Lee and Kwag Alzheimer's Research & Therapy (2021) 13:165 . '
https://doi.org/10.1186/513195-021-00901-9 Alzheimer's

Research & Therapy

RESEARCH Open Access

Check for
updates

Activation of PLC31 enhances
endocannabinoid mobilization to restore
hippocampal spike-timing-dependent
potentiation and contextual fear memory
impaired by Alzheimer’'s amyloidosis

Jaedong Lee and Jeehyun Kwag"

Abstract

Background: Accumulation of amyloid beta oligomers (ABO) in Alzheimer’s disease (AD) impairs hippocampal
long-term potentiation (LTP), leading to memory deficits. Thus, identifying the molecular targets of ABO involved in
LTP inhibition is critical for developing therapeutics for AD. Endocannabinoid (eCB) synthesis and release, a process
collectively called eCB mobilization by hippocampal CAT pyramidal cells, is known to facilitate LTP induction. eCB
can be mobilized either by postsynaptic depolarization in an intracellular Ca’* concentration ([Ca**])-dependent
pathway or by group 1 metabotropic glutamate receptor (mGIuR) activation in a phospholipase C@ (PLCR)-
dependent pathway. Moreover, group 1T mGIuR activation during postsynaptic depolarization, which is likely to
occur in vivo during memory processing, can cause synergistic enhancement of eCB (S-eCB) mobilization in a
PLCB-dependent pathway. Although ABO has been shown to disrupt [Ca**]-dependent eCB mobilization, the effect
of ABO on PLCB-dependent S-eCB mobilization and its association with LTP and hippocampus-dependent memory
impairments in AD is unknown.

Methods: We used in vitro whole-cell patch-clamp recordings and western blot analyses to investigate the effect
of ABO on PLCB protein levels, PLCB-dependent S-eCB mobilization, and spike-timing-dependent potentiation
(tLTP) in ARO-treated rat hippocampal slices in vitro. In addition, we assessed the relationship between PLCB
protein levels and hippocampus-dependent memory impairment by performing a contextual fear memory task
in vivo in the 5XFAD mouse model of AD.

Results: We found that ABO treatment in rat hippocampal slices in vitro decreased hippocampal PLCB1 protein levels
and disrupted S-eCB mobilization, as measured by western blot analysis and in vitro whole-cell patch-clamp recordings.
This consequently led to the impairment of NMDA receptor (NMDAR)-mediated tLTP at CA3-CA1 excitatory synapses in
ABO-treated rat hippocampal slices in vitro. Application of the PLC(3 activator, m-3M3FBS, in rat hippocampal slices
reinstated PLCB1 protein levels to fully restore S-eCB mobilization and NMDAR-mediated tLTP. In addition, direct
hippocampal injection of m-3M3FBS in 5XFAD mice reinstated PLCB1 protein levels to those observed in wild type
control mice and fully restored hippocampus-dependent contextual fear memory in vivo in 5XFAD mice.
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strategy for treating memory deficits in AD.

Contextual fear memory

Conclusion: We suggest that these results might be the consequence of memory impairment in AD by disrupting S-
eCB mobilization. Therefore, we propose that PLCB-dependent S-eCB mobilization could provide a new therapeutic
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Background

Alzheimer’s disease (AD) is a neurodegenerative disorder
mainly characterized by a progressive memory impair-
ment and cognitive decline [1-3]. It has been proposed
that abnormal accumulation of soluble amyloid beta
oligomers (ABO), a proteolytic derivative of the amyloid
precursor protein, could be one of the causes underlying
the neurobehavioral alterations in AD [3-5]. APO has
deleterious effects on neurons and synapses, leading to
synaptic transmission dysfunction [3] , dendritic spine
loss [6, 7], and neural death [8, 9]. Most importantly,
several studies suggest that APO impairs long-term
potentiation (LTP) at hippocampal excitatory synapses
[4, 10, 11], the most probable synaptic mechanism
underlying memory [12, 13]. Thus, understanding which
molecular and synaptic mechanisms underlying LTP are
targeted by APO will be critical in developing therapeutic
targets for restoring LTP and, consequently, the memory
deficits observed in AD.

Among the many molecular and synaptic mechanisms
involved in the induction of LTP, endocannabinoids
(eCBs) such as 2-arachidonoylglycerol (2-AG) are known
to directly control the induction of hippocampal NMDA
receptor (NMDAR)-mediated LTP [14, 15]. eCB is
synthesized and released from postsynaptic hippocampal
CA1 pyramidal cells (PCs) through a process collectively
called eCB mobilization [16]. eCB acts as a retrograde
messenger by binding to the presynaptic cannabinoid
type 1 receptor (CBIR) to decrease the release of
presynaptic neurotransmitters [17, 18] such as gamma-
aminobutyric acid (GABA) [19, 20] onto CA1 PCs. eCB
mobilization facilitates the induction of NMDAR-medi-
ated LTP at hippocampal CA3-CA1 synapses [14, 15, 21,
22], while blockade of CBIR impairs the induction of
NMDAR-mediated LTP [14, 15, 22]. This indicates the
critical involvement of eCB mobilization in LTP induc-
tion. Interestingly, hippocampal CBIR density is sub-
stantially decreased in patients with AD [23] and in the
amyloid precursor protein (APP)/presenilin-1 (PSEN1)
mouse model of AD [24]. It has been shown that both
the application of CB1R agonists [25-27] and also the
inactivation of the activity of monoacylglycerol lipase
(MAGL), the enzyme that hydrolyzes 2-AG, result in an
increase of 2-AG levels and restore LTP in a mouse
model of AD [28], suggesting critical involvement of the
eCB system in hippocampal LTP induction. However,

the stage at which the eCB mobilization process is
disrupted by ABO to impair LTP is unknown.

To identify the targets of ABO in the hippocampal
eCB system, it is important to understand how eCB is
mobilized from CA1 PCs. eCB can be mobilized either
by postsynaptic depolarization of CA1 PCs [19, 29] or by
the activation of group 1 metabotropic glutamate recep-
tors (mGluRs) [30, 31]. Prolonged (5-10 s) postsynaptic
depolarization of CA1 PCs opens voltage-gated calcium
(Ca**) channels to increase intracellular Ca®* concentra-
tion ([Ca®'];), and mobilizes eCB from the postsynaptic
CA1 PCs in a [Ca®*];-dependent manner [32, 33]. Group
1 mGIuR activates phospholipase C (PLC), which
produces diacylglycerol (DAG), the precursor of 2-AG
[34, 35], leading to the synthesis of 2-AG, thus mobiliz-
ing eCB in a PLCP-dependent and [Ca**];-independent
manner [36—38]. Importantly, concomitant activation of
group 1 mGluR during postsynaptic depolarization has
been shown to synergistically enhance PLCp protein levels,
resulting in an increase of eCB mobilization. This suggests
a PLCpB-dependent synergistic enhancement of e-CB
(S-eCB) [30, 33, 39].

