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Abstract Among five members of the K*-dependent Na*/
Ca®" exchanger (NCKX) family (NCKX1-5), only
NCKX2 is highly expressed in mouse brain. NCKX2 in
plasma membranes mediates cytosolic calcium excretion
through electrogenic exchange of 4 Na* for 1 Ca®* and
1 K*. Here, we observed significantly decreased levels of
NCKX2 protein and mRNA in the CAl region of APP23
mice, a model of Alzheimer’s disease. We also found that,
like APP23 mice, heterozygous NCKX2-mutant mice ex-
hibit mildly impaired hippocampal LTP and memory ac-
quisition, the latter based on novel object recognition and
passive avoidance tasks. When we addressed underlying
mechanisms, we found that both CaMKII autophosphory-
lation and CaMKIV phosphorylation significantly de-
creased in CAl regions of NCKX2+/— relative to control
mice. Likewise, phosphorylation of GluAl (Ser-831) and
CREB (Ser-133), respective downstream targets of
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CaMKII and CaMKIV, also significantly decreased in the
CA1 region. BDNF protein and mRNA levels significantly
decreased in CAl of NCKX2+/— relative to control mice.
Finally, CaN activity increased in CAl of NCKX2+/—
mice. Our findings suggest that like APP23 mice,
NCKX2+/— mice may exhibit impaired learning and hip-
pocampal LTP due to decreased CaM kinase II and CaM
kinase IV activities.
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Abbreviations
AD Alzheimer’s disease
AMPAR  «-Amino-3-hydroxy-5-methyl-4-

isoxazolepropionate receptor

BDNF Brain-derived neurotrophic factor

CaMKII  Calcium/calmodulin-dependent protein kinase II
CaMKIV  Calcium/calmodulin-dependent protein kinase IV
CaN Calcineurin

CREB cAMP-responsive element binding protein

DG Dentate gyrus

ERK Extracellular signal-regulated kinase

fEPSPs Field excitatory post-synaptic potentials

GFP Green fluorescent protein

HFS High-frequency stimulation

LTP Long-term potentiation

NCKXs  K*-dependent Na*/Ca®* exchangers

NCXs Na*/Ca”* exchangers

PP1 Protein phosphatase 1

WT Wild-type

@ Springer


http://orcid.org/0000-0002-8147-0412
http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-017-0596-1&domain=pdf

3890

Mol Neurobiol (2018) 55:3889-3900

Introduction

Maintenance of calcium homeostasis is critical for activity-
dependent neuronal plasticity and synaptic transmission in
the brain [1-4]. Moreover, machineries enabling neuronal
Ca”* efflux, such as Na*/Ca®* exchangers, mediate calcium
homeostasis underlying synaptic transmission [5—7]. In addi-
tion, K*-dependent Na*/Ca®* exchangers (NCKXs) mediate
calcium excretion from the cytosol of neurons through elec-
trogenic exchange of 4 Na* for 1 Ca** and 1 K*, depending on
the electrochemical gradient across the plasma membrane [8].
In mammals, NCKXs are found in five different isoforms
(NCKX1-5) encoded by distinct genes [9, 10]. NCKX1 is
expressed only in the retina, NCKX2 is highly expressed in
the brain [11], and NCKX3 and NCKX4 are widely expressed
in the brain, aorta, lung, and intestine. NCKXS5 is mainly
expressed in the skin and retina [12].

NCKX2 is predominantly expressed in neurons [8, 11],
especially in the cerebral cortex, striatum, and hippocampus
[12]. Lee et al. reported immunohistochemical studies con-
ducted in cultured hippocampal neurons showing that
NCKX2 is expressed in somatodendritic regions but not axon
terminals [13]. Li et al. reported that NCKX2 is highly
expressed in hippocampus and locates from distal dendrites
to cell bodies of pyramidal neurons [6]. Moreover, others have
reported that NCKX2 homozygous mice survive and exhibit
mildly impaired spatial memory-related behaviors and hippo-
campal long-term potentiation (LTP) [6], although molecular
mechanisms underlying these deficits remain unclear.

Hippocampal LTP is considered as a model of the molecular
basis of synaptic plasticity and hence of learning and memory
[14, 15]. We have reported that calcium/calmodulin-dependent
protein kinase II (CaMKII) activity is essential for LTP induc-
tion in the hippocampal CAl region [16, 17]. Heterozygous
CaMKIIoe-mutant mice show impaired spatial learning and
memory [18]. CaMKII is highly localized in post-synaptic den-
sities of excitatory synapses and becomes constitutively active
through autophosphorylation following hippocampal LTP [16,
19-22]. CaMKII activity facilitates synaptic efficacy by direct
phosphorylation of the post-synaptic o-amino-3-hydroxy-5-
methyl-4-isoxazolepropionate receptor (AMPAR) subunit
GluAl (Ser-831) [21, 23].

