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Neurobiology of Disease

Synaptopodin Deficiency Ameliorates Symptoms in the 3xTg
Mouse Model of Alzheimer’s Disease

Etay Aloni,' Efrat Oni-Biton,' “Micheal Tsoory,> “Dalia H. Moallem,' and “Menahem Segal'

Departments of 'Neurobiology, and 2Veterinary Resources, The Weizmann Institute, Rehovot 76100, Israel

Disruption in calcium homeostasis is linked to several pathologies and is suggested to play a pivotal role in the cascade of events
leading to Alzheimer’s disease (AD). Synaptopodin (SP) residing in dendritic spines has been associated with ryanodine receptor
(RyR), such that spines lacking SP release less calcium from stores. In this work, we mated SPKO with 3xTg mice (3xTg/SPKO) to
test the effect of SP deficiency in the AD mouse. We found that 6-month-old male 3xTg/SPKO mice restored normal spatial learning
in the Barns maze, LTP in hippocampal slices, and expression levels of RyR in the hippocampus that were altered in the 3xTg mice.
In addition, there was a marked reduction in 3xTg-associated phosphorylated tau, amyloid 3 plaques, and activated microglia in
3xTg/SPKO male and female mice. These experiments indicate that a reduction in the expression of SP ameliorates AD-associated
phenotype in 3xTg mice.
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Significance Statement

This study strengthens the proposed role of calcium stores in the development of AD-associated phenotype in the 3xTg mouse
model, in that a genetic reduction of the functioning of ryanodine receptors using synaptopodin-knock-out mice ameliorates AD

symptoms at the behavioral, electrophysiological, and morphological levels of analysis.

Introduction

Abnormality in intraneuronal calcium homeostasis has been sug-
gested to play a pivotal role in the cascade of events leading to AD
(Khachaturian, 1989; Mattson, 2010; Stutzmann and Mattson,
2011; Popugaeva and Bezprozvanny, 2013; Del Prete et al., 2014).
Alterations in ryanodine receptor (RyR) expression were re-
ported in patients with AD already at early stages of the disease
(Kelliher et al., 1999; Bruno et al., 2012) and in animal models
containing mutant presenilin 1 (PS1; Smith et al., 2005; Chak-
roborty et al., 2009). The 3xTg AD mouse model, which harbors
PSIM146V, APPSwe, and tauP301L transgenes, develop amyloid
plaques at 6 months of age and neurofibrillary tangles at 9
months of age (Oddo et al., 2003). In addition, synaptic plasticity
impairments and cognitive impairments may be found even ear-
lier (2—4 months of age), and were suggested as an early indica-
tion of the disease (Grigoryan et al., 2014; Clark et al., 2015).
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However, the mechanisms through which these mutations cause
synaptic plasticity impairments remain elusive. 3xTg mice exhib-
its high expression of RyR in the hippocampus, an increase in
RyR-evoked calcium release, and plasticity in response to synap-
tic transmission (Stutzmann et al., 2006; Chakroborty et al.,
2009).

Synaptopodin (SP) is an actin-binding protein residing in
dendritic spines. It is essential for the formation of a spine appa-
ratus (SA), which is a specialized form of ER found in dendritic
spines. SP clusters in spines have been associated with RyR, which
is more abundant in spines that express SP * than in ones that do
not (Vlachos et al., 2009). SP regulates the release of calcium from
stores in dendritic spines (Korkotian and Segal, 2011). SPKO
mice are viable; however, they lack SA, and demonstrate long-
term potentiation (LTP) deficiencies and impaired spatial learn-
ing (Deller et al., 2007; Jedlicka and Deller, 2017). In addition,
neurons from SPKO mice lack homeostatic synaptic plasticity (Vla-
chos etal., 2013). Interestingly, SP expression in the hippocampus is
downregulated in patients with dementia with Lewy bodies, Parkin-
son’s disease dementia, mild cognitive impairments, and AD (Reddy
et al., 2005; Counts et al., 2014; Datta et al., 2017).