AB pathogenesis has been shown to disrupt
depolarization-induced suppression of inhibition (DSI)
in CA1 PCs [40, 41], a phenomenon caused by [Ca®'];-
dependent eCB mobilization [32, 33]. As eCB mobilization
is known to regulate the induction of hippocampal LTP
[14, 15], AP-mediated disruption of [Ca**];-dependent
eCB mobilization may have contributed to the impairment
of hippocampal LTP and excitatory postsynaptic potential
(EPSP)-spike (E-S) potentiation in a mouse model of
AD [41]. However, the effect of ABO on PLCpB-dependent
S-eCB mobilization and its relationship with LTP impair-
ment in AD has not been reported.

Thus, understanding the effect of APO on PLCp-
dependent S-eCB mobilization under in vivo-like condi-
tions and how it consequently relates to LTP and behav-
ioral memory impairments in mouse models of AD are
critical for elucidating the molecular and synaptic mech-
anisms underlying memory impairments in AD. In this
study, we addressed these questions by combining
in vitro whole-cell patch-clamp recordings, western blot
analysis, and an in vivo behavioral memory task. Using
these methods, we characterized the impact of APO
on PLCP-dependent S-eCB mobilization and its asso-
ciation with LTP and hippocampus-dependent memory
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impairments caused by amyloidosis in rat hippocampal
slices in vitro and the 5XFAD mouse model of Alzheimer’s
disease in vivo.

Methods

Animals

To test the acute effect of ABO on hippocampal S-eCB
mobilization, hippocampal slices from Sprague-Dawley
rats (SD, 2-3 weeks old, DaeHan Biolink, Korea) were
used. Male and female rats were used in all in vitro ex-
periments. To test the chronic effect of ABO, especially
on hippocampus-dependent memory impairments
caused by amyloidosis, the 5XFAD mouse model of AD
(6-7 months old, #34840-JAX, Jackson Laboratory,
USA), a mouse model of AD that mimics ABO deposi-
tions [42], was used. 5XFAD mice were used as SD rat
models of AD are insufficient to mimic Ap deposition
and the amyloid hypothesis as yet [43-45]. C57BL/6
mice (6—7 months old, KOATECH, Korea) were used as
wild type (WT) control mice for 5XFAD mice. Only
male 5XFAD and C57BL/6 mice were used for all
in vivo behavioral experiments. The 5XFAD mouse
genotypes were identified by polymerase chain reaction
(PCR) using genomic deoxyribonucleic acid (DNA) from
the tails of the mice. All animal procedures followed
the guidelines of the Institutional Animal Care and
Use Committee of Korea University (guidelines for
SD rats: KUIACUC-2017-103, guidelines for C57BL/6
and 5XFAD mice: KUIACUC-2019-0068).

ABO preparation

Soluble ABO was prepared according to the methods
described in a previous study [46]. AP; 4 (AB) and a
scrambled form of AP as a control peptide [47] were
purchased in powder form. AP and scrambled AP
were dissolved for monomerization in 1,1,1,3,3,3-hexa-
fluoro-2-propanol (HFIP, Sigma Aldrich, USA) at a
final concentration of 1 mM, and the solution was
incubated for 90 min. After the HFIP was evaporated,
the remaining thin and clear film of AP or scrambled
AP was dissolved in dimethyl sulfoxide (DMSO,
Sigma Aldrich, USA) to prepare 5 mM AP or scram-
bled AP stocks, which were aliquoted and frozen at
—20°C. AP or scrambled AP stocks were thawed and
diluted to 100 pM in artificial cerebrospinal fluid
(ACSF) and incubated for 18 h for oligomerization.
The final ABO or scrambled APO stock solutions
was diluted to a final concentration of 200 nM in
31.2 ml ACSF, which was continuously bubbled and
treated to rat hippocampal slices for 20 min in a re-
covery chamber before recording. In control experi-
ments for normal brain conditions using the vehicle,
rat hippocampal slices were treated with 0.004% DMSO
in ACSF.

Page 3 of 16

Preparation of in vitro hippocampal slices

The brains of SD rats were removed following decapita-
tion under deep isoflurane-induced anesthesia and trans-
ferred into ice-cold ACSF containing 126 mM NaCl, 3
KCl, 1.25 mM NaH,PO,4, 2 mM MgSO,, 2 mM CaCl,,
25 mM NaHCOs;, and 10 mM glucose at pH 7.2-74,
which was continuously oxygenated with 95% O,/5%
CO,. Horizontal hippocampal slices (350 um thickness)
were cut using a vibratome (VT1000S, Leica Biosystems,
Germany) and immediately incubated for at least 1 h at
room temperature in a submerged chamber perfused
with oxygenated ACSF.

In vitro eCB mobilization protocols

To quantify eCB mobilization, we measured the changes
in eCB mobilization-induced Schaffer collateral (SC)
stimulation-evoked inhibitory postsynaptic current (eIPSC)
amplitudes from CA1l PCs through whole-cell voltage-
clamp recordings, a method adopted in many studies
investigating eCB mobilization [19, 29, 32, 48]. Whole-cell
voltage-clamp recordings in CA1 PCs were performed
using a MultiClamp 700B amplifier (Molecular Devices,
USA) under the visual guidance of infrared differen-
tial interference contrast video microscopy (BW51W,
Olympus, Japan), with the aid of a borosilicate electrode
(tip resistance: 4—8 MQ) that was filled with an intracel-
lular solution containing 145 mM CsCl, 10 mM HEPES,
2 mM EGTA, 4 mM QX-314, 4 mM Mg-ATP, 0.4 mM
NaCl-GTP, pH 7.2-7.3, and 270-280 mOsm/L. To record
eIPSCs from the CA1 PCs, a stimulating electrode (A-M
Systems, USA) was placed in the striatum radiatum to
stimulate the SC pathway that carries CA3 PC axons.
Electrical stimulation pulses of 200-400 pA amplitudes
(20-40 ps) were generated using a constant current
stimulator (model DS3, Digitimer Ltd., UK). eIPSCs were
recorded in CA PCs every 1 s while maintaining the
membrane potential at -70 mV. Before the application of
CBIR antagonist AM251, DSI was induced by applying a
voltage step from =70 mV to 0 mV for 1 s to detect the
eCB-sensitive cells, which is a common method used in
many studies [29, 32].

To induce S-eCB mobilization, the group 1 mGluR
agonist (S)-3,5-dihydroxyphenylglycine (DHPG, 50 pM)
was locally applied using a puff pipette located near the
soma of CAl PCs. To induce S-eCB mobilization, we
combined group 1 mGluR activation with postsynaptic
depolarization. In particular, instead of a physiologically
unrealistic prolonged step depolarization (5-10 s) used
in all studies inducing DSI [36, 41], a physiologically
realistic postsynaptic depolarization was induced by
mimicking in vivo-like sparse CA1 PC spikes (1 Hz)
observed in vivo during memory processing [49, 50]. To
this end, in vivo-like sparse CAl1 PC spikes were
mimicked by delivering 5 ms-voltage steps (from -70 to
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+40 mV) at 1 Hz for 60 s. DSI was measured by taking
the mean amplitude of the first ten consecutive eIPSCs
following the spikes and/or DHPG puff. In all voltage-
clamp recordings, 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX, 20 pM) and D-2-amino-5-phosphonovaleric
acid (D-AP5, 50 uM) were applied to prevent ionotropic
glutamatergic currents and synaptic plasticity. To test
group 1 mGluR subtype-dependence of PLCB-dependent
S-eCB mobilization, the experiments were repeated in
the presence of an mGluR1l antagonist, LY367385
(100 pM), or an mGIluR5 antagonist, 2-methyl-6-(pheny-
lethynyl) pyridine (MPEP, 10 uM). All data were filtered
at 2 kHz and digitized at 5 kHz using an ITC-18 AD
board (HEKA Elektronik, Germany). Igor Pro software
(WaveMetrics, USA) was used to generate command
signals and analyze the data.