By contrast, calcium/calmodulin-dependent protein kinase
IV (CaMKIV) is found primarily in neuronal nuclei [24, 25]
and functions in maintenance of hippocampal LTP through
phosphorylation of the cyclic AMP-responsible element-bind-
ing protein (CREB) (Ser-133) [26]. Therefore, CaMKIV null
mice exhibit impaired hippocampal LTP and CREB (Ser-133)
phosphorylation in CA1 [27], and some have reported behav-
ioral deficits including impaired eye-blink memory and fear
memory [28, 29]. However, others, such as Takao et al. [30],
report that CaMKIV null mice exhibit normal memory-related
behaviors.
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The APP23 mouse, a transgenic model of Alzheimer’s dis-
ease (AD), expresses mutant human-type APP (the Swedish
double mutation) under control of the murine brain and
neuron-specific Thy-1 promoter [31]. APP23 mice exhibit
abnormal amyloid-f3 aggregation and tau protein
hyperphosphorylation in the brain [32, 33]. We also previous-
ly reported that APP23 mice exhibit cognitive deficits and
decreased hippocampal LTP in CA1 [34]. Since NCKX2 pro-
tein levels are significantly reduced in the APP23 mouse
brain, we asked whether reduced NCKX2 levels seen in
NCKX2+/— mice were associated with cognitive deficits or
impaired LTP. Here, we demonstrate decreased activities of
both CaMKII and CaMKIV concomitant with increased cal-
cineurin (CaN) activity in CA1 of NCKX2+/— mice. We con-
clude that unbalanced activities of Ca**-dependent kinases
and phosphatases underlie impaired hippocampal LTP and
learning behaviors in these mice.

Materials and Methods
Animals

NCKX2+/— Mice NCKX2 heterozygotes were generated
using the Sleeping Beauty (SB) transposon system, as de-
scribed [35]. Briefly, we generated a doubly transgenic mouse
containing the SB transposon vector and the SB transposase
expression vector. The former was mobilized by the latter in
the germline and transposed into various genomic loci.
Mating of doubly transgenic with wild-type (WT) mice gen-
erated multiple types of progeny. The fact that the SB trans-
poson vector contained a green fluorescent protein (GFP) ex-
pression cassette flanked by a constitutively active promoter
and splice donor enabled selection gene insertions based on
fluorescence of newborn progeny [35]. We determined trans-
poson insertion sites by splinkerette-PCR using genomic tail
DNA from GFP-positive mice [35]. An insertion into NCKX2
was identified in one GFP-positive mouse, based on mapping
of a sequence flanking the insertion site (TATAAGAA
TGAAAACTCCAAAAATCCTCCTGA) to NCKX2 intron
8 (NCBI accession number NM_ 172426, registered as
Slc24a2, transcript variant 1). Since the SB transposon vector
contained a LacZ cassette flanked by a splice acceptor and a
polyadenylation signal, NCKX2 transcription was disrupted
by splicing of exon 8 and the SB transposon vector splice
acceptor. Genotyping of mutant mice was performed by
PCR using the following primers: 5'-ATGGAGTCAAATTC
CAAACTAGATCTCAGG-3' for the WT allele, 5'-ATAC
ATGACCCGTTAAGATGTTTCCTGGTC-3' for the WT
and mutant alleles, and 5-CTTGTGTCATGCACAAAGTA
GATGTCC-3'for the mutant allele. Bands of 193 and 363 bp
were predicted from mutant and WT alleles, respectively.
NCKX2+/— mice were backcrossed to C57BL/6J mice for
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more than nine generations. For some experiments,
NCKX2+4/— and WT mice were used at 810 weeks of age.
Mice were housed in cages with free access to food and water
at a constant temperature (23 = 1 °C) and humidity (55 £ 5%)
with a 12-h light/dark cycle (09:00-21:00). All animal proto-
cols were approved by the Committee on Animal Experiments
at Tohoku University.

APP23 Transgenic Mice APP23 transgenic mice (male),
which express mutant human-type APP with the Swedish mu-
tation under control of the murine brain and neuron-specific
Thy-1 promoter, were provided by Novartis Pharma Inc.
(Nervous System Research, Basel, Switzerland). For details
relevant to construction of these mice, see [31]. Mice were
housed in cages with free access to food and water at a con-
stant temperature (23 + 1 °C) and humidity (55 = 5%) with a
12-h light/dark cycle (09:00-21:00). For experiments
assessing NCKX2 levels, 14-month-old APP23 and WT mice
were used.

Behavioral Analyses

In the following behavioral analyses, evaluators were blinded
to treatment conditions.

1. Y-maze task: A detailed protocol of this task has been
reported [36]. In brief, spontaneous alternation behavior
in a Y-maze serves as an indicator of spatial reference
memory. Testing is conducted in an apparatus consisting
of three identical arms (50 x 16 x 32 cm) of black plex-
iglas. A mouse is placed at the end of one arm and
allowed to move freely through the maze during an 8-
min session, and alternation behaviors are scored.

2. Novel object recognition task: A detailed protocol of this
task has been reported [36]. The task is based on the
tendency of normal rodents to discriminate a novel from
a familiar object and is a test of memory. Mice are indi-
vidually habituated to an open-field box
(35 x 25 x 35 cm) for two consecutive days. The exper-
imenter scoring behavior is blinded to the treatment.
During acquisition phases, two objects of the same ma-
terial are placed in a symmetric position in the center of
the chamber for 5 min. One hour later, one object is
replaced by a novel object, and exploratory behavior is
again analyzed for 5 min. The number of approaches to
the two objects is scored.

