original
conditioning chamber and their behaviors were recorded for 5 min. On
day three, animals were subjected to the cue/tone test. The same conditioning chamber was modified by changing its metal grid floor to a
plastic sheet, white metal walls to plastic walls gridded with red tapes,
and odor from ethanol to acetic acid. The ventilation fan was turned off
to reduce background noise and the ceiling light was changed from

2. Materials and Methods
2.1. NSI-189
NSI-189 phosphate was synthesized by Neuralstem, Inc. (McIntyre
et al., 2017) (See Supplemental Figure 1 for structure).
2.2. Animals
Ube3Atm1Alb/J mice (AS mice) were purchased from The Jackson
Laboratory (Bar Harbor, MN). Wild-type (WT) and AS mice were obtained in-house through breeding of heterozygous females with WT
males. Genotype was determined as previously described (Baudry et al.,
2012). Animal handling and experimental use followed protocols approved by the local Institutional Animal Care and Use Committee
(IACUC) in accordance with the National Institutes of Health guide for
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Fig. 1. NSI-189 produces a time- and
concentration-dependent enhancement
of TBS-induced LTP in acute hippocampal slices from wild-type mice.
A,B. Hippocampal slices from adult wildtype mice were prepared and incubated for
various periods of time with NSI-189
(1 μM). Field EPSPs elicited by stimulation
of the Schaffer collateral pathway were recorded in stratum radiatum in CA1. LTP was
induced by TBS as described in Materials
and Methods and EPSPs were recorded for
40 min after TBS. Results were quantified as
percent of the average EPSP slope during
the 10 min baseline period preceding TBS
delivery. In B, the values represent the
averaged values recorded 40 min after TBS,
results are means ± S.E.M. of 3–6 slices
from 3 to 4 animals (one-way ANOVA with
Dunnett's post hoc analysis; F (2,
10) = 8.077, p = 0.0082; *p < 0.05,
**p < 0.01, as compared to Control
group). C,D. Hippocampal slices were incubated for 3 h with various concentrations
of NSI-189 before delivering TBS. Results
were quantified as percent of the average
EPSP slope during the 10 min baseline period preceding TBS delivery. In D, the values represent the averaged values recorded 40 min after TBS. Results are
means ± S.E.M. of 7–10 slices from 3 to 4 animals (one-way ANOVA with Dunnett's post hoc analysis; F (5, 19) = 7.232, p = 0.0006; **p < 0.05, ***p < 0.001
as compared to Control group).

yellow to white. Mice were placed in the altered chamber for 5 min to
measure freezing level in the altered context and after this 5 min period,
a tone (85 dB, 2 kHz) was delivered for 1 min to measure freezing to
tone. Mice behavior was recorded with the Freezeframe software and
analyzed with Freezeview software (Coulbourn Instruments).
Motionless bouts lasting more than 1 s were considered as freezing. The
percent of time animal froze was calculated and the group means with
SEM and accumulative distribution of % freezing were analyzed (Sun
et al., 2015b, 2018bib_Sun_et_al_2018bib_Sun_et_al_2015b).

ANOVA followed by Dunnett's post hoc or Tukey's or Bonferroni multiple comparisons test to determine statistical significance. P values less
than 0.05 were considered statistically significant.
3. Results
3.1. NSI-189 produces a time- and dose-dependent increase in LTP
magnitude in field CA1 of hippocampus in WT mice
We determined the effects of NSI-189 on TBS-induced LTP in acute
hippocampal slices from WT C57BL/6 mice. NSI-189 was added to the
perfusion medium for various periods of time and at various concentrations, as indicated in the figure legends. TBS was delivered when
the drug was still present in the perfusion and was still present during
the 30–50 min recording period following TBS. NSI-189 produced a
time- and dose-dependent increase in the magnitude of LTP (Fig. 1).
Control experiments performed with similar times of incubation in
control medium did not show any difference in LTP magnitude. NSI189 at 1.0 μM had no effect on basal synaptic transmission when applied for over 3 h, nor on paired-pulse stimulation or the burst responses recorded during TBS (not shown). These results suggest that the
enhancement of LTP magnitude is not due to an effect on presynaptic
glutamate release or on NMDA receptors, as burst responses reflect a
significant component of the depolarization produced by the activation
of NMDA receptors.