S-eCB mobilization induced spike timing-dependent
potentiation (tLTP) protocol

To directly test whether S-eCB mobilization can in-
duce hippocampal tLTP, the PLCP-dependent S-eCB
mobilization experimental protocol was modified to
introduce presynaptic CA3 PC spikes during the S-eCB
mobilization protocol to induce tLTP. Whole-cell
current-clamp recordings were made from hippocampal
CA1 PCs using a glass electrode (tip resistance: 5-8 MQ)
filled with intracellular solution containing 110 mM
potassium gluconate, 4 mM NaCl, 40 mM HEPES, 4 mM
Mg-ATP, 0.3 mM NaCI-GTP, and 270-280 mOsm/L, at
pH of 7.2-7.3. Two stimulating electrodes were posi-
tioned on the stratum radiatum of the hippocampal CA1
area: one was used for monitoring EPSPs in the test
pathway and the other for monitoring EPSPs in the
control pathway. The tLTP induction protocol was
implemented only in the test pathway. To directly test
how S-eCB mobilization is related to tLTP induction, the
tLTP induction paradigm was designed by modifying our
S-eCB mobilization protocol. Here, SC stimulation-
evoked presynaptic CA3 PC spikes were introduced
during the S-eCB mobilization protocol: 1 Hz presynaptic
CA3 PC spikes were evoked 10 ms before the 1 Hz
postsynaptic CA1 PC spikes during the activation of
mGluR5, to induce tLTP. This ensured that PLCp-
dependent S-eCB mobilization was induced during the
pairing of presynaptic CA3 PC spikes and postsynaptic
CA1 PC spikes for tLTP induction at the CA3-CA1 exci-
tatory synapses. During the baseline EPSP recordings, SC
stimulation-evoked EPSPs were evoked every 6 s for at
least 10 min. After a stable baseline was established, tLTP
was induced in which SC stimulation-evoked presynaptic
CA3 PC spikes were paired with postsynaptic CA1 PC
spikes evoked by current pulses (800 pA, 3 ms current
steps) with a 10 ms time window at 1 Hz. This was
repeated 200 times during the activation of mGIuR5
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through the application of DHPG (50 pM) [51] in the
presence of LY367385 (100 uM). SC stimulation-evoked
EPSP responses were recorded for at least 30 min after
the tLTP induction protocol. In all tLTP induction
experiments, the membrane potentials of the CA1 PCs
were held at =70 mV. To analyze the changes in synaptic
efficacy following tLTP induction, the EPSP slope was
measured using a linear fit on the rising slope of the
EPSP between the time points that were 20-25% and
75-80% from the EPSP peak amplitude during the
baseline conditions. Changes in synaptic efficacy by the
tLTP induction protocol were estimated as percentage
changes relative to the mean EPSP slope of the 10-min
baseline. To compare the synaptic efficacy changes
across different neurons and experimental conditions, the
mean of the normalized EPSP slopes in the time period of
25-30 min after the end of the tLTP induction protocol
was used [51].

Western blotting

Western blotting was performed according to the
methods described by Mahmood and Yang [52], with
slight modifications according to the manufacturer’s
recommendations. Hippocampal PLCB1 of SD rat,
C57BL/6, or 5XFAD mice were prepared from homoge-
nized hippocampi dissolved in 200 pL of RIPA buffer
(Bio-Rad, USA), which was resolved on non-reducing
10% tris-glycine-sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) gels (Bio-Rad, USA)
with 4x Laemmli sample buffers (Bio-Rad, USA) [53].
The gels were transferred onto 0.2-pm PVDF mem-
branes (Bio-Rad, USA) according to the manufacturer’s
recommendations. The membranes were blocked in 5%
bovine serum albumin (BSA) in Tris-buffered saline
containing 0.01% Tween 20 (TBST, Bio-Rad, USA) for
1 h at room temperature. Blots were incubated with the
primary antibody of PLCP1 (0.4 pg/mL, NBP2-38220,
Novus, USA) in wash buffer containing 5% BSA overnight
at 4°C. After incubation with the primary antibody, the
membranes were rinsed three times with TBST buffer and
then incubated with secondary horseradish peroxidase
(HRP)-conjugated anti-rabbit antibodies (1:3000, Cat#
170-6515, Control# 64170140, RRID: AB_2617112, Bio-
Rad, USA) in wash buffer containing 5% BSA for 1 h at
room temperature. Immunoreactivity was detected with
enhanced chemiluminescence (Bio-Rad, USA) using the
Fluorchem E system (ProteinSimple, USA) and analyzed
with Image] software. Molecular weight values were
estimated using the Precision Plus Protein™ Dual Color
Standards (Bio-Rad, USA).

Stereotaxic drug injection
For stereotaxic drug injections, C57BL/6 or 5XFAD mice
were deeply anesthetized with 2% isoflurane (2 mL/min
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flow rate) and head-fixed into a stereotaxic frame
(Stoelting Co., USA). Craniotomies were made at four
sites to target the CA1l areas of the ventral and dorsal
hippocampi (ventral hippocampus; from bregma: antero-
posterior -3 mm, lateral + 2.70 mm, and dorsoventral
-4.2 mm. Dorsal hippocampus; from bregma: anteropos-
terior —1.7 mm, lateral + 1.2 mm, and dorsoventral
-1.4 mm) [54]. This was in order to inject 0.5 ul DMSO
(0.05%) as the vehicle or the PLC activator, m-3M3FBS
(50 uM), at a rate of 0.1 pl/min through a Hamilton
syringe using a motorized stereotaxic injector (Stoe-
tling Co., USA). The syringe was left in the brain for
more than 5 min to allow for drug diffusion, and the
scalp was sutured and disinfected with antibiotics.
Mice were returned to their home cage for recovery
for three days, after which they underwent contextual
fear conditioning.