3. Step-through passive avoidance task: A detailed proto-
col of this task has been reported [36]. The test is based
on rodents’ inherent preference for a dark compartment
and is a test of memory based on fear conditioning.
Briefly, training and retention trials are conducted in a
box consisting of dark (25 x 25 x 25 cm) and light
(14 x 10 x 25 cm) compartments. The floor is

constructed of stainless steel rods, and those in the dark
compartment are connected to an electronic stimulator
(Nihon Kohden, Tokyo, Japan). Mice are habituated to
the apparatus the day before passive avoidance acquisi-
tion. On training trials, a mouse is placed in the light
compartment, and when it enters the dark compartment,
the door is closed to prevent escape and the animal re-
ceives an electric shock (1 mA for 500 ms) from the floor
for 30 s. The mouse is then removed from the apparatus
after a 30 s period without shock. The identical proce-
dure without footshock is repeated 24 h later, and the
time (latency) is seconds required for the mouse to enter
the dark compartment is measured as an indicator of
retention (memory).

Elevated-plus maze task: The elevated plus maze task
measures anxiety behavior in mice and employs an ap-
paratus consisting of a central 6 x 6 cm platform and four
arms radiating like a plus sign from the platform: two
open and two enclosed arms, all 30 cm long, 6 cm wide,
and 15 cm high with nontransparent side and end walls.
The maze is elevated 70 cm above floor level. At the
beginning of a 5-min test session, mice are placed in
the center facing an enclosed arm, and the following
parameters are scored: (1) the number of total, open,
and closed arm entries, and (2) time spent in different
parts of the maze (open and closed arms, and central
platform). For the test, time spent open and closed arm
is recorded, with longer periods in closed arm associated
with increased anxiety behavior.

Marble-burying task: This task is based on the tendency
of mice to exhibit increased digging behavior in
high anxiety states. A cage is filled approximately
5-10 cm deep with wood chips lightly tamped
down to make a flat surface. Glass marbles, evenly
spaced about 4 cm apart, are placed on the surface.
Animals are then placed in the cage for 30 min,
and at the end of the test, the number of marbles
covered by bedding is measured.

Light-dark task: This task is based on the tendency mice
to prefer a dark room in states of high anxiety. The light/
dark box apparatus consists of a wooden box (48 x 24x
27 cm) divided into two equal-size compartments by a
barrier containing a doorway (10 cm height X 10 cm
width). One compartment is painted black and covered
with a lid, and the other is painted white and illuminated
with a 60-W light bulb positioned 40 cm above the upper
edge of the box. Mice are placed in the dark compart-
ment initially, and the time to enter the light compart-
ment is recorded.

Open-field task: This task is based on the tendency mice
to stay close to a wall in states of high anxiety. Mice are
placed in a Plexiglas box (60 x 60 x 60 cm) for 10 min,
and their movements are recorded with an overhead
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video camera. A circle with a 15 cm radius marks the
center of the test floor, and time spent in that zone is
recorded.

8. Tail-suspension task: A detailed protocol of this task,
which evaluates depressive behaviors, is described
[37]. The test is based on the fact that rodents become
immobile when subjected to short-term, inescapable
stress such as suspension by the tail. For the test, mice
are suspended by the tail and time spent immobile is
recorded, with longer periods associated with increased
depressive behavior.

9. Forced-swim task: The forced-swim task, described else-
where [37], is also a test of depressive behavior. Mice are
placed individually in glass cylinders (height, 20 cm;
diameter, 15 cm) filled with 25 °C water and, like the
tail-suspension test, the duration of immobile periods
within a test period (5 min) is scored. Longer immobile
periods correlate with increased depressive behaviors.

10. Rotarod task: The rotarod task measures motor coordi-
nation [38]. The apparatus consists of a base platform
and an iron rod of 3 cm diameter and 30 cm long with a
non-slippery surface. This rod is divided into three equal
sections by two disks, enabling three mice to walk si-
multaneously on the rod rotating at 4 turns/min. Animals
are placed on the rotating drum up to 5 min, and intervals
between mounting and falling from the rod are recorded
as performance time.

11. Beam-walking task: The beam-walking task, which also
assesses motor coordination, is described elsewhere
[38]. The apparatus consists of a rectangular base
(870 mm x 200 mm X 17 mm) of medium density fiber-
board with a Formica cover. A vertical stand
(310 mm x 160 mm x 5 mm; Perspex) is fixed to the
left side of the base supporting a black “goal box”
(155 mm x 160 mm x 5 mm; Perspex) with a matte
surface on all inside faces. A horizontal rod
(500 mm x 5 mm diameter; dowelled) is fixed between
the base of the “goal box” and a vertical stainless steel
pole (315 mm x 5 mm) placed at a 90° angle. Further
support is provided the steel pole by a Perspex rod,
preventing sideways movement of the beam. The
dowelled rod is marked in graduated cm from 0 to
50 cm. For the test, number of missteps is counted, with
increased missteps associated with motor coordination
deficit.