The present study examined the interaction between SP and
the 3xTg mouse model of AD. The data indicate that SP defi-
ciency ameliorates symptoms of AD in the 3xTg mice and re-
stores normal synaptic plasticity.
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Figure1. (affeine enhances EPSPs in wt mice: extracellular field potential recordings of EPSP in a Schaffer collateral of the hippocampus. EPSP slope measured for 10 min of baseline and during

caffeine perfusion shown in the bar below the record, in three different concentrations. Sample EPSPs recorded at the time points “a” and “b” (before and after caffeine perfusion, respectively) are
presented above the record. Bar graph summarizes potentiation results at the b time point. Data are presented as the mean == SEM in this and the following figures. Six-month-old male mice; n =
4 -5 slices taken from 3 mice/concentration.
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Figure2. (affeine facilitates LTP in the 3xTg mice: extracellular EPSPs recorded in stratum radiatum of the hippocampus. 4, Paired-pulse ratio at three different interpulse intervals (IPls) before
and after 20 min of 50 wm caffeine perfusion at times indicated by “a” and “b,” respectively, showing a significant effect of caffeine perfusion at 50 msinterval (wt: before, 1.42 == 0.032; after, 1.35 =
0.016; t3 = 3.427; p = 0.042; 3xTg: before, 1.44 == 0.058; after, 1.33 == 0.065; t4 = 3.038; p = 0.037, paired t test). Sample of two consecutive EPSPs recorded at a 50 ms interpulse interval are
presented above the record. B, Bar graph presenting the effect of caffeine on EPSP slope in wt and 3xTg S2 at time point b. ¢, Normalized EPSP slopes recorded in response to stimulation of two
pathways, as presented in the diagram above the record. Slices were perfused with 50 wm caffeine for 30 min during the bar shown below the record. First, HFS was delivered in the slope 1 (51)
pathway and the second HFS was delivered in the slope 2 (S2) pathway; both marked by black arrows. Sample EPSPs recorded at the time pointsaand “c” are presented above the record. D, Bar graph
summarizes LTP results at time point ¢, showing significant reduction in LTP in the 3xTg group compared with the wt group (p = 0.0037, two-sample ¢ test) that was restored back to normal in
response to the S2 pathway stimulation during the perfusion of caffeine. Six-month-old male mice; n = 4 -5 slices taken from 3 mice/group. *p << 0.05.

Materials and Methods

Animals. Experiments were approved by the local Institutional Animal
Care and Use Committee. Mice were maintained on a 12 h light/dark
cycle, and were allowed free access to food and water. By crossing 3xTg
with SPKO mouse lines, we obtained a new mouse line that was both
harboring the three transgenic mutations originally found in the 3xTg
mouse line and was lacking the SP gene in both alleles of its DNA (3xTg/
SPKO). In our study, we used both male and female mice.

Genotyping. To examine the mouse genotype, we extracted DNA from
the edge of the tail tissue using a standard DNeasy Tissue Kit (Qiagen).
We then amplified the genes of interest using PCR [PS1 primers: forward
(F), 5'~AATAGAGAACGGCAGGAGCA; reverse (R), 5'-GCCATG-
AGGGCACTAATCAT; APP primers: F, 5'-AGGACTGACCACTC
GACCAG; R, 5'-GTAGGTGGAAATTCTAGCATCAT; Microtubule
Associated Protein Tau primers: F, 5'-TGAACCAGGATG-GCTGAG;R,
5'-TTGTCATCGCTTCCAGTCC; SYNPO (SP) primers: 1, 5'-GCGG
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Figure 3.