Contextual fear conditioning (CFC) protocol

CEC was performed in conditioning chambers (Coul-
bourn Instruments, USA) consisting of metal panel
sidewalls, Plexiglas front and rear walls, and a stainless-
steel grid floor composed of 16 grid bars. The grid floor
was connected to a precision animal shocker (Coulbourn
Instruments, USA) set to deliver a 0.5 mA foot shock for
1 s. A ceiling-mounted video camera recorded the be-
havior activity, which fed the video into a customized
computer software (MATLAB, USA). The chambers
were cleaned with 70% ethanol solution prior to animal
placement. For habituation on day 1, C57BL/6 or
5XFAD mice were placed in the conditioning chamber
for 20 min of free exploration (habituation). On day 2,
the day after the habituation session, C57BL/6 or
5XFAD mice were placed into the conditioning chamber
for the fear conditioning session (483 s), consisting of a
120-s baseline period followed by three 0.5 mA, 1-s-long
foot shocks (interstimulus interval equal to 120 s;
conditioning). On day 3, the day after the conditioning
session, the mice were placed back into the conditioning
chamber for 2 min to assess their memory in the electric
shock-free condition. Behavioral mobility data collected
during the contextual conditioning experiments were
automatically detected using the gray scaling method of
EthoVision XT (Noldus, USA), which uses light and dark
thresholds to determine the subject within the condi-
tioning chamber. Because freezing is considered a condi-
tioned response to CFC during the recall session,
freezing was detected when the threshold was below the
2.0% threshold of mobility, which means there could be
no more than a 2.0% change in the pixels of a detected
mouse between the current sample and the previous
sample [55]. Percentage freezing was estimated by scor-
ing freezing behavior, defined as the absence of move-
ment except that it required respiration for at least 2 s.
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Drugs

The group 1 mGlIuR agonist DHPG (50 uM, Tocris, UK)
was used to activate group 1 mGluR. To block mGluR5
and mGluRla, MPEP (10 uM, Tocris, UK) and
LY367385 (100 uM, Tocris, UK) was applied to rat hip-
pocampal slices, respectively. AM251 (3 uM, Tocris, UK)
was used to block presynaptic CBIR. U73122 (5 pM,
Tocris, UK) was used to block PLCP activity. m-3M3FBS
(30 uM, Tocris, UK) was used as the PLC activator. The
NMDAR antagonist D-AP5 (50 uM, Tocris, UK) and the
AMPA receptor antagonist CNQX (20 uM, Tocris, UK)
were used for the eIPSC recordings. APO and scrambled
APO were synthesized from a lyophilized powder of Af
and scrambled AP peptide, respectively (Bachem, Japan).
A 4x Laemmli sample buffer (Bio-Rad, USA) and
running buffer (Bio-Rad, USA) were used for western
blot SDS-PAGE. For the antibody incubation step in
western blotting, rabbit monoclonal primary antibodies
(NBP2-38220, Novus, USA) and HRP-conjugated sec-
ondary anti-rabbit antibodies (Cat# 170-6515, Control#
64170140, RRID: AB_ 2617112, Bio-Rad, USA) were used,
respectively.

Statistical analysis

All data are expressed as mean + standard error of the
mean (SEM). Statistical significance was measured using
Student’s t test or one-way analysis of variance
(ANOVA) followed by a post hoc Tukey’s test. Statistical
significance was set at p < 0.05.

Results

AP oligomers inhibit synergistic enhancement of eCB
(S-eCB) mobilization in hippocampal CA1 pyramidal cells
To investigate the effect of ABO on PLCp-dependent
eCB and S-eCB mobilization in CA1 PCs, we established
a protocol that can measure S-eCB mobilization induced
by a concomitant activation of group 1 mGIuR during
postsynaptic depolarization. We performed whole-cell
voltage-clamp recordings in CAl PCs from rat hippo-
campal slices and recorded eIPSC amplitudes (Fig. la)
before and after activation of group 1 mGluR using the
group 1 mGluR agonist DHPG (50 uM) [31, 32], or with
concomitant activation of group 1 mGluR with postsyn-
aptic depolarization [30, 36], respectively (Fig. 1b—d).
The DHPG puff alone induced the suppression of the
eIPSC amplitudes (empty circle, Fig. 1b), where the first
ten eIPSC amplitudes decreased to 79 + 7% of the mean
eIPSC amplitudes measured at the baseline before the
DHPG puff (empty bar, Fig. 1d left). This was blocked
by the CB1R antagonist AM251 (3 uM) (filled circle, Fig.
1b; 101 + 7%, dotted bar, p < 0.05, unpaired Student’s
t test, Fig. 1d left, indicating that the activation of group
1 mGIuR could induce eCB mobilization, similar to the
findings of previous reports [36, 56]. Next, we investigated
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Fig. 1 ABO disrupts synergistic enhancement of endocannabinoid (S-eCB) mobilization. a Schematic of the S-eCB mobilization protocol: whole-
cell voltage-clamp recording in CAT pyramidal cells (PCs) to measure Schaffer collateral (SC) stimulation-evoked inhibitory postsynaptic potentials
(elPSCs) in rat hippocampal slices in vitro. S-eCB mobilization was induced by postsynaptic CA1 PC spikes (spike, at 1 Hz) with DHPG (50 uM) for
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DMSO (black bar), ARO (red bar), and scrambled ARO (empty bar). g—h Same as e and f, but in the presence of MPEP (10 pM) in DMSO-treated
(black, n = 7), ABO-treated (red, n = 7), and scrambled ABO-treated rat hippocampal slices (empty, n = 7). Inset: b, ¢, e, and g representative
elPSC traces at the indicated time points (1, 2) in each condition. Statistical tests: d Unpaired Student's t test, *p < 0.05, ***p < 0.001; f, h one-way
ANOVA with post hoc Tukey's test, #p < 0.05, ns: p > 0.05. Data are represented as mean + SEM

whether pairing DHPG puff with 60-s-long in vivo-like
postsynaptic spike trains at 1 Hz could induce S-eCB
mobilization in DMSO-treated rat hippocampal slices.
eIPSC amplitudes were suppressed (empty circle, Fig. 1c)
to 62 + 4% of the baseline eIPSC amplitudes (empty bar,
Fig. 1d right), which was also completely blocked by
AM251 (filled circle, Fig. 1c; 103 + 6%, dotted bar, p <
0.001, unpaired Student’s ¢ test, Fig. 1d right). In fact,
DHPG puff during in vivo-like sparse spike trains induced
synergistic enhancement in the suppression of eIPSC
amplitudes (empty bar, Fig. 1d right) compared to those
seen in the DHPG puff-only condition (empty bar, p <
0.05, unpaired Student’s ¢ test, Fig. 1d left), indicating that
our in vivo-like spike trains during group 1 mGluR
activation can induce S-eCB mobilization.