Electrophysiology
Hippocampal slices were prepared as described [36].
Transverse slices (400 wm thick) cut with a vibratome

(Microslicer DTK-1000) were incubated for 2 h in continu-
ously oxygenized (95% O,, 5% CO,) attificial cerebrospinal
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fluid at room temperature. Slices were transferred to an inter-
face recording chamber and perfused at a flow rate of 2 ml/
min with artificial cerebrospinal fluid warmed to 34 °C. Field
excitatory post-synaptic potentials (fEPSPs) were evoked by a
test stimulus (0.05 Hz) through a bipolar stimulating electrode
placed on the Schaffer collateral/ commissural pathway and
recorded from the stratum radiatum of CAlusing a glass elec-
trode filled with 3 M NaCl. High-frequency stimulation (HFS)
of 100 Hz with a 1-s duration was applied twice with a 10-s
interval, and test stimulation was continued for indicated
periods.

Biochemical Analysis

Immunoblotting and immunohistochemistry were per-
formed as described [36], using the following antibod-
ies: anti-phospho CaMKII (1:5000 [39]), anti-CaMKII
(1:5000 [17]), anti-phospho-CaMKIV (Thr-196)
(1:2000, Abcam, Cambridge, MA, USA), anti-phospho-
synapsin I (Ser-603) (1:2000, Millipore, Billerica, MA,
USA), anti-phospho-GluA1l (Ser-831) (1:1000,
Millipore), anti-phospho-GluA1l (Ser-845) (1:1000,
Millipore), anti-phospho-MAP kinase (di-phosphorylated
ERK 1/2) (1:2000, Sigma-Aldrich, St. Louis, MO,
USA), anti-phospho-CREB (Ser-133) (1:1000,
Millipore), anti-NCKX2 (1:1000), anti-BDNF (1:1000,
Santa Cruz Biotechnology Inc., Dallas, TX, USA), and
anti-3-tubulin (1:5000, Sigma-Aldrich). Bound antibod-
ies were visualized using the enhanced chemilumines-
cence detection system (Amersham Life Science,
Buckinghamshire, UK) and analyzed semiquantitatively
using the National Institutes of Health Image program.

Real-Time PCR

Quantification of BDNF or NCKX2 mRNAs was undertaken
in 48-well PCR plates (Mini Opticon Real Time PCR System,
Bio-Rad) using iQ SYBR Green Supermix 2% (Bio-Rad).
Primer sequences used were as follows: BDNF-IF
(CCTGCATCTGTTGGGGAGAC), BDNF-IR
(GCCTTGTCCGTGGACGTTTA), BDNF-IVF
(CAGAGCAGCTGCCTTGATGTT), BDNF-IVR
(GCCTTGTCCGTGGACGTTTA), NCKX2-forward
(CTGGAGGAGCGAAGGAAAGG), NCKX2-reverse
(TGTGAAAGTTCTGGGGCTGAC), GAPDH-F
(TGTGTCCGTCGTGGATCTGA), and GADPH-R
(CACCACCTTCTTGATGTCATCATAC). Relative quanti-
ties of target transcripts were determined by the comparative
threshold cycle (ACT) method and normalized to GAPDH.
Product purity and specificity were confirmed by omitting the
template and performing a standard melting curve analysis.
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Calcineurin Assay

CaN activity was measured as described [40].
Hippocampal tissues (100-200 mg) were homogenized
in 1.5 ml of trypsin-EDTA (GIBCO/BR L), pelleted,
and lysed in 100 pl CaN assay buffer (Quantizyme
Assay System AK-804, BioMol, Plymouth Meeting,
PA). CaN activity was assessed using 3 pg of protein
from extracts according to the manufacturer’s procedure
(BioMol). Phosphatase activity was monitored spectro-
photometrically by detecting phosphate released from a
CaN-specific RII phosphopeptide.

Immunohistochemistry

Immunohistochemistry was performed as described [37]. WT
mice at 10 weeks of age or APP23 mice and WT mice at
14 months of age were anesthetized with sevoflurane and
perfused via the ascending aorta with phosphate-buffered sa-
line (PBS; pH 7.4) until the outflow became clear. The per-
fusate was then switched to phosphate buffer (pH 7.4) con-
taining 4% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4) for 15 min. The brain was removed, post-fixed in
the same solution for 2-h at 4 °C, embedded in 2% agarose,
and sliced at 50 wm using a vibratome (Dosaka EM Co. Ltd.,
Kyoto, Japan, or Leica VT1000S, Nussloch, Germany).
Coronal brain sections were permeabilized with 0.3% Triton
X-100 in PBS, blocked with 5% normal goat or donkey serum
for 3 h, and incubated overnight with mouse anti-MAP2
monoclonal antibody (1:500) (Millipore), anti-NCKX2 poly-
clonal antibody (1:500), anti-PSD95 monoclonal antibody
(1:500) (Abcam), anti-synaptophysin monoclonal antibody
(1:500) (Sigma-Aldrich), or anti-GFAP monoclonal antibody
(1:500) (Sigma-Aldrich) in blocking solution at 4 °C. After
thorough washing in PBS, sections were incubated 3 h in
Alexa 488-labeled anti-rabbit IgG or Alexa 594-labeled anti-
mouse IgG. After several PBS washes, sections were mounted
on slides with Vectashield (Vector Laboratories, Burlingame,
CA, USA). Immunofluorescent images were analyzed using a
confocal laser-scanning microscope (Nikon EZ-C1, Nikon,
Tokyo, Japan or LSM 710, Zeiss, Oberkochen, Germany).