2.5. Western blot analysis
Twenty-four hours after the last NSI-189 treatment, mice were
deeply anesthetized using gaseous isofluorane and decapitated. The
whole brain was removed and the hippocampi were dissected. Brain
tissues were immediately frozen on dry ice and stored at −80 °C until
further processed for western blot analysis. Western blots were performed according to published protocols (Sun et al., 2015a). Briefly,
10–25 μg of total proteins were separated on 8% SDS-PAGE gels and
transferred to PVDF membrane (Millipore). After blocking with 3%
bovine serum albumin (BSA) for 1 h, membranes were incubated with
specific antibodies overnight at 4 °C. Primary antibodies against the
following proteins were used: Akt (1:2000, 2920, Cell Signaling Technology), phospho-Akt S473 (1:2000, 4060, Cell Signaling Technology),
TrkB (1:1000, SAB4502034, Sigma), phospho-TrkB Y515 (1:500,
SAB4503785, Sigma) and β-actin (1:10,000, A5541, Sigma). Following
incubation in primary antibodies, membranes were incubated with
IRDye secondary antibodies for 2 h at room temperature. Antibody
binding was detected with the Odyssey® imaging system. Images were
analyzed for differences in levels using LI-COR Image Studio Software.

3.2. NSI-189-induced increase in LTP magnitude requires gene transcription
and protein synthesis, but not DNA methylation or acetylation
We determined what types of molecular modifications could be
responsible for the enhancement of LTP magnitude produced by prolonged incubation with NSI-189. Incubation of hippocampal slices with
Actinomycin (100 nM) had no effect on TBS-induced LTP, but completely blocked the enhancement effect of NSI-189 (Fig. 2A,E). Likewise, incubation with cycloheximide (25 μM) had no effect on TBS-induced LTP but completely blocked the effect of NSI-189 on LTP
magnitude (Fig. 2B,E). On the other hand, incubation with decitabine

2.6. Statistical analyses
Data are presented as means ± S.E.M. For experiments where only
two groups were compared, a two-tail t-test was used for determining
statistical significance. When more than 2 groups were compared, we
used one-way ANOVA, two-way ANOVA or two-way repeated measures
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Fig. 2. Effects of inhibitors of transcription, translation, DNA methylation and histone acetylation on NSI-189-induced enhancement of LTP in acute
hippocampal slices from adult wild-type mice.
A. TBS-induced LTP in hippocampal slices from control mice, treated with NSI-189 (1 μM, for 3.5 h before TBS), or NSI-189 + Actinomycin-D (NSI-189 1 μM plus
Actinomycin-D 100 nM, for 3.5 h before TBS) or Actinomycin-D alone (100 nM, for 3.5 h before TBS). B. TBS-induced LTP in hippocampal slices from control mice,
treated with NSI-189 (1 μM, for 3.5 h before TBS) (green circles), or NSI-189 + Cycloheximide (NSI-189 1 μM plus cycloheximide 25 μM, for 3.5 h before TBS) or
Cycloheximide alone (25 μM, for 3.5 h before TBS). C. TBS-induced LTP in hippocampal slices from control mice, treated with NSI-189 (1 μM, for 3.5 h before TBS),
or NSI-189 + Decitabine (NSI-189 1 μM plus Decitabine 20 μM, for 3.5 h before TBS) or Decitabine alone (20 μM, for 3.5 h before TBS). D. TBS-induced LTP in
hippocampal slices from control mice, treated with NSI-189 (1 μM, for 3.5 h before TBS), or NSI-189 + RGFP966 (NSI-189 1 μM plus RGFP966 10 μM, for 3.5 h
before TBS) or RGFP966 alone (10 μM, for 3.5 h before TBS fEPSP slopes were calculated as percent of fEPSP slopes averaged over the 10 min baseline period. Note
that the same set of control data (control and NSI-189 (1 μM) were used for A-D. IN B-D, these control data are indicated by dotted lines. E. Values represent the
averages recorded 40 min after TBS, results are means ± S.E.M. of 3–6 slices from 3 to 5 animals (two-way ANOVA with Sidak's multiple comparisons test; for
Interaction F (4, 33) = 4.063 p = 0.0087; for NSI-189 (1 μM) treatment F (1, 33) = 11.05, *p = 0.0022; for inhibition F (4, 33) = 3.025, p = 0.0313; †p < 0.01
NSI-189 (1 μM)/Control vs NSI-189 (1 μm)/Act-D; †p < 0.01 NSI-189 (1 μM)/Control vs NSI-189 (1 μM)/Cycloheximide; #N.S. NSI-189 (1 μM)/Control vs NSI-189
(1 μM)/Decitabin or NSI-189 (1 μM)/RGFP966).