Group 1 mGluRs consist of two subtypes in the hippo-
campus, mGluR1l and mGIuR5 [57, 58]; therefore, to
determine which subtype of group 1 mGluRs mainly

induces S-eCB mobilization, we repeated the S-eCB
mobilization experiment in the presence of either an
mGluR1 antagonist, LY367385 (100 uM), or an mGIluR5
antagonist, MPEP (10 puM) in DMSO-treated, APO-
treated, and scrambled APO-treated rat hippocampal
slices (Fig. le—h). In the presence of LY367385, the
eIPSC amplitudes following 60-s-long DHPG puff during
1 Hz spikes decreased in both DMSO-treated rat hippo-
campal slices (filled circle, Fig. 1e; 62 + 7%, black bar,
Fig. 1f) and in scrambled ABO-treated rat hippocampal
slices (empty circle, Fig. 1e; 75 + 2%, empty bar, Fig. 1f).
However, the suppression of eIPSC amplitudes was
completely blocked in APO-treated rat hippocampal
slices (red circle, Fig. le; 106 + 4%, red bar, Fig. 1f),
which was statistically different from those recorded in
DMSO-treated rat hippocampal slices and scrambled
APO-treated rat hippocampal slices (DMSO vs. ABO,
p < 0.05, ABO vs. scrambled ABO, p < 0.05, one-way
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ANOVA with post hoc Tukey's test, Fig. 1f). When the
experiment was repeated in the presence of MPEP, the
eIPSC amplitudes following DHPG puff during 1 Hz
spikes did not change in the DMSO-treated (filled circle,
Fig. 1g; 113 + 10%, black bar, Fig. 1h), ABPO-treated (red
circle, Fig. 1g; 112 + 5%, red bar, Fig. 1h), or scrambled
APO-treated rat hippocampal slices (empty circle, Fig.
1g; 106 + 2%, empty bar, Fig. 1h), and they were not sta-
tistically different (»p > 0.05, one-way ANOVA with post
hoc Tukey’s test, Fig. 1h). Overall, our results indicate
that in vivo-like spike trains during mGIuR5 activation,
but not mGluR1, can induce S-eCB mobilization, as
demonstrated by the synergistic enhancement in the
suppression of eIPSC amplitudes. We also showed, for
the first time, that such S-eCB mobilization is impaired
specifically by ABO as scrambled ABO spared S-eCB
mobilization.

ABO reduces PLCB to impair S-eCB mobilization in
hippocampal CA1 pyramidal cells

PLCP isozymes that are involved in eCB mobilization
have been suggested to act as sensors for detecting the
co-activation of postsynaptic depolarization and mGIuR5
activation [17, 33, 39]. Given that S-eCB mobilization is
disrupted by APO, it may be that PLCB or the down-
stream chemical cascade that is involved in eCB produc-
tion is affected by APO. To directly investigate this
hypothesis, we applied the PLCP blocker, U73122 (5 uM),
and repeated the S-eCB mobilization experiment, as
shown in Fig. le, in DMSO-treated, APO-treated, and
scrambled APO-treated rat hippocampal slices. We
found that U73122 completely blocked the synergistic
enhancement in the suppression of eIPSC amplitudes
in DMSO-treated rat hippocampal slices (black circle,
Fig. 2a; 110 + 3%, black bar, Fig. 2b), which was similar
to those observed in the APO-treated (red circle, Fig. 2b;
107 + 5%, red bar, p > 0.05, one-way ANOVA with post
hoc Tukey’s test, Fig. 2b) and in the scrambled ABO-
treated rat hippocampal slices (empty circle, Fig. 2a; 108 +
3%, empty bar, p > 0.05, one-way ANOVA with post hoc
Tukey’s test, Fig. 2b). These results indicate that S-eCB
mobilization that is disrupted by APO is completely
occluded by U73122, confirming our hypothesis that APO
could have blocked S-eCB mobilization in CA1 PCs by
interfering with the PLCP pathway. Because a decrease in
PLCP interferes with S-eCB mobilization in ABO-treated
rat hippocampal slices (Fig. 2a, b), we hypothesized that
an increase in PLCP activity using a PLC activator,
m-3M3FBS, would be able to restore APO-induced im-
pairment of S-eCB mobilization. To test this hypothesis,
the S-eCB mobilization experiment was repeated in the
presence of m-3M3FBS (30 uM) in DMSO-treated, APO-
treated, and scrambled APO-treated rat hippocampal
slices. Surprisingly, in the presence of m-3M3FBS,
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synergistic enhancement of the suppression of eIPSC
amplitudes could be fully restored in the ABO-treated rat
hippocampal slices (magenta circle, Fig. 2c; 75 + 5%,
magenta bar, Fig. 2d), similar to the levels recorded from
the DMSO-treated (black circle, Fig. 2c; 68 + 4%, black
bar, Fig. 2d) and the scrambled ABO-treated rat hippo-
campal slices (empty circle, Fig. 2¢; 73 + 4%, empty bar,
Fig. 2d), which were not significantly different (» > 0.05,
one-way ANOVA with post hoc Tukey’s test, Fig. 2d).
Together, these findings indicate that PLCP is impaired
by ABO to disrupt S-eCB mobilization, and increasing
PLC activation using m-3M3FBS can restore S-eCB
mobilization disrupted by APO. To ascertain that the
reduction in hippocampal PLC[B protein expression is
mediated by APO, especially that of PLCB1, which is
enriched in the hippocampus [59] and is known to be
involved in mGluR-induced eCB mobilization [17, 33],
a western blot analysis of PLCP1 was carried out (Fig. 2e).
The protein expression levels of PLCB1 in the APO-
treated rat hippocampal slices significantly decreased
compared to those in the DMSO-treated rat hippocampal
slices (PLCPB1/glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH); DMSO: 1.13 + 0.11, ABO: 0.72 + 0.08,
p < 0.05, one-way ANOVA with post hoc Tukey’s
test, Fig. 2e, f). However, treatment with m-3M3FBS
fully restored the PLCP1 protein levels in the ABO-
treated rat hippocampal slices, similar to the results
seen in the DMSO-treated rat hippocampal slices
(PLCB1/GAPDH; ABO + m-3M3FBS: 1.18 + 0.26, p >
0.05, one-way ANOVA with post hoc Tukey’s test,
Fig. 2e, f). Together, these results show that ABO disrupts
PLCB-dependent eCB mobilization by directly reducing
the protein expression levels of PLCp1.

Activation of PLCP restores ABO-induced impairment of
spike-timing-dependent potentiation at hippocampal
CA3-CA1 synapses

To directly test whether there are causal links between
APO-induced disruption of S-eCB mobilization and
impairment of LTP induction by ABO, presynaptic CA3
PC spikes were introduced during the S-eCB mobilization
protocol. This ensured S-eCB mobilization while pre-
synaptic CA1 PC and CA3 PC spikes were paired at a 10
ms time window to induce tLTP (Fig. 3a, b). This S-eCB
mobilization-ensuring tLTP protocol induced robust po-
tentiation of EPSP slopes in the test pathway compared to
the control pathway (test: 127 + 22%, control: 81 + 10%;
paired Student’s ¢ test, Fig. 3c, h). In fact, mGIuR5-
mediated long-term depression (LTD) was induced in the
control pathway, which is consistent with previous studies
demonstrating that activation of mGIuR5 induces LTD at
the CA3-CAl synapse [60, 61]. tLTP was completely
blocked by D-AP5 (50 uM) (Fig. 3d) and AM251 (3 uM)
(Fig. 3e) while mGuR5-mediated LTD was induced in
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(See figure on previous page.)