EPSP elevation by caffeine is reduced in SPKO mice: population EPSPs recorded in stratum radiatum of 6-month-old male mice of the hippocampus. A, Paired-pulse ratio at three

uyn

different interpulse intervals (IPls) before and after 10 min of 5 mu caffeine perfusion at times indicated in Chy “a” and “b,” respectively, showing a significant effect of caffeine perfusion in the wt
group at 15 msintervals (wt: before, 1.35 = 0.07; after, 1135 == 0.04; 121 = 2.33; p = 0.03, paired ¢ test; n = 9 slices in 3 mice) and at 50 ms intervals in both groups (wt: before, 1.49 == 0.06;
after, 1.27 = 0.05; t = 2.68; p = 0.014, paired t test; n = 9 slices in 3 mice; SPKO: before, 1.57 = 0.05; after, 1.39 = 0.03;t = 3; p = 0.005, paired t test; n = 13 slices in 4 mice). B, Sample of
two consecutive EPSPs recorded at 50 ms interpulse interval before and after 5 mu caffeine perfusion. €, EPSPs slope measured during 10 min at baseline and following caffeine perfusion shown in
the bar below the record. D, Bar graph presenting the effect of 5 mu caffeine on EPSP slope in wt and SPKO slices at time point b showing significant reduction in the effect of caffeine in the SPKO
group (wt, 2.25 = 0.18; SPKO, 1.72 = 0.08; t20 = 2.35; p = 0.029, unpaired ¢ test; n = 9 and 13 slices in 3 and 4 mice, respectively). *p << 0.05.

TGGCTGACTGTGGTGACT; 2, 5'-CAGGCGCAGGCAGAGGGTGA
ACG; and 3, 5'-CCAGCTGGCGAAAGGGGGATGTG] and ran the
samples on agarose gels (1% agarose in Tris buffer) using ethidium bro-
mide as a DNA fluorescent indicator.

Behavior. Seven-month-old male mice from four experimental groups
[wild type (wt), n = 8; 3xTg, n = 8; SPKO, n = 5; 3xTg/SPKO, n = 6)
were used. Spatial learning was tested using the Barnes maze (Barnes,
1979). The protocol is available on-line (http://www.nature.com/
protocolexchange/protocols/349). Briefly, mice were placed on a round
platform with 19 pseudo-holes and one target hole that leads to a hidden
shaded small cage. After an adaptation period, mice were allowed to
search for the hole for a maximum of 3 min while white noise and bright
light were presented. Time and the number of errors (pseudo-hole visits)
were measured until they found and entered the small cage. These train-
ing trials were repeated three times each day for 4 d. At day 5, a probe test
was performed. The escape hole was blocked, and the index for recall of
its location was the time mice spent in the quarter of the maze where the
escape hole was located (escape quadrant).

Immunohistochemistry. Mice were anesthetized with chloral hydrate
and perfused with PBS, followed by 4% paraformaldehyde (PFA). The
brains were kept in 4% PFA for 24 h followed by 48 h in 30% sucrose and
1% PFA. Sixteen-micrometer-thick coronal sections were then cut with a
cryostat and collected. Sections were blocked with 20% normal horse
serum in 0.2% Triton X-100 containing PBS for 1 h. Sections were incu-
bated overnight at 4°C with the primary antibodies in 2% normal horse
serum and 0.2% Triton X-100 in PBS [antibodies used were as follows: SP
(SE-19): 1:500; Sigma-Aldrich; RyR: 1:100; catalog #ab2868, Abcam;
B-amyloid: 1:100; catalog #6E10 BLG-803001, BioLegend; Iba-1: 1:200;
catalog #CN-019-19741, Wako; phospho-tau (p-tau; Ser202, Thr205):
1:100; catalog #AT-8 CN-90206, Innogene Kalbiotech]. Sections were

then rinsed in PBS and incubated with the biotinylated antibody in 2%
normal horse serum in PBS (1:100; Jackson ImmunoResearch) for 2 h at
room temperature followed by incubation with streptavidin (1:200; Jack-
son ImmunoResearch) in PBS for 1.5 h. Confocal image stacks were
taken using a Zeiss LSM 880 laser-scanning microscope equipped with an
EC Plan-Neofluar 5X/0.16 M27, plan-apochromat 20X/0.8, and plan-
apochromat 63X/1.40 oil differential interference contrast objectives.
Detector and amplifier gains were initially set to obtain pixel densities
within a linear range. Up to 15 images were recorded per stack. Cells,
plaque counts, and fluorescent levels were measured using Image] soft-
ware. Nine-month-old female mice (n = 18 sections taken from three
mice per group) were used in all staining except for staining for SP, where
2-month-old male mice (n = 12 sections taken from three animals per
group) were used.