After incubation with anti-NCKX2 polyclonal antibody
(1:500), sections were immersed in 3% H,O, in PBS for
30 min at room temperature and processed using the
Vectastain ABC kit (Vector Laboratories Inc., Burlingame,
CA, USA) with secondary antibody (biotinylated anti-rabbit
IgG, 1:200; Vector Laboratories Inc.). The peroxidase reaction
product was detected using 3,3'-diaminobenzidine-tetrahydro-
chloride (DAB; Sigma-Aldrich). After washing in PBS, sec-
tions were dehydrated in a graded series of ethanols, immersed
in xylene, mounted in Entellan (MERCK, Dannstadst,
Germany) and cover-slipped.

Data Analysis

Data are expressed as means + SEM. Statistical analysis was
performed using Prism 6 software (GraphPad Software, San
Diego, CA, USA). Comparisons between two experimental
groups were made using the unpaired Student’s 7-test.
Statistical significance for differences among groups was test-
ed by one-way or two-way analysis of variance, followed by a
post hoc Bonferroni’s multiple comparison test between con-
trol and other groups. Asterisks in graphs denote statistical
significance (*P < 0.05, **P < 0.01).

Results

APP23 Mice Exhibit Decreased Levels of NCKX2 mRNA
and Protein in the CA1 Region

We first examined potential changes in NCKX2 levels in
brains of APP23 mice, which express amyloid precursor pro-
tein (APP) with human “Swedish” KM670/671NL mutations
[31]. NCKX2 mRNA and protein levels significantly de-
creased in homogenates of the hippocampal CAl region of
APP23 relative to WT mice but were comparable to WT in
other brain regions tested (protein levels 64.3 + 6.4%, n = 4;
mRNA levels 46.5 + 5.2%, n = 6) (Fig. la—c).
Immunohistochemical analyses confirmed reduced NCKX2
protein expression in CA1 pyramidal neurons of APP23 rela-
tive to WT mice (Fig. 1d).

We next used immunofluorescence to ask whether NCKX2
in WT mice is expressed in neurons or astrocytes of the hip-
pocampal CA1 region. We found that NCKX2 is predomi-
nantly expressed in cell bodies of hippocampal pyramidal
neurons based on double-staining with antibodies to
NCKX2 and anti-PSD95 (a marker of post-synaptic density),
anti-synaptophysin (a marker of pre-synaptic terminals), anti-
MAP2 (a marker of neuronal cell bodies and dendrites), or
anti-GFAP (an astrocyte marker) (Fig. 2). Although NCKX2
protein was also faintly expressed in astrocytes, it was local-
ized primarily to both post- and the pre-synaptic regions of
pyramidal neurons.

NCKX2+/— Mice Show Impaired Hippocampal LTP
and Reduced NCKX Levels

To address the relevance of reduced hippocampal NCKX2
levels to neural plasticity, we examined hippocampal LTP
induced by high-frequency stimulation (HFS; 100 Hz, two
trains) of collateral/commissural pathways, using hippocam-
pal slice preparations from NCKX2+/— and WT mice. In WT
mice, HFS caused a stable and long-lasting increase in fEPSPs
(60 min: 174.2 £4.5%, n = 5), as anticipated, whereas hippo-
campal LTP in NCKX2+/— mice was significantly reduced
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Fig. 1 NCKX2 expression
decreases in the CA1 of APP23
mice. a Representative images of
immunoblots of extracts from
CAl, dentate gyrus (DG),
prefrontal cortex (PFC), cingulate
cortex (CC), and striatum (STR)
probed with antibodies to
NCKX2 and {3-tubulin in 14-
month-old APP23 (A) and WT
(W) mice. b Quantitation of
NCKX2 protein levels shown in
a. ¢ Quantitative analyses of
NCKX2 mRNA in regions shown
in a. d Immunohistochemical
analyses showing NCKX2 ex-
pression in hippocampus of 14-
month-old APP23 and WT mice.
Scale bars, 500 pm (low magni-
fication, /eff) and 50 um (high
magnification, right). Error bars
in b and ¢ indicate SEM.

*##p < 0.01 versus WT mice

Fig. 2 NCKX2 is expressed at
pre- and post-synaptic sites of
neurons and in astrocytes.
Confocal microscopy images
showing double immunofluores-
cence staining of CA1 for
NCKX2 (in green) and PSD95, a
marker of post-synaptic densities,
synaptophysin, a marker of pre-
synaptic terminals, MAP2, a
marker of neuronal cell bodies
and dendrites, or GFAP, an astro-
cyte marker (all in red). Scale
bars, 20 um (low magnification)
and 5 pm (high magnification)
images. High-magnification im-
ages of boxes in column 3 are
shown in column 4. Neural nuclei
were stained by DAPI (in blue)
(color figure online)
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relative to WT mice (60 min: 143.2 £7.0%, n =5) (Fig. 3a—c).
Furthermore, reduced NCKX2 protein and mRNA levels in
CA1 of NCKX2+/— mice resembled decreases seen in the
APP23 mouse hippocampus (protein levels 52.0 + 4.7%,
n =5; mRNA levels 20.7 £ 0.79%, n = 3) (Fig. 3d-1).