Fig. 2 m-3M3FBS, a PLC activator, restores PLCB-dependent S-eCB mobilization and PLCB1 protein levels disrupted by ABO. a Time courses of
the changes in mean elPSC amplitudes following a S-eCB mobilization paradigm consisting of 60-s-long postsynaptic CA1 PC spikes (spike, at 1
Hz) with DHPG (50 uM) and LY367385 (100 uM) application in the presence of a PLC(3 blocker, U73122 (5 uM) (+ U73122) in DMSO-treated (black
circle, n = 9), ARO-treated (red circle, n = 10), and scrambled ARO-treated rat hippocampal slices (empty circle, n = 8). b The mean of the
normalized elPSC amplitude of the first 10 s after S-eCB mobilization protocol in rat hippocampal slice treated with DMSO (black bar), ABO (red
bar), and scrambled ARO (empty bar). ¢-d Same as a and b but for elPSCs in the presence of a PLC activator, m-3M3FBS (30 uM) (+ m-3M3FBS)
in DMSO-treated (black, n = 7), ARBO-treated (magenta, n = 8), and scrambled ARO-treated rat hippocampal slices (empty, n = 8). Inset: a, ¢
representative elPSC traces at indicated time points (1, 2). e Representative photomicrograph of western blots of PLCB1 (top, 150 kDa) and GAPD
H (down, 35 kDa) proteins from DMSO-treated (left lane), ARO-treated (middle lane) rat hippocampal slices, and in the presence of m-3M3FBS (30
uM) in ABO-treated rat hippocampal slices (right lane). f PLCB1 protein levels normalized to the GAPDH protein levels in DMSO-treated (black, n

= 8), ABO-treated rat hippocampal slices (red, n = 8), and in the presence of m-3M3FBS ABO-treated rat hippocampal slices (magenta, n = 7).
Statistical tests: b, d, f One-way ANOVA with post hoc Tukey's test, # p < 0.05, ns: p > 0.05. Data are represented as mean + SEM

both the test and control pathways (D-AP5, test: 66 +
13%, control: 67 + 11%, p > 0.05, paired Student’s ¢ test,
Fig. 3d, h; AM251, test: 87 + 25%, control: 58 + 8%, p >
0.05, paired Student’s ¢ test, Fig. 3e, h). These results indi-
cate that S-eCB mobilization is indeed required for the
induction of NMDAR-dependent tLTP, while mGIuR5-
mediated LTD is NMDAR and CB1R-independent. When
we repeated the tLTP induction in ABO-treated rat hippo-
campal slices, we found that ABO completely blocked the
induction of tLTP in the test pathway (test: 86 + 13%, con-
trol: 78 + 13%, p > 0.05, paired Student’s ¢ test, Fig. 3f, h),
whereas mGIuR-LTD in the control pathway was un-
affected by APO when compared to the control pathways
in ABO-treated and DMSO-treated rat hippocampal slices
(control in DMSO: 81 + 10%, control in ABO: 78 + 13%, p
> 0.05, unpaired Student’s £ test, Fig. 3¢, f, h). These results
show that while sparing mGluR5-mediated LTD, APO
specifically impaired NMDAR-dependent tLTP by dis-
rupting S-eCB mobilization. Because increasing PLC
activity restored S-eCB mobilization (Fig. 2c, d), we
hypothesized that m-3M3FBS could also restore tLTP that
was impaired by APO. Surprisingly, bath application
of m-3M3FBS (30 uM) in APO-treated rat hippocampal
slices fully restored tLTP (test: 169 + 50%, control:
70 + 13%, p < 0.05, paired Student’s ¢ test, Fig. 3g, h),
similar to the level observed in the DMSO-treated rat
hippocampal slices (p > 0.05, one-way ANOVA with post
hoc Tukey’s test, Fig. 3c, g, h). These results show, for the
first time, that enhancing PLCP-dependent S-eCB
mobilization by directly increasing the PLCB1 protein
levels can restore hippocampal tLTP impaired by acute
application of ABO.

Activation of PLC( restores hippocampal PLCB1 protein
levels and contextual fear memory in 5XFAD mice
Considering that increasing the PLCP1 protein levels
can restore APO-impaired tLTP, and that tLTP is the
most probable synaptic mechanism underlying learning
and memory [62-64], we hypothesized that increasing
PLCB1 protein levels could also restore behavioral mem-
ory impairment in AD. We used the 5XFAD mouse

model of AD, which is known as a representative rodent
model that mimics ABO pathophysiology in AD [42], to
examine whether (1) PLCP1 protein levels are affected in
5XFAD mice and if so, whether these can be restored
pharmacologically using m-3M3FBS and (2) whether
contextual fear memory, a well-known hippocampal-
dependent behavioral assay [65, 66] which is known to
be impaired in 5XFAD mice [67, 68], can also be
restored by PLC[ activation. To this end, we injected
either DMSO in WT mice (C57BL/6) and 5XFAD mice
for control experiments or m-3M3FBS in 5XFAD mice
in both the dorsal and ventral regions of the bilateral
hippocampi (Fig. 4a). Three days after injection, we
performed western blot analyses of PLCP1 and noted
that the PLCP1 protein levels in mouse hippocampal
slices from DMSO-injected 5XFAD mice were signifi-
cantly decreased compared to those in DMSO-injected
WT mice (PLCB1/GAPDH; WT: 1.16 + 0.06, 5XFAD:
0.76 £ 0.11, p < 0.05, one-way ANOVA with post hoc
Tukey’s test, Fig. 4b, c), consistent with the acute
treatment of ABO in rat hippocampal slices (Fig. 2e, f).
However, in hippocampal slices cut from 5XFAD mice
injected with m-3M3EBS, the levels of PLCB1 protein
were fully restored compared to those observed in the
hippocampal slices cut from DMSO-injected WT mice
(5XFAD + m-3M3FBS: 1.17 + 0.13, p > 0.05, one-way
ANOVA with post hoc Tukey’s test, Fig. 4b, c). These
results suggest that hippocampal PLCP1 protein levels
are significantly decreased by acute treatment with ABO,
not only in rat hippocampal slices (Fig. 2e, f) but also in
the hippocampi of chronic stages of AD in 5XFAD mice.
In addition, it was found that m-3M3FBS fully restored
PLCB1 protein levels back to normal. Next, to determine
whether a decrease in PLCP1 protein levels correlates
with hippocampus-dependent memory impairment in a
mouse model of AD, we performed a contextual fear
memory task in the DMSO-injected WT, DMSO-
injected 5XFAD, and m-3M3FBS-injected 5XFAD mice
(Fig. 4d). The freezing response in 5XFAD mice during
memory recall was significantly lower than that in
DMSO-injected WT mice (DMSO-injected WT: 76 + 3%,
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Fig. 3 m-3M3FBS restores spike-timing-dependent potentiation (tLTP) impaired by ABO. a Experimental schematic. Whole-cell current-clamp
recordings in CA1 pyramidal cells (PCs) and Schaffer collateral (SC) stimulation for tLTP induction at CA3-CA1 excitatory synapses in rat
hippocampal slices in vitro. b tLTP induction paradigm consisting of S-eCB mobilization protocol with SC stimulation-evoked presynaptic CA3 PC
spikes (SC stim, top) 10 ms before postsynaptic CA1 PC spikes (spikes, middle), repeated 200 times at 1 Hz with DHPG (50 uM) application
(bottom). Boxed inset: enlarged presynaptic SC stim-evoked EPSPs paired with postsynaptic CAT PC spikes during tLTP induction. c-g EPSP slopes
normalized to the mean of the 10-min baseline after tLTP in DMSO-treated slices (n = 11, c), in the presence of D-AP5 (50 uM) in DMSO-treated
slices (n = 8, d), in the presence of AM251 (3 uM) in DMSO-treated slices (n = 5, e), in ABO-treated slices (n = 11, f), and in the presence of m-
3M3FBS (30 uM) in ABO-treated slices (n = 9, ). Filled circles: test pathways, empty circles: control pathways. Inset: representative EPSP traces at
indicated time points (1, 2 or 1, 2'). h The mean of normalized EPSPs slopes from the last 5 min of the test (filled bars) and control pathways
(empty bars) in DMSO (black), + D-AP5 in DMSO-treated slices (gray), + AM251 in DMSO-treated slices (dotted), in ABO-treated slices (red), and +
m-3M3FBS in ABO-treated slices (magenta). Statistical tests: h Paired Student’s t test for comparison between the test and control pathways
within the same group, *p < 0.05, ns: p > 0.05; one-way ANOVA with post hoc Tukey's test for comparison among the test pathways in five
different groups (DMSO vs. + D-AP5 in DMSO, # p < 0.05; DMSO vs. + AM251 in DMSO, 1 p < 0.05; DMSO vs. ABO, & p < 0.05; DMSO vs. ABO +
m-3M3FBS, ns: p > 0.05). Data are represented as mean + SEM