Electrophysiology. Mice were rapidly decapitated with a guillotine, their
brains were removed, and the hippocampi were sliced into transverse 400
wm slices on a Mclllwain tissue chopper. Slices were incubated at room
temperature for 1.5 h in carbogenated (5% CO,/95% O,) ACSF (124 mm
NaCl, 4.2 mm KCl, 26 mm NaHCOj, 1.24 mm KH,PO,, 2.5 mm CaCl,, 2
mm MgSO,, and 10 mm glucose, at pH 7.4). Recordings were made from
slices in a standard interface chamber at 33.8-34.0°C. Field EPSPs were
recorded through a glass pipette containing 0.75 m NaCl (4 M{}) in
stratum radiatum of CA1 region. Synaptic responses were evoked by
stimulation of the Schaffer collaterals through a bipolar handmade nickel
chromium electrode. In most experiments, two stimulating electrodes
were placed on both sides of the recording electrode in stratum radiatum,
producing similar population EPSPs and LTP (see Fig. 2). This allows
testing the effect of substrates on stimulation protocol such as high-
frequency stimulation (HFS) on the same slice. Evoked population
EPSPs (50% of maximum amplitude) were recorded for a stable baseline
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Figure 4.  Young but not adult SPKO mice show LTP deficiency: extracellular field potential recordings of EPSP in CA1 stratum radiatum of the mouse hippocampus. A, Input—output curves
showing EPSP slopes recorded at different stimulation intensities. B, Paired-pulse ratio at three different interpulse intervals (IPls). €, Normalized EPSP slopes recorded in response to tetanic
stimulation. HFS was delivered to S1, marked by a black arrow. Sample EPSPs recorded before and after HFS at the time indicated in the record are presented above. D, Bar graph summarizes LTP
results at time point “b” showing a significant reduction in LTP in the young SPKO group compared with the wt group (wt: n = 7 slices, 1.45 = 0.04; SPK0: n = 7 slices, 1.24 = 0.0; p < 0.003,
two-sample t test) that was restored in the adult SPKO group. One-month-old male mice (n = 6 slices taken from 3 mice per group) and 6-month-old male mice (n = 915 slices taken from 3— 4
mice/group). The 6-month-old group is the same cohort of results as presented in Figure 8. *p << 0.05.