NCKX2+/— Mice Exhibit Deficits in Memory-Related
Behaviors

To confirm relevance of impaired hippocampal LTP seen in
NCKX2+/— mice, we examined memory-related behaviors in
these and WT mice. Although we observed comparable perfor-
mance in a Y-maze task (Fig. 4a, b), in the novel object recog-
nition task, NCKX2+/— mice failed to discriminate a novel ob-
ject (51.0 & 3.0%, n = 6 compared to 61.3 + 2.1% of WT mice,
n = 6) (Fig. 4c). In the step-through passive avoidance task,
which assesses contextual memory, the latency time to enter
the dark compartment in NCKX2+/— mice was significantly
decreased relative to WT mice starting at 2 days after stimulation
(2 days: 185.1 £ 53.2%, n = 6; 3 days: 126.0 £ 56.7%, n = 6;
4 days: 112.8 = 46.6%, n = 6; 5 days: 106.9 £+ 43.6%, n = 6)
(Fig. 4d). These findings suggest that some memory-related be-
haviors are partially impaired in NCKX2+/— mice.

To rule out anxiety as a confounding influence, we con-
ducted four behavioral tests of anxiety. Both NCKX2+/— and
WT mice (n = 6 each) showed comparable performance in the
elevated-plus maze task (Fig. 4e, f), exhibited similar tenden-
cies to bury marbles in a marble burying task (n = 6 each)
(Fig. 4g), and spent similar amounts of time in an open com-
partment in a light-dark task (n = 6 each) (Fig. 4h). NCKX2+/

Fig. 3 LTP is impaired in the
hippocampal CA1 region of
NCKX2 +/— mice. a
Representative fEPSPs were
recorded from CA1 in NCKX2+/—
and WT mice. b—¢ Changes in
slope of fEPSPs following HFS
recorded in CA1 were attenuated
in NCKX2+/— relative to WT
mice at 1 min (post-tetanic
potential (PTP)) and 60 min (LTP).
d Representative images of
immunoblots of hippocampal
CA1 probed with NCKX2 and (3-
tubulin antibodies. e Quantitative
analyses of NCKX2 protein levels.
f Quantitative analyses of NCKX2
mRNA levels. Error bars in ¢ and
e indicate SEM. **p < 0.01 versus
WT mice
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—and WT mice also spent comparable time in the center circle
in the open-field task (n = 6 each) (Fig. 41). Overall, we con-
clude that NCKX2+/— mice did not exhibit anxiety behaviors
to any greater level than did WT mice.

Likewise, NCKX2+/— mice did not exhibit depressive-like
behaviors, as assessed by tail-suspension (n = 6) (Fig. 4j) and
forced-swim (n = 6) (Fig. 4k) tasks. Finally, NCKX2+/— mice
showed no motor deficits, as assessed by rotarod (n = 6)
(Fig. 41) and beam-walking (n = 6) (Fig. 4m) tasks.

Taken together, among behavioral analyses evaluated, only
memory-related behaviors, as measured in the novel object
recognition task and step-through passive avoidance test, were
impaired in NCKX2+/— mice.

CaMKII and CaMKIV Activities are Downregulated
in CA1l of NCKX2+/— Mice

To address mechanisms underlying LTP impairment and ab-
normal memory-related behaviors, we examined CaMKIIx
(Thr-286) autophosphorylation and phosphorylation of
CaMKYV (Thr-196) and ERK (Thr-202/Tyr-204) in CA1 ex-
tracts from NCKX2+/— and WT mice. CaMKIlx (Thr-286)
autophosphorylation and CaMKIV (Thr-196) phosphoryla-
tion were significantly decreased in NCKX2+/— compared
to WT mice (pCaMKII (Thr-286) 73.8 = 8.0%, n = 5;
pCaMKIV 68.6 £ 7.6%, n = 5) (Fig. 5a, b). By contrast,
ERK (Thr-202/Tyr-204) phosphorylation was unchanged in
NCKX2+/— mice (Fig. 5a, b). Both reduced CaMKII and
CaMKIV activities correlated with perturbed phosphorylation
of their endogenous substrates: phosphorylation of GluAl
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Fig. 4 a—d NCKX2+/— mice exhibit abnormal memory-related behav-
iors. Total arm entries (a) or alternations (b) in a Y-maze task were mea-
sured in NCKX2+/— and WT mice. ¢ The number of times a mouse
recognized a novel object in a novel object recognition (NOR) task was
assessed in NCKX2+/— and WT mice. In test sessions, that number sig-
nificantly decreased in NCKX2+/— relative to WT mice. d Latency time
in first and retention trials after 1-5 days of a passive-avoidance task.
Latency time on retention trials significantly decreased in NCKX2+/—
relative to WT mice. e-i NCKX2+/— mice exhibit normal anxiety-like
behaviors. Number (e) or duration in terms of time (f) of arm entries in an