5XFAD: 36 + 6%, p < 0.001, one-way ANOVA with post to DMSO-injected 5XFAD mice (p < 0.01, one-way
hoc Tukey’s test, Fig. 4e), which is consistent with many =~ ANOVA with post hoc Tukey’s test, Fig. 4e), which was
studies showing impairment of contextual fear memory in  similar to the level observed in the DMSO-injected WT
5XFAD mice [67, 68]. We then determined whether a  mice (p > 0.05, one-way ANOVA with post hoc Tukey’s
PLC activator could rescue contextual fear memory impair-  test, Fig. 4e). Together, these results indicate that PLCP1
ment in m-3M3FBS-injected 5XFAD mice. Interestingly, protein levels are related to successful memory recall
m-3M3FBS-injected 5XFAD mice showed significantly — and that increasing PLCB1 protein levels could restore
increased freezing responses (67 + 6%, Fig. 4e) compared  contextual fear memory impairment in AD mice.
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Discussion

In this study, we show that APO disrupts PLCp-
dependent S-eCB mobilization by decreasing hippocam-
pal PLCPB1 protein levels, which in turn impairs hippo-
campal NMDAR-mediated tLTP at CA3-CAl excitatory
synapses in rat hippocampal slices acutely treated
with ABO in vitro. Pharmacological activation of PLCB1
using the PLC activator, m-3M3FBS, reinstated PLCpB1
protein levels, which consequently fully restored S-eCB
mobilization and tLTP in rat hippocampal slices in vitro.
Moreover, we found that hippocampal PLCB1 protein

levels in the 5XFAD mouse model of AD were also
decreased and that direct hippocampal injection of
m-3M3FBS in vivo in the 5XFAD mice fully restored
the hippocampus-dependent contextual fear memory
impairment in 5XFAD mice. Based on our results, we
demonstrate, for the first time, the role of PLCj-
dependent S-eCB mobilization in synaptic plasticity and
behavioral memory in healthy control rodents and a
rodent model of AD.

To date, ABO has been shown to disrupt only [Ca®"];-
dependent eCB mobilization induced by physiologically
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unrealistic prolonged and strong depolarization by
monitoring the DSI of eIPSCs in CAl PCs [32, 41].
However, the effect of ABO on PLCB-dependent S-eCB
mobilization induced by mGIuR activation during
physiologically realistic postsynaptic depolarization has
not been investigated. This is an important issue, consid-
ering that PLCP has already been suggested to function
as a sensor for detecting the co-activation of postsynap-
tic depolarization and mGluR5 [17, 33, 39]. In this study,
we first established a physiologically realistic paradigm
for inducing PLCp-dependent S-eCB mobilization,
whereby a 1 Hz in vivo-like sparse spike train that was
similar to the spike firing rate observed during learning
and memory in vivo [49, 50] was combined with DHPG
application, which activated group 1 mGluR (Figs. 1, 2).
As depolarization of hippocampal CA1 PCs [19, 69] and
activation of group 1 mGlIuR [31] are likely to occur
concomitantly in the hippocampus during memory pro-
cessing in vivo [70, 71], it may be speculated that PLCp-
dependent S-eCB mobilization may be predominant
under in vivo conditions. Moreover, our novel S-eCB
mobilization paradigm induced changes in eIPSCs that
were similar to those observed when using physiologic-
ally unrealistic strong and prolonged postsynaptic
depolarization [29, 32, 36], underscoring the importance
of physiologically realistic S-eCB mobilization used in this
study. Notably, using our novel S-eCB mobilization para-
digm, we demonstrated, for the first time, that ABO com-
pletely impairs PLCP-dependent S-eCB mobilization in
the hippocampus (Figs. 1, 2) and, more importantly, that
it can be restored by the application of the PLC activator,
m-3M3FBS. This was possible because APO significantly
reduced hippocampal PLCB1 protein levels in APO-
treated rat hippocampal slices (Fig. 2), which could also be
reinstated by the application of m-3M3FBS, as confirmed
by western blot analysis. Therefore, our results demon-
strate the necessity and sufficiency of the involvement of
the PLCB-dependent pathway in APO-mediated impair-
ment of S-eCB mobilization. Although the disruption of
PLCP1-mediated signaling in the brain is associated with
epilepsy, schizophrenia, and bipolar disorder [72-74], to
the best of our knowledge, our results provide the first
direct evidence of the disruption of the hippocampal
PLCP1 pathway in a rodent model of AD.

