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Activation of PLCβ1 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 (AβO) in Alzheimer’s disease (AD) impairs hippocampal
long-term potentiation (LTP), leading to memory deficits. Thus, identifying the molecular targets of AβO involved in
LTP inhibition is critical for developing therapeutics for AD. Endocannabinoid (eCB) synthesis and release, a process
collectively called eCB mobilization by hippocampal CA1 pyramidal cells, is known to facilitate LTP induction. eCB
can be mobilized either by postsynaptic depolarization in an intracellular Ca2+ concentration ([Ca2+]i)-dependent
pathway or by group 1 metabotropic glutamate receptor (mGluR) activation in a phospholipase Cβ (PLCβ)-
dependent pathway. Moreover, group 1 mGluR 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
PLCβ-dependent pathway. Although AβO has been shown to disrupt [Ca2+]i-dependent eCB mobilization, the effect
of AβO on PLCβ-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 AβO on PLCβ protein levels, PLCβ-dependent S-eCB mobilization, and spike-timing-dependent potentiation
(tLTP) in AβO-treated rat hippocampal slices in vitro. In addition, we assessed the relationship between PLCβ
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 AβO treatment in rat hippocampal slices in vitro decreased hippocampal PLCβ1 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
AβO-treated rat hippocampal slices in vitro. Application of the PLCβ activator, m-3M3FBS, in rat hippocampal slices
reinstated PLCβ1 protein levels to fully restore S-eCB mobilization and NMDAR-mediated tLTP. In addition, direct
hippocampal injection of m-3M3FBS in 5XFAD mice reinstated PLCβ1 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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Conclusion: We suggest that these results might be the consequence of memory impairment in AD by disrupting S-
eCB mobilization. Therefore, we propose that PLCβ-dependent S-eCB mobilization could provide a new therapeutic
strategy for treating memory deficits in AD.

Keywords: Alzheimer’s disease, Hippocampus, Endocannabinoid mobilization, PLCβ1, Long-term potentiation,
Contextual fear memory

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 (A� O), a proteolytic derivative of the amyloid
precursor protein, could be one of the causes underlying
the neurobehavioral alterations in AD [3–5]. A� O 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 A� O 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 A� O 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 (CB1R) 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 CB1R impairs the induction of
NMDAR-mediated LTP [14, 15, 22]. This indicates the
critical involvement of eCB mobilization in LTP induc-
tion. Interestingly, hippocampal CB1R 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 A� O to impair LTP is unknown.

To identify the targets of A� O 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
(Ca2+) channels to increase intracellular Ca2+ concentra-
tion ([Ca2+]i), and mobilizes eCB from the postsynaptic
CA1 PCs in a [Ca2+]i-dependent manner [32, 33]. Group
1 mGluR 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 PLC� -dependent and [Ca2+]i-independent
manner [36–38]. Importantly, concomitant activation of
group 1 mGluR during postsynaptic depolarization has
been shown to synergistically enhance PLC� protein levels,
resulting in an increase of eCB mobilization. This suggests
a PLC� -dependent synergistic enhancement of e-CB
(S-eCB) [30, 33, 39].

A� pathogenesis has been shown to disrupt
depolarization-induced suppression of inhibition (DSI)
in CA1 PCs [40, 41], a phenomenon caused by [Ca2+]i-
dependent eCB mobilization [32, 33]. As eCB mobilization
is known to regulate the induction of hippocampal LTP
[14, 15], A� -mediated disruption of [Ca2+]i-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 A� O on PLC� -dependent
S-eCB mobilization and its relationship with LTP impair-
ment in AD has not been reported.

Thus, understanding the effect of A� O on PLC� -
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 A� O
on PLC� -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 A� O 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 A� O, 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 A� O deposi-
tions [42], was used. 5XFAD mice were used as SD rat
models of AD are insufficient to mimic A� 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).

AβO preparation
Soluble A� O was prepared according to the methods
described in a previous study [46]. A� 1-42 (A� ) and a
scrambled form of A� as a control peptide [47] were
purchased in powder form. A� and scrambled A�
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 A� or scrambled
A� was dissolved in dimethyl sulfoxide (DMSO,
Sigma Aldrich, USA) to prepare 5 mM A� or scram-
bled A� stocks, which were aliquoted and frozen at
–20°C. A� or scrambled A� stocks were thawed and
diluted to 100 � M in artificial cerebrospinal fluid
(ACSF) and incubated for 18 h for oligomerization.
The final A� O or scrambled A� O 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.

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 NaH2PO4, 2 mM MgSO4, 2 mM CaCl2,
25 mM NaHCO3, and 10 mM glucose at pH 7.2–7.4,
which was continuously oxygenated with 95% O2/5%
CO2. Horizontal hippocampal slices (350� m 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 CA1 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 M� ) 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 � A amplitudes
(20–40 � s) 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
CB1R 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� M)
was locally applied using a puff pipette located near the
soma of CA1 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 CA1 PC spikes were
mimicked by delivering 5 ms-voltage steps (from−70 to
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