(20 μM), an inhibitor of DNA methylation, or with RGFP966 (10 μM),
an inhibitor of DNA acetylation, had no effect on NSI-189-induced increase in LTP magnitude in hippocampal slices from WT C57BL/6 mice
(Fig. 2C,D,E). These results suggest that the enhancing effect of NSI-189
requires gene transcription and protein synthesis, but no modification
of DNA methylation or acetylation.

3.3. NSI-189 reverses LTP impairment in hippocampal slices from AS mice
It has been repeatedly shown that LTP is impaired in hippocampal
slices from AS mice (Baudry et al., 2012; Sun et al., 2015b). We
therefore tested the effects of NSI-189 on TBS-induced LTP in field CA1
of acute hippocampal slices from WT and AS mice (Fig. 3A and B). As
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Fig. 3. NSI-189 enhances TBS-induced LTP in acute hippocampal slices in AS mice.
A,B. TBS-induced LTP in hippocampal slices from WT mice, Angelman Syndrome (AS) mice without or with NSI-189 (1 μM, 3.5 h before TBS). fEPSP slopes were
calculated as percent of fEPSP slopes averaged over the 10 min baseline period. In B, the values represent the averaged values recorded 40 min after TBS, results are
means ± S.E.M. of 3–6 slices from 3 to 5 animals (one-way ANOVA with Tukey's multiple comparisons test; F (2, 8) = 20.30, p = 0.0007; ***p < 0.001, as
compared to WT group; ##p < 0.01, as compared to AS group).
C,D. TBS-induced LTP in hippocampal slices from WT/AS mice treated with NSI-189 or vehicle. WT or AS mice received daily injections of NSI-189 (30 mg/kg, ip) for
16 days. They were sacrificed 24 h later and hippocampal slices were prepared. fEPSP slopes were calculated as percent of fEPSP slopes averaged over the 10 min
baseline period. In D, the values represent the averaged values recorded 40 min after TBS, results are means ± S.E.M. of 6–9 slices from 4 to 5 animals (two-way
ANOVA with Tukey's multiple comparisons test; for Interaction F (1, 26) = 0.1926, p = 0.6644; for genotype F (1, 26) = 14.08, p = 0.0009; for treatment F (1,
26) = 13.91, p = 0.0009; WT-Vehicle vs. AS-Vehicle *p < 0.1, WT-Vehicle vs. WT-NSI-189 #p < 0.05, AS-Vehicle vs. AS-NSI-189 #p < 0.05).

previously shown, TBS produced only short-term potentiation in slices
from AS mice, which rapidly returned to baseline levels. Incubation of
slices with NSI-189 (1 μM) for 3.5 h resulted in recovery of TBS-induced
LTP in hippocampal slices from adult AS mice. In a second experiment,
WT or AS mice were injected daily for 16 days with NSI-189 (30 mg/kg,
ip). They were sacrificed 24 h after the last injection and hippocampal
slices were prepared for electrophysiology to test TBS-elicited LTP
(Fig. 3C and D). Under these conditions, LTP was also enhanced in AS
mice treated systemically with NSI-189. Under these conditions, WT
mice treated with NSI-189 for 16 days exhibited a small but significant
increase in LTP magnitude. AS mice treated with NSI-189 exhibited a
level of LTP similar to that found in vehicle-treated WT mice.