Ser-831 (76.1 £6.2%, n = 5) (Fig. 5c, d) and CREB Ser-133
(64.5 £ 6.7%, n = 5) (Fig. 5c, d) significantly decreased in
CA1 of NCKX2+/—mice. Phosphorylation of synapsin I (Ser-
603), a pre-synaptic CaMKII substrate, was unchanged in
NCKX2+/— mice (n = 5) (Fig. 5c, d), as was GluAl (Ser-
845) phosphorylation by PKA (n = 5) (Fig. 5c, d).
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Beam-walk task
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elevated-plus maze task. g Number of marbles buried in a marble-burying
task. h Time spent in an open compartment in a light-dark task. i Time
spent in center circle in an open-field task. j—k NCKX2+/— and WT
exhibit comparable depressive-like behaviors. Immobility time as mea-
sured by tail-suspension (j) or forced-swim (k) tasks. -m NCKX2+/—
mice show normal locomotor activity. Latency time in a rotarod task (1)
and the number of missteps as evaluated by a beam-walking task (m).
Error bars indicate SEM. **p < 0.01 versus familiar object, +p < 0.05
versus WT mice

BDNF mRNA and Protein Levels Decrease in CA1
of NCKX2+/— Mice

To address the relevance of reduced CaMKII and CaMKIV
phosphorylation, we examined brain-derived neurotrophic
factor (BDNF) mRNA and protein levels, as CaMKII and
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Fig. 5 NCKX2+/— mice show decreased CaMKII and CaMKIV
activities in hippocampal CA1l. a Representative images of
immunoblots probed with antibodies against autophosphorylated
CaMKII, CaMKII, phosphorylated CaMKIV (Thr-196), phosphorylated
ERK (Thr-202/Tyr-204), and 3-tubulin. b Quantitative analyses of data
shown in a. ¢ Representative images of immunoblots probed with
antibodies against phosphorylated GluA1 (Ser-831), phosphorylated
GluAl (Ser-845), phosphorylated Synapsin I (Ser-603), phosphorylated

CaMKIV activities are required to induce expression of BDNF
mRNA containing exon I or exon IV [41, 42]. Levels of
BDNF transcripts containing exons I or IV significantly de-
creased in CA1 of NCKX2+/— compared with WT mice (exon
156.8+6.7%,n="7;exon IV 59.5+6.8%, n =7) (Fig. Se, f).
Similarly, BDNF protein levels significantly decreased in
CA1 of NCKX2+/— compared with WT mice (60.9 + 5.7%,
n =4) (Fig. 5g, h).

CaN Activity Increases in CA1 of NCKX2+/— Mice

To identify mechanisms underlying reduced CaMKII and
CaMKIV activities, we assessed Ca**-dependent protein
phosphatase CaN activity [43, 44]. As expected, CaN activity
significantly increased in NCKX2+/— mouse hippocampus
compared to hippocampus of WT mice (131.1 + 3.0%,
n = 6) (Fig. 5i).

CaMKII and CaMKIV Activities Decrease in CA1
of APP23 Mice

Finally, we asked whether CaMKII and CaMKIV phosphor-
ylation decreased in the CA1 region of APP23 mice. As ex-
pected, CaMKII (Thr-296) autophosphorylation and

CREB (Ser-133), and 3-tubulin. d Quantitative analyses of data shown in
c. Quantitative analyses of BDNF mRNAs containing exons I (e) or IV
(). g, h Representative images of immunoblots probed with NCKX2 and
[3-tubulin antibodies (g). Quantitative analyses of NCKX2 and WT pro-
tein levels (h). i Analysis of active CaN levels in hippocampal slices of
WT and NCKX2+/— mice. Error bars indicate SEM. **p < 0.01 versus
WT mice

CaMKIV (Thr-196) phosphorylation significantly decreased
in CA1 of APP23 mice without changes in total protein levels
(Fig. 6).

Discussion

In excitable cells such as neurons, Ca®" influx and efflux
through ion channels and transporters, respectively, are critical

a b
= _ W pCaNIKIl (Thr-286)
S 2007 = LCaMKIV (Thr-196)
b
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pCamkn [ — ]~ §kpa g
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Fig. 6 Reduced CaMKII and CaMKIV activities in CA1 of APP23 mice.
a Representative images of immunoblots probed with antibodies against
autophosphorylated CaMKII, CaMKII, phosphorylated CaMKIV (Thr-
196), CaMKIV, and (3-tubulin. b Quantitative analyses of data shown in
a. Error bars indicate SEM. **p < 0.01 versus WT mice
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Fig. 7 Proposed model showing
mechanisms underlying memory
deficits in NCKX2+/— mice.
CaMKII and CaMKIV activity is
downregulated in NCKX2+/—
mice, possibly due to increased
CaN phosphatase activity. As a
result, CREB (Ser-133) phos-
phorylation and BDNF expres-
sion decrease. In addition,
CaMKII downregulation de-
creases GluAl (Ser-831) phos-
phorylation. Downregulation of
both CaMKII and CaMKIV ac-
tivities promotes cognitive defi-
cits seen in NCKX2+/— mice,
possibly via enhancing CaN
activity

