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deficiency leads to aberrant induction of
synaptotagmin-2 in the forebrain
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Abstract

Inositol polyphosphate multikinase (IPMK), the key enzyme responsible for the synthesis of higher inositol
polyphosphates and phosphatidylinositol 3, 4, 5-trisphosphate, is known to mediate various biological events, such
as cellular growth and metabolism. Conditional deletion of IPMK in excitatory neurons of the mouse postnatal
forebrain results in enhanced extinction of fear memory accompanied by activation of p85 S6 kinase 1 signaling in
the amygdala; it also facilitates hippocampal long-term potentiation. However, the molecular changes triggered by
IPMK deletion in the brain have not been fully elucidated. In the present study, we investigated gene expression
changes in the hippocampal region of IPMK conditional knockout (cKO) mice by performing genome-wide
transcriptome analyses. Here we show that expression of synaptotagmin 2 (Syt2), a synaptic vesicle protein essential
for Ca®*-dependent neurotransmitter release, is robustly upregulated in the forebrain of IPMK™® mice. Compared to
wild-type mice, in which weak Syt2 expression was detected in the forebrain, IPMK™® mice showed marked
increases in both Syt2 mRNA and protein expression in the hippocampus as well as the amygdala. Collectively, our

results suggest a physiological role for IPMK in regulating expression of Syt2, providing a potential underlying
molecular mechanism to explain IPMK-mediated neural functions.
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Main text

Hydrolysis of phosphatidylinositol 4,5-bisphosphates
(PIP,) by phospholipases activated in response to cellular
stimulation produces inositol 1,4,5-trisphosphate (IP3),
which mediates release of Ca®>" from the endoplasmic
reticulum into the cytosol. Studies of the biochemical
fate of IP3 have unveiled the biosynthetic metabolism of
highly phosphorylated IPs [1]. Among the many inositol
phosphate kinases, inositol polyphosphate multikinase
(IPMK) is the key enzyme responsible for converting 1P,
into IP5 [1, 2]. Thus, IPMK deletion abolishes the forma-
tion of IP5, IPs and IP,, underscoring the essential role
of IPMK in generating all highly phosphorylated IP spe-
cies that have drawn attention as signaling metabolites
[1, 2]. In addition to its phosphatidylinositol 3-kinase ac-
tivity [3], IPMK exerts non-catalytic actions through
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direct binding to various protein targets, including
mechanistic target of rapamycin and transcriptional reg-
ulators, such as CREB-binding protein, serum response
factor, p53 and steroidogenic factor-1, positioning IPMK
as a multifunctional signaling hub in the coordination of
cellular growth, apoptosis, and gene expression [4, 5]. In
a previous study, our group reported that conditional
knockout of Ipmk (IPMK®®) in excitatory neurons of
the postnatal brain using CaMKII-Cre transgenic mice
selectively enhances fear extinction accompanied by acti-
vation of amygdala p85 S6 kinase signaling and facilita-
tion of hippocampal long-term potentiation [6]. However,
whether postnatal deletion of IPMK in excitatory neurons
impacts gene expression profiles remains obscure.

To investigate the genome-wide molecular events that
occur in the IPMK“? mouse brain, we analyzed the hip-
pocampal transcriptome of behaviorally naive mice using
a microarray technique. This analysis revealed two down-
regulated genes (n-R5s213, Xafl) and three upregulated
genes (Syt2, Erdrl, Gm26441) that were differentially

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s13041-019-0480-1&domain=pdf
http://orcid.org/0000-0003-0110-9414
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:seyunkim@kaist.ac.kr

Park et al. Molecular Brain (2019) 12:58 Page 2 of 4

a IPVKWT |PMK® ¢

7 % 41 OPvKY
12 Eart Z £ 3{ @IPMK*®
P A B
g \ 232
X 10 1 2 5~
& 5’{2 P 2 o
s 8 . 44
2 i d
- 6 &"2{’“1 r v § 4
S & S
2 4 o/ o nrosns £33
] ; 828, 5] T mewee
3 z =
g 21,7/ Ir:éagﬁmt §§<1
0 ’ S ebePasafchs E=,
0 2 4 6 8 10 12 2 SS2SER&EE
Expression level of IPMKT = FERGEETES
€ f
HIP AMG CB c
IPMK*T  [PMK®0 “PMK™  [PMK*0 IPMK"WT IPMK®0 z
- - — W |PMK :i.i
=
- - S .. stz
~----——-d—.‘—GAPDH§
[*4