the task. AS mice treated with NSI-189 exhibited a highly significant
increase in performance as compared to vehicle-treated AS mice and
exhibited a performance similar to the WT mice. Separate groups of
mice were injected systemically with vehicle or NSI-189 (30 mg/kg) for
7 days. They were placed in an open field with 2 identical objects 24 h
after the last injection. The following day they were exposed to the
same objects with one of the object placed in a different location. As
previously reported (Born et al., 2017), AS mice were impaired in this
task as well, and treatment with NSI-189 restored normal learning
(Fig. 4C).
We used a different treatment protocol to test the effects of NSI-189
on motor function. Groups of WT and AS mice were treated with vehicle
or with NSI-189 at 3 mg/kg from Day 1 to Day 7, 10 mg/kg from Day 8
to Day 15 and 30 mg/kg from Day 16 to Day 20. Mice were tested daily
for motor function using the hanging wire test, in which AS mice were
previously reported to be impaired (Born et al., 2017). The beneficial
effects of NSI-189 during the first week of treatment was evident after 5
days of treatment (Fig. 4D) and continued to increase with increasing
dose and time of treatment (Fig. 4D). As previously reported (Born
et al., 2017; Sun et al., 2015a), AS mice were significantly impaired in
this task and their performance did not improve over the 20 days of
testing. In contrast, performance in the WT mice treated with vehicle
improved over the first 2 weeks and reached a plateau after 2 weeks.
WT mice treated with NSI-189 exhibited a similar performance as the
vehicle-treated WT mice. Interestingly, AS mice treated with NSI-189

3.4. NSI-189 treatment reverses cognitive and motor deficits in adult AS
mice
WT and AS mice were injected for 16 days with vehicle or NSI-189
(30 mg/kg, ip). Learning and memory function was tested using the fear
conditioning paradigm. Mice were trained during day 14 of the treatment and tested in the context version of the task on day 15 and in the
tone version on day 16 (Fig. 4A and B). As previously reported (Baudry
et al., 2012; Sun et al., 2016), AS mice were impaired in both the
context and tone test of the task, as they exhibited a decrease in freezing
time. WT mice treated with NSI-189 exhibited a small but not significant increase in performance in both the context and the tone test of
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Fig. 4. NSI-189 reverses impairments in cognitive and motor functions in AS miceA,B. WT and AS mice were treated with vehicle or NSI-189 (30 mg/kg, ip) for
16 days. On day 14 they were trained in the fear-conditioning paradigm and tested in the context version on day 15 and the tone version on day 16, as described in
Materials and Methods. Results are means ± S.E.M. from 4 to 5 mice in each group. (A: two-way ANOVA with Tukey's multiple comparisons test; for Interaction F (1,
14) = 4.689, p = 0.0481; for genotype F (1, 14) = 5.622, p = 0.0326; for treatment F (1, 14) = 22.00, p = 0.0003; *p < 0.05, as compared with WT-Vehicle,
##p < 0.01, as compared with AS-Vehicle group; B: two-way ANOVA with Tukey's multiple comparisons test; for Interaction F (1, 13) = 1.626, p = 0.2246; for
genotype F (1, 13) = 13.46, p = 0.0028; for treatment F (1, 13) = 9.236, p = 0.0095; **p < 0.01, as compared with WT-Vehicle, #p < 0.05, as compared with
AS-Vehicle group).
C. WT and AS mice were treated with vehicle of NSI-189 (30 mg/kg, ip) for 7 days. One day after treatment, they were trained in the novel object location task and
tested 24 h later. Results are means ± S.E.M. of 10–12 mice for each group (two-way ANOVA with Tukey's multiple comparisons test; for Interaction F (1,
40) = 3.829, p = 0.0574; for genotype F (1, 40) = 6.714, p = 0.0133; for treatment F (1, 40) = 4.764, p = 0.0350; *p < 0.05 as compared to WT-Vehicle group;
#p < 0.05, as compared to AS-vehicle group).
D. NSI-189 treatment reverses motor impairment in AS mice. WT and AS mice were treated with vehicle or NSI-189 (ip) at the indicated doses and for one week at
each dose. They were tested daily on the wire hanging task. Results represent the hanging time and are means ± S.E.M. of 11–12 mice per group. Starting at day 5,
the values for the NSI-189-treated AS mice are statistically significant from the vehicle-treated AS mice (two-way repeated measures ANOVA with Tukey's multiple
comparisons test; F (3, 16) = 5.692, p = 0.0075).
E. Prolonged effect of NSI-189 on motor function in AS mice. WT and AS mice were treated with vehicle or NSI-189 (30 mg/kg, ip) for one week. They were tested on
the hanging wire task daily for the first week and once a week for the following 4 weeks. Results represent the hanging time and are means ± S.E.M. of 5–6 mice per
group. Starting at day 5, the values for the NSI-189-treated AS mice are statistically significant from the vehicle-treated AS mice until week 3 (two-way repeated
measures ANOVA with Tukey's multiple comparisons test; F (3, 42) = 18.66, p < 0.0001). Values at week 4 are no longer significant.