A KO KO wt Heterozygote B r SPKO

1000 -
1000 -
500 - 500 -
c ps1 D APP E Tau

1000 - :é

500 - —:——'-5—____

1000 - E——i-

500 - W ———— — -

Figure5.  Genotyping of 3xTg/SPKO mouse line: representative gels of PCR results from DNA of the 3xTg/SPKO mouse line. A, Example of SP gene enhanced by PCR in four mice. B—E, PCR results
from mice obtained through several generations of intercrossing, showing a whole litter of mice possessing all four mutations. (SPKO, 398 bp; SP wt, 492 bp; PSTM146V, 608 bp; APP Swed, 377 bp;
Tau p301L, 254 bp).
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Figure6.  SPKO mice do not express SP: representativeimmunostaining of CA1 area (top) and DG (bottom) of brain sectionsimmunolabeled for SP (green) and DAPI (blue). A, Bar graph taken from
stratum radiatum. B, Bar graph taken from molecular layer of the DG (as can be seen by the white rectangles) showing significantly lower SP expression in the SPKO group (p << 0.001 for both areas;
two-tailed ¢ test. Two-month-old male mice. n = 12 sections taken from 3 animals/group. *p << 0.05.
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Figure7.  SP deficiency restores spatial navigation in the 3xTg mice: 7-month-old male mice were trained in the Barnes circular maze for 4 d. A probe trial, in which the escape hole was blocked
(€, white arrow), was conducted 24 h after the last training session. 4, B, During acquisition phase, latency (A) and errors (B) were recorded. During the probe trial, time in the escape quadrant was
recorded. All groups learned this task. €, However, two-way repeated-measures ANOVA revealed a significant effect for groups on errors (Fg 3 46.55) = 2.928, p = 0.038), and a Tukey HSD post hoc
testindicated a significant difference between 3xTg and wt groups (p = 0.023). D, In the probe trial, all groups displayed a search bias for the target quadrant (dashed line indicates chance level);
however, a one-way ANOVA followed by post hoc test indicated a significant difference between the groups (wt, 47.68 == 2.653 5; 3xTg, 34.4 = 4.925; F15 = 4.159, p = 0.032). *p < 0.05.
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period of at least 10 min. For induction of LTP, A
HEFS [two trains, 100 pulses in 1 s (100 Hz), at
30 s intervals] was delivered. For the paired-
pulse stimulation protocol, two consecutive
stimuli of equal intensity were delivered at
varying interpulse intervals (range, 15-200 ms)
to stratum radiatum. Drugs were prepared
from stocks and diluted in recording medium
immediately before use then applied by perfu-
sion on the slice. Data acquisition and off-line
analysis were performed using pCLAMP 9.2
(Molecular Devices) in a blind procedure, and
the code was opened only after completion of 0
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week-old male mice (n = 9-11 slices taken
from three mice per group) were used in the
effect of SP deficiency on synaptic properties in
experiments with young mice.

Experimental design and statistical analysis.
Different cohorts of mice were used in each
experiment. Statistical design for experi-
ments can be found in the Results section. All
statistical analyses were conducted using
MATLAB software. Significant differences
among groups were considered to be <5% and were marked by the *
symbol.

Figure 8.

mice/group.

Results

To test whether calcium release from intracellular stores under
baseline conditions and in response to tetanic stimulation is al-
tered in the 3xTg mice, we examined the effect of caffeine (Mar-
gineanu and Klitgaard, 2004; Chakroborty et al., 2009; Wu et al.,
2013). Caffeine perfusion onto hippocampal slices resulted in an
increase in slope of EPSPs already at a concentration of 50 um,
and the effect was dose dependent (Fig. 1). Since the elevation of
[Ca?T]i during HFS is essential for LTP induction, we examined
whether the perfusion of the low concentration of caffeine alters
EPSPs and the induction of LTP. Caffeine perfusion yielded no
significant differences in the increase in EPSPs between the wt
and 3xTg groups (Fig. 2B). Interestingly, LTP that was deficient
in 3xTg mice compared with control wt mice was restored back to
normal after the perfusion of 50 uMm caffeine for 20 min (Fig.
2C,D). There was a significant reduction in paired-pulse facilita-
tion at a 50 ms interval following 50 uM caffeine perfusion (Fig.
2A), indicating that the changes generated by caffeine were partly
presynaptic. The effect of caffeine on LTP induction indicates a
higher release of calcium from RyR in the 3xTg mice following a
tetanic stimulation.

SP is associated with RyR in dendritic spines (Vlachos et al.,
2009). To study the role of SP deficiency on calcium release from
stores, the effect of 5 mM caffeine on basal hippocampal synaptic
transmission was compared between the SPKO and wt mice. Caf-

15

50
IPIs (ms)

200

3xTg/SPKO mouse line exhibits no differences in tissue viability and paired-pulse facilitation: extracellular field
potential recordings of EPSPs in Schaffer collateral of the hippocampus. 4, Input— output curves showing EPSP slopes recorded at
different stimulation intensities. B, EPSP slope after/before 10 min of 1 m Ry perfusion. €, Paired-pulse ratio at three different
interpulse intervals (IPls) before and after 10 min of 1 m Ry perfusion. Six-month-old male mice; n = 9 —15slices taken from 3— 4

feine facilitation of EPSP was significantly lower in the SPKO
mice (Fig. 3D). In addition, 5 mM caffeine reduced paired-pulse
facilitation in 15 ms interpulse intervals in the wt group, and in 50
ms intervals in both groups (Fig. 3A), suggesting that caffeine has
a presynaptic effect.