IPMKWT  IPMK=@ IPMKWT IPMK<KO IPMKWT  IPMKcKO IPMKWT IPMKs<©

Immunocstained Area (%) Immunostalned Area (%) Immunostained Area (%) Immunostalned Area (%)
8 350 4 B 15 20 250 3 8 33 4 550 10 20 48 64 80

"
520% | 1 IPMKWT
| N8 miPMK©
544%

1.26%
1.13%

PV

19.54% |
2061%

2082% 13.67%

Syt2 DAPI

H

60.24% |E

Fig. 1 IPMK deletion triggers dynamic changes in synaptotagmin-2 gene and protein expression specifically. a Scatter plot shows five genes
found to differ in the hippocampus of naive IPMK™ mice relative to control IPMK™T mice. The x-axis represents differentially expressed genes of
IPMK"T mice and the y-axis is that of IPMK™® mice. The cutoffs for 1.5-fold deviation are indicated by blue lines, respectively. Small gray dots
represent sequences with no significant changes, green dots sequences differed genes with no significant (P = 0.05). Red dots sequences
significantly up- or down-regulated (P < 0.05). n=3 (IPMK"") and 3 (IPMK™) (b-d) Levels of major synaptotagmin isoforms and synaptic genes
were measured using hippocampal samples obtained from IPMK"" and IPMK™® mice. b Cluster analysis of differentially-expressed genes. The
horizontal axis displays individual samples, while the vertical axis displays the expressed genes by their z-scores. Red = increased, green =
decreased. ¢, d Quantitative real-time PCR analyses were performed. mRNA expression of the lpomk and Syt2 were measured (c). Levels of
synaptotagmin isoforms Syt1, Syt3, Syt8, Syt11, Syt13, and other synaptic components, Syp, Syngr, Syn1 were measured (d). In all bar graphs,
amounts of MRNA were normalized to those from hippocampus of IPMK™". n =3 (IPMK"") and 4 (IPMK®©) (Student’s t-test; NS, P > 0.05; **P <
0.01; **P < 0.001) (e) Representative Western blots of IPMK, Syt2, and GAPDH proteins in each mouse hippocampus, amygdala, and cerebellum
were presented. f All intensities of Western blot bands were quantified using ImageJ software. GAPDH was used as the loading control for
quantification. n=3 (IPMK™™) and 4 (IPMK™®) (Student's t-test; NS, P = 0.05; **P < 0.01) (g-j) Immunostaining of hippocampal sections from CA3
(g), CA1 (h), and DG (i, j) of IPMK"" and IPMK™® mice. Top, representative confocal images were stained by Parvalbumin (red), Syt2 (green), and
DAPI (blue). Scale bars, 100 um. PV positive neurons are indicated by arrowheads. Bottom, Levels of PV, Syt2, and DAPI were quantified. Signals
from dashed areas were measured by using using ImageJ software. n=5 (IPMK™T) and 5 (IPMK™©) (Student’s t-test; NS, P = 0.05; **P < 0.001) In
all experiments, IPMK"'" littermates served as controls for IPMK™® mice. HIP, hippocampus; AMG, amygdala; CB, cerebellum. Data are presented as
the mean + SE




Park et al. Molecular Brain (2019) 12:58

expressed between IPMK®“® mice and littermate controls
(Fig. la, Additional file 1: Table S1). One of the most
strongly upregulated transcripts in the IPMK™® hippo-
campus was Sy£2, which encodes synaptotagmin 2 (Fig.
1a). Our microarray analysis showed no changes in the ex-
pression of other Syt isoforms except Syt2 (Fig. 1b).
Synaptotagmins are C2 domain-containing Ca®*-binding
proteins that act as essential players in synaptic vesicle
cycling, which is central to synaptic plasticity, learning,
and memory [7]. Sytl is also well known as the major
Ca®* sensor for transmitter release at excitatory forebrain
synapses [8]. Syt2 exhibits the highest homology with Syt1
and has similar characteristics, allowing it to functionally
replace Sytl [9]. The most notable distinction between
Sytl and Syt2 is their differential expression: the levels of
Syt2 are extremely low in the forebrain, where Sytl is
highly expressed, whereas Syt2 is abundantly expressed in
the hindbrain and spinal cord [10].