exhibited improved performance 5 days after the start of the treatment
and continued to improve, reaching even a higher performance than the
WT mice at the highest dose of NSI-189. The experiment was replicated
with different groups of WT and AS mice that received 7 days of daily
injection with vehicle or NSI-189 (30 mg/kg). Under these conditions,
NSI-189-treated mice showed improved performance within days of
treatment. Mice continued to be tested once a week for the next 33 days
(Fig. 4E). Performance remained improved for more than 3 weeks before returning to baseline value after 4 weeks (Fig. 4E). By that time,
the enhancement effect on LTP in acute hippocampal slices was also lost
(data not shown).

4. Discussion
The present results indicate that a relatively brief treatment with
NSI-189 can reverse the impairments in synaptic plasticity (LTP), and
some of the motor and cognitive functions in a mouse model of
Angelman Syndrome. Thus, following a two-week treatment of adult AS
mice with daily injections of NSI-189, impairment in fear conditioning
was rescued for both the context and the cue version of the task. In
these animals, TBS-induced LTP was also enhanced in field CA1 of acute
hippocampal slices. Similarly, impairment in motor function was reversed within days of injection with NSI-189 and the rescue lasted for
several weeks after the end of treatment. Since NSI-189 has a very short
half-life (2 h in the mouse) the results indicate that these reversal effects
are the consequences of long-lasting modifications of synaptic functions
triggered by NSI-189. The enhancement of TBS-induced LTP provides a
plausible mechanism underlying the reversal of the various behavioral
impairments by NSI-189 in the AS mice. While the exact mechanism by
which NSI-189 enhances LTP is not clear, our results indicate that this
effect requires gene transcription and protein synthesis. This could account for the time-dependency of the effect observed in hippocampal
slices. It could also account for the delay observed in the in vivo reversal of the motor impairment, as the results indicate that there is a
gradual increase in the reversal effect of NSI-189. At the molecular
level, NSI-189 treatment appears to stimulate the TrkB → Akt pathway,
which is well known to be involved in synaptic plasticity.