It has been reported (Deller et al., 2003) that SPKO slices
express a reduced ability to generate LTP. In contrast, Zhang et al.
(2013) found that this deficiency is age dependent. To clarify this
discrepancy in our animals, we compared the ability to express
LTP in both young (4- to 6-week old) and adult (6-month-old)
SPKO and wt mice. Figure 4). While young SPKO mice expressed
a significantly reduced ability to form LTP, the older cohort was
not different from controls (Fig. 4). Consequently, further exper-
iments were performed with the older cohort of mice.

To examine the role of SP in the 3xTg AD syndrome, we
cross-bred SPKO with 3xTg mice to obtain a mouse line combin-
ing SPKO and the three mutations of the 3xTg mice (Fig. 5). We
first validated that SPKO mice do not immunostain for synaptopo-
din. SPKO mice show only background fluorescence that was signif-
icantly lower than that of the wt mice (Fig. 6). We then commenced
a series of experiments to examine the functional relevance of the
combined 3xTg/SPKO genes. This consisted of two types of experi-
ments, the behavioral and electrophysiological studies.

In the spatial learning task, the performance of the four groups
of mice in the Barnes maze was assessed. While the 3xTg could
not learn the spatial task, SP deficiency restored this function
back to wt levels in both of the errors made while learning (Fig.
7B) and in the time spent in the escape quadrant in the probe trail
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1.2266 =+ 0.0589; after, 1.3907 = 0.0047; p << 0.042, two-sample  test). Six-month-old male mice; n = 9—15 slices taken from 3— 4 mice/group. *p << 0.05.
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SPKO s 3xTg/SPKO

Figure 10.  3xTg and 3xTg/SPKO express more intracellular 3-amyloid: representative immunostaining of CA1 area of hippocampal sections immunolabeled for 3-amyloid (green). Bar graph showing
significant differences between the control and 3xTg groups and between the wt and 3xTg/SPKO groups found using one-way ANOVA with Tukey HSD post hoc test (wt, 33.39 = 0.81; 3xTg, 47.68 == 3.9;
3xTg/SPKO, 53.3 == 3.95; F3 = 8.551; p << 0.001; post hoc test: wt vs 3xTg, p = 0.0147; wt vs 3xTg/SPKO, p = 0.0016). Nine-month-old female mice; n = 18 sections taken from 3 animals/group. *p << 0.05.
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Figure 11.

B-Amyloid plaques detected in the 3xTg: Representative immunostaining of hippocampal sections. 4, Inmunolabeled for 3-amyloid (green) and DAPI (blue). B, Enlargement of

representative 3-amyloid plaque colocalized with activated microglia (yellow). Nine-month-old female mice; n = 18 sections taken from 3 animals/group.

(Fig. 7D). No differences were found in
latency to find the escape hole (Fig. 7A),
suggesting that differences in motility or
emotionality do not underlie the cogni-
tive deficit.