To confirm the results of our microarray analysis, we
performed quantitative real-time polymerase chain reac-
tion (PCR) using hippocampal mRNA samples from
IPMK®® and control mice. We found that Syt2 was sig-
nificantly upregulated in IPMK®® mice, but observed
no changes in other Syt isoforms or synaptic cycling reg-
ulators, including Syt1, synapsin, and synaptophysin (Fig.
1c, d). We further found that increases in Syt2 mRNA
expression were accompanied by significant elevations in
Syt2 protein levels in the hippocampus and amygdala of
the IPMK®® mouse brain (Fig. 1e, f), but not in the
cerebellum, in which IPMK was not deleted (Fig. le).
We further observed that Syt2 levels were abnormally
high in the hippocampus and amygdala of IPMK®©
mice that underwent fear conditioning and extinction
tasks (Additional file 3: Figure S1).

Because it is known that Syt2 is expressed in GABAer-
gic nerve terminals of parvalbumin (PV) interneurons in
the hippocampus and cortex [11, 12], we next examined
localization patterns of Syt2 in the forebrain of IPMK®
mice. Immunohistochemical analyses showed that the
Syt2 staining pattern in PV neurons was not altered in
the IPMK®® hippocampus compared with controls (Fig.
1g-j, Additional file 4: Figure S2a), indicating that IPMK
deletion does not influence PV neuron populations. This
result is consistent with our previous report showing
that the balance between excitatory and inhibitory neur-
onal populations is unchanged by postnatal deletion of
IPMK [6]. Importantly, increased expression of Syt2
from the IPMK®® hippocampus was not detected in
PV-positive inhibitory neurons (Fig. 1g-j). We found that
elevated Syt2 levels were markedly expanded in broad
regions of vGLUT1-positive excitatory neurons within
the IPMK®® hippocampus such as CA3 region (Add-
itional file 4: Figure S2b). Hence, the aberrant upregula-
tion of Syt2 in the IPMK®? forebrain appears to occur
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in a cell-autonomous manner within IPMK-deleted exci-
tatory neurons.

In this study, we identified Syz2 as a gene that is ro-
bustly upregulated in IPMK®? excitatory neurons, sug-
gesting that IPMK is a key player in regulating Syt2
expression in the forebrain. Syt2 acts as a presynaptic
Ca®* sensor to drive fast synchronous fusion of synaptic
vesicles. With a high sequence homology, Sytl and Syt2
are structurally and functionally similar, but not identi-
cal. Syt2 exhibits its unique kinetic properties in that
Syt2 mediates slower vesicle fusion kinetics than Sytl
with a slightly lower affinity for Ca** than Sytl [9]. This
selective and aberrant induction of Syt2 in the absence
of IPMK may lead to functional alterations in synaptic
plasticity, thereby establishing a mechanistic basis for
IPMK®“® mouse phenotypes, such as enhanced hippo-
campal long-term potentiation as well as improved fear
extinction [6]. Although it has been suggested that DNA
methylation [13] and calmodulin signaling [14] mediate
the tight suppression of Syt2 expression in the forebrain,
our understanding of the molecules that mediate the
control of Syt2 expression has been limited. Future stud-
ies will elucidate in greater detail how nuclear and sig-
naling actions of IPMK contribute to the transcriptional
regulation of Syt2. The recent finding that the IPMK
downstream product, 5-IP;, inhibits synaptic vesicle exo-
cytosis through direct binding to Sytl [15] argue for
additional investigations of interactions among networks
of synaptic vesicle cycling, gene expression, and IP me-
tabolism. Our discovery that IPMK fine-tunes Syt2 ex-
pression in the forebrain highlights the importance of
fully establishing neural functions of IPMK and offers in-
sights into the treatment and management of psychiatric
diseases such as post-traumatic stress disorder.
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