3.5. Potential mechanism for the beneficial effects of NSI-189 on LTP and
learning and memory function
To start addressing the potential molecular mechanism of the beneficial effects of NSI-189, we analyzed changes in signaling pathways
related to BDNF in hippocampus of animals treated with NSI-189 in the
last experiment. As shown in Fig. 5, ratios of p-TrkB/TrkB and p-Akt/
Akt were significantly decreased in hippocampus from AS mice. Following treatment with NSI-89, these ratios increased and were not
different than those found in hippocampus from WT mice. Levels of Arc,
were significantly increased in AS mice, and were similar to those in WT
mice following NSI-189 treatment (See Supplemental Figure 2 for the
full western blots).
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Fig. 5. Effects of NSI-189 treatment
on various signaling pathways in
hippocampus from AS mice.
NSI-189 treatment significantly decreased ratios of p-TrkB/TrkB and pAkt/Akt in hippocampus from AS mice.
WT or AS mice were injected daily for
16 days with NSI-189 (30 mg/kg, ip).
They were sacrificed 24 h after the last
injection and hippocampi were dissected, homogenized and the homogenates processed for western blots.
Arc levels were significantly increased
in AS mice and were similar to those in WT mice following NSI-189 treatment. On the other hand, levels of p-TrkB and p-Akt were significantly decreased in AS mice
and treatment with NSI-189 restored their levels to those found in WT mice.
A. Representative western blots for Akt, p-TrkB, Trk, p-Akt, Akt and Actin under various experimental conditions. B. Quantitative analysis of ratios of Arc/actin, pTrkB/TrkB and p-Akt/Akt. *p < 0.05, **p < 0.01. One-way ANOVA followed by Bonferroni's test. N = 4–5.

We previously reported that impairments in TBS-induced LTP and in
learning and memory in AS mice were also reversed by a brief treatment
with a positive AMPA receptor modulator, which also stimulates the
BDNF pathway (Baudry et al., 2012). We also found that a brief treatment with an mTORC1 inhibitor, rapamycin, which also increased pAkt
levels, could enhance LTP and learning and reverse motor impairment
(Sun et al., 2015a, 2016bib_Sun_et_al_2015abib_Sun_et_al_2016). All
these reversal effects are compatible with the hypothesis that the functional impairments observed in the mouse models of Angelman syndrome are due to defects in mechanisms underlying synaptic plasticity in
various brain circuitries. In particular, it has been repeatedly shown that
dendritic spines have an altered morphology in the AS mice, with a decreased number of spines and immature morphology (Sun et al., 2018).
Our results therefore strongly suggest that NSI-189 by activating the
BDNF pathway could lead to a normalization of dendritic spine morphology resulting in enhancement of synaptic plasticity and reversal of
motor and cognitive functions. This idea is also consistent with the
prolonged duration of the reversal effects, which by far outlast the halflife of NSI-189.
Importantly, there are currently no treatments for AS. Ube3a reintroduction in neurons has to be performed early in development to
rescue most symptoms of the disease (Beaudet and Meng, 2016; Meng
et al., 2015; Silva-Santos et al., 2015). It remains to be demonstrated
that this could be done in humans, as the diagnosis of the disease does
not take place until several months after birth. Gaboxadol, a GABAA
receptor delta agonist, has been shown to improve motor function and
aspect of cognition in preclinical studies (Egawa et al., 2012). Relatively little is known regarding the effectiveness of this treatment on all
the different aspects of the disease. Thus, there is a clear medical need
to identify a new therapeutic approach that targets cellular mechanisms
related to synaptic plasticity. NSI-189 as oral tablets of 40 mg or 80 mg
per day has completed Phase Ib and IIa human clinical trials for the
treatment of depression and cognitive dysfunction in 24 and 220 patients diagnosed with major depressive disorders (MDD), respectively,
and has produced statistically significant improvement in several
measures of cognition as well as depression (Fava et al., 2015; Data in
file at Neuralstem). These results suggest that NSI-189 could provide a
new therapeutic approach for the treatment of several symptoms of AS
in humans. These symptoms occur early during the postnatal period and
further studies will be needed to determine whether NSI-189 is also
effective to rescue these symptoms during the postnatal period. Further
studies are also needed to test whether NSI-189 effect is disease-modifying.

neurogenic compound, which has already been shown to be safe in
adult humans, could provide a new therapeutic approach to treat AS in
humans.
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