To test the effect of SP deficiency on
the reduction in synaptic plasticity seen in
the 3xTg mice, field potentials were com-
pared in CA1 region of hippocampal slices
of the four groups of mice. In these exper-
iments, we used ryanodine (Ry; 1 uM) in-
stead of caffeine, to eliminate the possible
presynaptic side effects of caffeine. Al-
though the pharmacological mechanism
differs between the two substrate, both
can be used to test the effects of increased
release of calcium from the RyR (Meiss-
ner, 1986; Chakroborty et al., 2009; Grigo-
ryan et al., 2012). First, input—output
relations were measured before and after exposure of the slices
to 1 uM Ry, a RyR agonist (Mellentin et al., 2007; Grigoryan et
al., 2012). No differences were found among the groups (Fig.
8A), and there was not an effect of Ry on these measurements
(Fig. 8B). Thereafter, a paired-pulse protocol was used to ten-
tatively localize the site of action of ryanodine. There were no
significant paired-pulse differences among the groups (Fig.
8C), indicating that Ry at this concentration was not effective
on baseline synaptic responses. For testing synaptic plasticity,
we applied tetanic stimulation to two pathways, before and
during the perfusion of Ry at 1 um. While LTP was deficient in
the 3xTg mice, it was restored back to the level of wt LTP in the
3xTg/SPKO group (Fig. 9). Furthermore, the facilitating effect
of Ry on LTP was found only in the 3xTg group, but not in the
wt or the SPKO slices, suggesting that calcium release from
stores is more effective in this group following tetanic stimu-
lation. Overall, these results indicate that lack of SP amelio-
rates the LTP deficiency found in 3xTg mice and provides
evidence for the relevance of the RyR in the restoration of the
LTP mechanism.

Figure 12.

3xTg/SPKO

p-Tau overexpression detected in the 3xTg: representative immunostaining of CA1 area of hippocampal sections.
Immunolabeled for p-tau (green). Nine-month-old female mice; n = 18 sections taken from 3 animals/group.

To test whether SP deficiency affects the morphological AD
markers found in the 3xTg mice, we analyzed brain sections for
immunohistochemistry in 9-month-old female mice, which are
known to be more sensitive to the 3xTg transgenes (Yang et al.,
2018). Brain sections from the four groups of mice were stained
with specific antibodies for 8-amyloid and microglia. Both 3xTg
and 3xTg/SPKO mouse groups expressed more intracellular
B-amyloid (Fig. 10). However, there were no extracellular
B-amyloid plaques in the 3xTg/SPKO mice, which were clearly
detected in the 3xTg group and colocalized with activated micro-
glia (Fig. 11). Moreover, immunostaining for p-tau (a marker of
AD; Oddo et al., 2003) revealed no significant expression of p-tau
in the 3xTg/SPKO mice, which had been conspicuous in the 3xTg
mice (Fig. 12). To test for the differential expression of RyR in the
different groups, brain sections from 9-month-old mice were
immunostained using fluorescently labeled antibodies for RyR.
As expected, the 3xTg mice expressed higher levels of RyR than
wt mice (Fig. 13). Interestingly, RyR expression was signifi-
cantly lower in the 3xTg/SPKO mice compared with the 3xTg
mice (Fig. 13).
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Figure 13.
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3xTg mice express elevated levels of RyR: representative immunostaining of stratum pyramidale of CAT area of brain sections immunolabeled for RyR (green). Bar graph showing

significant differences between control and 3xTg groups and between 3xTg and 3xTg/SPKO groups found using one-way ANOVA with Tukey HSD post hoc test (wt, 33.944 == 3.346; 3xTg, 49.846 =
3.062; 3xTg/SPKO, 38.732 == 1.758; F3 = 25.904; p << 0.001; post hoc test: wt vs 3xTg, p = 0.0013; 3xTg vs 3xTg/SPKO, p = 0.0034). Nine-month-old female mice; n = 18 sections taken from 3

animals/group. *p < 0.05.