It is already well established that eCB mobilization is
important for hippocampal LTP at excitatory synapses
[14, 15]. Prolonged postsynaptic depolarization before
LTP induction facilitated LTP induction by enhancing
[Ca®*];-dependent eCB mobilization [14]. In addition,
blocking the receptors of eCB by applying the CBIR
receptor antagonist, AM251, blocked LTP induction
[15]. However, the effect of PLCB-dependent eCB or
S-eCB mobilization on hippocampal LTP induction has
not been investigated. Here, using our novel PLCP-
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dependent S-eCB mobilization paradigm, we demon-
strated that PLCB-dependent S-eCB mobilization can in-
duce NMDAR-dependent tLTP at hippocampal CA3-CA1
synapses (Fig. 3c—e), or even convert mGluR5-mediated
LTD to NMDAR-dependent tLTP (Fig. 3c). Since our
unique PLCB-dependent S-eCB mobilization protocol led
to the reduction of eIPSC amplitudes in CA1 PC somata,
disinhibition may have contributed to the facilitation of
hippocampal tLTP induction at CA3-CAl excitatory
synapses by facilitating the back-propagating spikes in the
dendrites of CA1 PC [75, 76], which are required for the
induction of tLTP. However, as tLTP induction was
completely blocked by ABO in our study (Fig. 3f), ABO
may have disrupted the PLCP1 pathway to disrupt CB1R-
dependent S-eCB mobilization. CBIR activation modu-
lates excitatory [77-79] and inhibitory hippocampal syn-
aptic transmissions [29, 30, 36, 69, 80, 81], both of which
are known to be disrupted by APO via CBIR dysfunction
[28, 41, 82]. Thus, it is possible that ABO may have broken
the fine balance between the excitation/inhibition (E/I)
required for hippocampal LTP induction [11, 83]. In
fact, APO has been shown to inhibit E-S potentiation by
disrupting CB1R-mediated DSI in the rat hippocampal
slices [41]. In our study, the ABO-mediated impairment of
tLTP induction was fully restored by m-3M3FBS (Fig. 3g).
This suggests the possibility that m-3M3FBS may have
rescued the E/I balance by enhancing eCB mobilization in
ABO-treated rat hippocampal slices, leading to the recov-
ery of tLTP induction. Although this was not character-
ized in our study, it would be interesting to directly test
this hypothesis in the future. In addition to the contribu-
tions of ABO-mediated disruption of E/I balance to tLTP
impairment, ABO may have caused dysfunctions of the
mGluR5 receptor itself [84, 85], which could have led to
the elevation of glutamate spillover at hippocampal excita-
tory synapses [11, 86]. However, it is likely that S-eCB
mobilization, E/I balance, and mGluR5 all contributed in
parts to the APO-mediated impairments of S-eCB
mobilization-induced tLTP.

Our results are the first to show that increasing PLC[1
activity via m-3M3FBS application rescues hippocampal
tLTP induction (Fig. 3) and contextual fear memory
(Fig. 4) impaired by amyloidosis, possibly by restoring
S-eCB mobilization (Fig. 2). In fact, some studies re-
ported that the levels of PLCP1 protein in the hippocam-
pus rise immediately after CFC [87] or auditory fear
conditioning [88]. Moreover, the infusion of m-3M3FBS
in the basolateral amygdala increased memory consolida-
tion after CFC [89]. In fact, the m-3M3FBS used in our
study is commonly used to activate, not only PLCPB
in vitro [90], but also postsynaptic upstream signaling of
PLCp-dependent eCB signaling, such as DAG production
[91] or increases in [Ca®*]; [92]. Thus, it would be inter-
esting to test whether DAG production or [Ca®*]; itself
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contributes to the restoration of tLTP and contextual fear
memory impairment. Methodologically, although we
directly injected m-3M3FBS into the dorsal and ventral
hippocampi of 5XFAD mice, other studies administered
m-3M3FBS via intraperitoneal injections [93, 94]. To
enhance the therapeutic effectiveness in neurological dis-
orders, it remains to be determined whether oral admin-
istration or intraperitoneal injection of m-3M3FBS can
pass the blood-brain barrier to activate PLCP directly.

However, in contrast to our results, some studies have
reported that postsynaptic mGIuR5 acts as a receptor for
ABO [84, 95, 96]. Other studies have reported that
mGIuR5 antagonists prevent the pathologic effect of
ABO by suppressing the interaction between cellular
prion protein (PrP€) and mGlIuR5 signaling. The dis-
crepancy between these results may be due to the varied
targets of the mGIluR5 pathways. In our study, we
targeted the mGIluR5-PLCB-DAG-eCB pathway [17] to
determine the pathological mechanism of ABO, while
other studies targeted the Homer1-calcium/calmodulin-
dependent eukaryotic elongation factor 2 kinase [84, 97—
100] from the PrP-mGluR5 complex. In fact, activation
of mGIuR5 in our study induced mGluR-mediated LTD
in the control pathways (Fig. 3c), similar to other studies
[61, 101] and such mGluR5-mediated LTD was un-
affected by APO (Fig. 3f). These results indicate that
mGluR5-mediated LTD is robust to ABO [102] and is
independent of mGluR5-mediated PLC[3-dependent eCB
mobilization, which is consistent with previous studies
[103, 104]. Therefore, it is crucial to target more specific
downstream pathways of mGluR5 to fully understand
the effect of ABO on mGIluR5.

Overall, our results demonstrate, for the first time,
that ABO reduces PLCP1 protein levels to disrupt S-
eCB mobilization, which, in turn, impairs tLTP and
hippocampus-dependent contextual fear memory.
These results not only underscore the critical role of
PLCpB-dependent S-eCB mobilization in hippocampal
synaptic plasticity and memory in the healthy brains,
but also suggest that PLCB1 could serve as a therapeutic
target for improving hippocampal synaptic plasticity and
memory-impaired by amyloidosis in AD.

Conclusion

Taken together, our results suggest that enhancing eCB
mobilization by increasing PLCP1 protein levels could
have therapeutic potential for restoring memory impair-
ments in both early and chronic stages of AD.

Limitations

This study had several limitations. First, different species
of rodents were used in this study. We used SD rats for
all in vitro studies, while mice were used for all context-
ual fear memory experiments in vivo. Differences in
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hippocampal electrophysiological features between rat
and mouse species are already well established [105],
and as all of the in vitro studies were performed using
SD rats, it would have been appropriate to use an SD rat
model of AD in testing contextual fear memory experi-
ments. In fact, transgenic SD rat models of AD that can
mimic extracellular AP deposition following the amyloid
hypothesis exist [44, 45]. However, while memory im-
pairments were observed at 9 months in this rat model
of AD, hippocampal AP deposition was observed at 17—
18 months [45, 106]. As memory impairments precede
AP deposition, they do not follow the amyloid hypoth-
esis of AD [3]. As our study was intended to investigate
the effect of Ap deposition on PLC[B1 protein levels and
hippocampus-dependent contextual fear memory, we
chose to use the 5XFAD mice that display Ap deposition
from 2 months, which precedes the onset of contextual
fear memory deficit that emerges from 6 to 7 months
[42, 68]. Thus, to directly investigate the effect of AP
deposition, we used 5XFAD mice for the contextual fear
memory test, despite being of different species compared
to the SD rat model used for the investigation of the
acute effect of ABO on PLCP.

Second, we performed in vitro electrophysiology using
SD rats at 2 to 3 weeks postnatal, while in vivo
hippocampus-dependent contextual fear memory was
tested using 6- to 7-month-old adult C57BL/6 or
5XFAD mice. It is possible that these age differences
may have caused significant differences in physiological
functions, including mGIuR function [107] and eCB
mobilization [39, 108] as they both mature with develop-
ment; thus, S-eCB mobilization should be tested in 6- to
7-month-old adult C57BL/6 or 5XFAD mice in the
future.

Finally, we used C57BL/6 mice as WT controls for the
experimental 5XFAD mice group, but littermates that
were generated by crossing hemizygous 5XFAD mice
should have been used as WT controls for 5XFAD mice.
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