extracellular
O

to maintain calcium homeostasis [1, 3]. Cation/Ca®* exchang-
er proteins primarily contribute to Ca®* extrusion from the
cytosol. These types of proteins have been classified into
Na*/Ca®* exchangers (NCXs; NCX1-3) and K*-dependent
Na*/Ca®* exchangers (NCKXs: NCKX1-5) [9, 45]. Notably,
we found that among NCKXs, NCKX2 levels are partially
reduced in CA1 of APP23 mice. Therefore we used NCKX2
heterozygotes to evaluate effects of partial loss of NCKX2
function in the brain. Although others have reported impaired
hippocampal LTP induction in NCKX2 homozygous null
mice [6], those mice did not survive until adulthood in our
studies, and hence, we used heterozygotes for analysis. Here,
we show that both CaMKII and CaMKIV activities are re-
duced in the CA1 of NCKX2+/— mice. Interestingly, CaN
activity increased ~130% in CA1 of NCKX2+/— mice, sug-
gesting mildly elevated Ca** in hippocampal neurons in those
mice. Thus, an imbalance in activity of protein kinases and
phosphatases likely underlies cognitive deficits seen in
NCKX2+/— mice.

We also confirmed that signaling downstream of CaMKII
and CaMKIV is dysregulated in NCKX2+/— mice. CaMKIV
directly phosphorylates CREB at Ser-133 and is critical for
consolidation of hippocampus-dependent memory in mice
[46]. Furthermore, CaMKIV mutant mice show impaired
CREB activity and LTP induction in hippocampus [26], and
BDNF gene expression is mediated by CREB phosphoryla-
tion [47]. Thus, CREB mutant mice exhibit impaired
memory-related behaviors [48], and BDNF mutant mice ex-
hibit deficits in spatial learning and memory and hippocampal

@ Springer

2 Th28s 4
S % ,l ; '
S 4 Gene expression
~a ™

Nucleus

Memory deficit

LTP [49, 50]. Likewise, CaMKII is essential for CREB activ-
ity through additional CREB phosphorylation at Ser-142 [51].
We recently confirmed that CaMKII is required for CREB
phosphorylation at Ser-133 and BDNF expression in the hip-
pocampus of CaMKIV null mice [37]. Thus, we propose that
both CaMKIV and CaMKII activities synergistically activate
CREB/BDNF pathways in rodent hippocampus. Reduced
CaMKII activity seen in NCKX2+/— mice also accounts for
impaired LTP induction due to decreased phosphorylation of
GluAl at Ser-831. However, ERK phosphorylation at Thr-
202/Tyr-204 was unchanged in CA1 of NCKX2+/— mice,
suggesting that ERK activity is not essential for CREB
phosphorylation.

We speculated increased CaN activity by a mild elevation
of synaptic Ca* concentration in CA1 of NCKX2+/— mice.
CaN is activated by low Ca** concentrations (KD = ~0.1 to
1 nM) relative to those of CaMKII (KD = ~40 to 100 nM) [52,
53]. CaN increases PP1 activity through dephosphorylation of
dopamine- and cAMP-regulated protein of 32 kDa (Thr-34),
inactivating CaMKII activity at post-synaptic densities [54,
55]. CaN is also abundant in CA1 cell bodies, where it de-
phosphorylates CaMKIV [56, 57]. Thus, reduced CaMKII
and CaMKIV activity could be due in part to elevated CaN
activity in CA1 (Figs. 6 and 7).

In neurons, several proteins, including Ca®-ATPase in
plasma membranes, Ca**-ATPase in the endoplasmic reticu-
lum, NCXs, NCKXs, and mitochondrial Ca%* uniporters me-
diate Ca®* excretion from the cytosol in somata and at post-
synaptic densities [58, 59]. Recently, Lee [14] reported that
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NCKX2 endocytosis in the somato-dendritic region but not at
axon terminals is regulated by Src family kinase-dependent
tyrosine phosphorylation of NCKX2 Tyr-365 in cultured
mouse hippocampal neurons. Our data shows that NCKX2
is predominantly expressed in somata of hippocampal pyra-
midal neurons and only weakly expressed in pre- and post-
synaptic regions. Thus, partial reduction in NCKX2 levels in
both synaptic and somatic regions likely accounts for impaired
hippocampal LTP and cognitive deficits seen in NCKX2+/—
mice.

NCKX2 protein and mRNA levels are significantly de-
creased in CA1l of APP23 mice. Our immunohistochemical
analysis indicates that the expression levels of NCKX2 dra-
matically decrease in CA1 of APP23 relative to WT mice
(Fig. 1d). NCKX2 expression also slightly decreased but not
significant in the DG of APP23 mice (Fig. 1d). Since
CaMKIIx-containing neurons are selectively lost in CAl of
AD patients [60], reductions in both CaMKII and NCKX2
may be associated with cognitive deficits seen in these
individuals.

In conclusion, NCKX2 expression decreases in CAl of
APP23 mice, and NCKX2 decreases are associated with re-
duced CaMKII and CaMKIV activity in hippocampus and
mild impairment of hippocampal LTP and learning behaviors.
A question to be addressed in future studies is whether
NCKX2 overexpression could rescue memory dysfunction
and related behaviors in APP23 mice.
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