Discussion

The present study was designed to promote better understanding
of the abnormalities of calcium homeostasis in a mouse model of
AD. We combined a well characterized AD model (3xTg), which
has a high density of RyR with the SPKO mouse, which is re-
ported to express reduced efficacy of RyR, and examined the
effect of SP deficiency on symptoms of AD. We did not find an
effect of SPKO by itself on RyR expression levels (Fig. 13); how-
ever, we cannot exclude alterations in RyR localization and prox-
imity to spines, as suggested previously (Vlachos et al., 2009). In
addition, we did not find the reduction in hippocampus-
dependent properties such as LTP (Fig. 4) and spatial learning
(Fig. 7) in 6-month-old SPKO mice, as reported previously
(Deller et al., 2003). The discordance between our data and ear-
lier reports (Deller et al., 2003; Grigoryan and Segal, 2016) re-
garding LTP and spatial learning in SPKO can be explained by age
differences. While we found LTP deficiency in 4- to 6-week-old
mice, Deller et al. (2003) used adult mice without specifying their
age, and Grigoryan and Segal (2016) used 2- to 3-month-old
mice; in the present study, we did not find a reduction in LTP in
6-month-old SPKO mice. Moreover, a reduction of LTP was re-
ported to be age dependent and was not present in 6-month-old
SPKO mice (Zhang et al., 2013). The facilitating effect of caffeine
and Ry on LTP that we found together with the high expression of
RyR in the 3xTg mice imply that calcium release from stores is
enhanced in the AD model, which has been suggested previously
(Popugaeva and Bezprozvanny, 2013; Chakroborty and Stutz-
mann, 2014; Briggs et al., 2017). As part of the effort to restore
calcium homeostasis in a PS1 FAD (familial AD) mutation, it was
shown that altering the expression or function of RyR has protec-
tive effects in some cases in AD mouse models (Liu et al., 2014;
Shi et al., 2018). In addition, long-term treatment with the RyR
blocker dantrolene reduces cognitive decline and amyloid 3
plaques in the 3xTg mice (Penget al., 2012; Wu et al., 2015). Our

findings also support earlier work performed in young (6- to
8-week-old) 3xTg mice showing a larger increase than wt mice in
RyR-evoked calcium release in response to synaptic stimulation
(Chakroborty et al., 2009). In addition, a study in another AD
model (APP/PS1) demonstrated that RyR priming reestablishes
plasticity (Li et al., 2017). AD mouse models that harbor PS1
mutation release more calcium ions from intracellular stores in
response to synaptic stimulation (Cheung et al., 2008; Chak-
roborty et al., 2009; Chakroborty and Stutzmann, 2014). How-
ever, despite the positive correlation between elevated [Ca®" i
and LTP, these mice exhibit a reduction in LTP. This implies that
other mechanisms are involved in this deficit. In the AD cascade,
it is unclear whether an elevation in RyR expression is part of a
mechanism that compensates for the lack of synaptic plasticity or
that other mechanisms are activated to reduce the response to the
elevation in [Ca*"]i that occurs due to higher RyR expression. At
any rate, the changes in calcium regulation and LTP occur before
other AD symptoms such as 3-amyloid aggregations seen at 9
months of age. Therefore, calcium regulation mechanisms have
been suggested to be a suitable target for the development of
therapeutic approaches (Chakroborty and Stutzmann, 2014;
Briggs et al., 2017). We found that the combined mouse line of
3xTg and SPKO ameliorates AD symptoms such as LTP defi-
ciency (Fig. 9), impaired spatial navigation (Fig. 7), B-amyloid
plaques, activated microglia (Fig. 11), and p-tau overexpression
(Fig. 12). In addition, the 3xTg/SPKO mice exhibit restored levels
of RyR back to normal range (Fig. 13). The finding of a clear
increase in intracellular B-amyloid both in 3xTg and in 3xTg/
SPKO groups (Fig. 10) is expected probably because both lines
contain the APPSwe mutation. Interestingly, plaques were de-
tected only in the 3xTg group. This requires further investigation
to specify the different forms of B-amyloid found in both lines. It
is important to note that this study shows amelioration of AD
symptoms only in the 3xTg mouse model, and it would be of
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interest to generalize the effect of SP deficiency in other AD
mouse models.

Together, our data support the involvement of ryanodine and
calcium stores in the early stage of development of AD, and pro-
motes the “calcium hypothesis” as a leading cause of AD to be
considered as a potential therapeutic avenue of the disease.
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