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Abstract.

Cannabinoid agonists impair hippocampus-dependent learning and memory. Using

mouse hippocampal slice preparations, we examined the effect of anandamide, an endogenous
cannabinoid, on sharp wave-ripple (SW-R) complexes, which are believed to mediate memory
consolidation during slow-wave sleep or behavioral immobility. Anandamide reduced the fre-
quency of SW-Rs recorded from the CA3 region, and this effect was abolished by AM251, a can-
nabinoid CB1-receptor antagonist. We further addressed the action of anandamide using a func-
tional multineuron calcium imaging technique. Anandamide reduced the firing rate of hippocampal
neurons as well as disrupted the temporal coordination of their firings during SW-R.

Keywords: hippocampus, local field potential, memory consolidation, endocannabinoid,
type 1 cannabinoid (CB1) receptor

Introduction

In the central nervous system, endocannabinoids, such
as anandamide (N-arachidonoylethanolamide, AEA) and
2-arachidonoylglycerol, are synthesized and released
mainly from postsynaptic neurons. They reduce the ac-
tivity of voltage-sensitive N-, P/Q-, and L-type calcium
channels and facilitate G protein—activated inwardly
rectifying potassium channels (1, 2). The modulations of
these ion channels may contribute to suppression of de-
polarization-triggered neurotransmitter release (3). This
action is mediated by G protein—coupled type 1 cannabi-
noid (CB1) receptors, which are expressed primarily in
the hippocampus, neocortex, cerebellum, and basal gan-
glia (4, 5).

At the systems level, the cannabinoid cascade is re-
ported to play critical roles in learning and memory. For
example, systemic administrations of endocannabinoids,
the natural cannabinoid agonist 49-tetrahydrocannabinol
(49-THC), or its synthetic analogues CP55940 and
WINS5,212-2 impair hippocampus-dependent tasks (6).
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This impairment is rescued by SR141716A, a CBI1-
receptor antagonist (7, 8). Importantly, direct administra-
tions of 49-THC, CP-55940, or WIN55,212-2 into the
hippocampus also attenuate the learning ability, and the
effects are prevented by AM281, a CB1-receptor antago-
nist (9 — 13), indicating that hippocampal CB1 receptors
have a pivotal role in cognition. Consistent with this,
cannabinoid receptor activation inhibits the induction of
hippocampal synaptic plasticity, such as long-term po-
tentiation (14, 15) and long-term depression (16), in
hippocampal slices.

Hippocampus-dependent memory is formed by diverse
types of network activity, among which sharp wave—
ripple complexes (SW-Rs) reflect transient neuronal
synchronization originating from the CA3 (or partly
CA1) region. SW-Rs occur during slow-wave sleep and
behavioral immobility and are believed to transfer tenta-
tive hippocampal information to more stable neocortical
storage (17, 18). Consistent with this hypothesis, hip-
pocampal neurons that fired together during exploratory
behavior tend to synchronize again during SW-Rs (19,
20). Moreover, online-triggered suppression of hip-
pocampal SW-Rs during post-training consolidation pe-
riods impairs spatial memory (21), which suggests that
SW-Rs are required to stabilize once acquired recent
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memory. Robbe et al. (22) showed that 49-THC and
CP-55940 attenuate the power of local field potentials
(LFPs) that include SW-Rs in head-restrained or freely
moving rats. The present study is thus aimed to evaluate
the effect of endogenous cannabinoids on SW-Rs in an
in vitro experimental model of SW-Rs (23, 24).

Materials and Methods

Animal ethics

Experiments were performed with the approval of the
animal experiment ethics committee at the University
of Tokyo (approval number 19-35) according to the
University of Tokyo guidelines for the care and use of
laboratory animals.

Chemicals

AEA, AM251, and (57,82,11Z,14Z)-N-(4-hydroxy-2-
methylphenyl)-5,8,11,14-eicosatetraenamide (VDM-11)
were purchased from Tocris Bioscience (Bristol, UK).
The stock solution was prepared in anhydrous ethanol at
a concentration of 14 mM, which was then diluted to the
final concentration with oxygenated artificial cerebrospi-
nal fluid (aCSF) consisting of 127 mM NaCl, 26 mM
NaHCOs, 3.5 mM KCl, 2.0 mM CaCl,, 1.3 mM MgSO,,
1.24 mM NaH,PO,, and 10 mM p-glucose. Drugs were
continuously bath-applied after a baseline recording pe-
riod of 5 min. Control groups were perfused with aCSF
alone.

Slice preparations

Male C57-BL/6J mice (SLC, Shizuoka) at postnatal
3 — 5 weeks were decapitated under deep ether anesthe-
sia. The brains were quickly isolated and immersed in the
ice-cold, oxygenated aCSF for 10 min. After removal of
the cerebellum, the hemisphere was glued to a vibratome
chamber and pseudo-horizontally sliced at an angle of
12.7° in the front-occipital direction (25) using a vi-
bratome (thickness: 400 um) (LEICA VT1200S; Leica,
Nussloch, Germany) in the ice-cold, oxygenated modi-
fied aCSF containing 222.1 mM sucrose, 27 mM NaH-
COs, 1.4 mM NaH,POy, 2.5 mM KCI, 1.0 mM CaCl,, 7
mM MgSO,, and 0.5 mM ascorbic acid (26). The slice
was transferred to a submerged chamber filled with oxy-
genated aCSF (pre-warmed at 37°C) and stored for more
than 90 min.

Electrophysiological recording

Recordings were conducted in a submersion-type re-
cording chamber (volume: 1.8 ml) perfused with aCSF
(saturated with 95% O, and 5% CO, at 37°C) at about 10
ml/min. LFPs were recorded from the stratum pyramidale
in the CA3 region using glass microelectrodes (tip diam-

eter: 5 — 10 um; resistance: 1 — 3 MQ) filled with aCSF.
Signals were obtained at 20 kHz using a Multiclamp
700B amplifier and pCLAMP10.2 software and low-pass
filtered at 2 kHz. Recordings were started 20 min after
basal LFPs became stable. Each slice was used for only
one experimental treatment. Traces were reduced to 5
kHz before data processing with a custom-written
MATLAB-based program (Mathworks, Natick, MA,
USA). The slow and fast components in LFP fluctuations
were extracted by filtering at different corner frequen-
cies. For sharp waves, raw LFP traces were band-pass
filtered between 1 and 50Hz, and sharp-wave events
were detected by setting a threshold at 5 — 10 times above
the standard deviation (S.D.) of the event-free baseline
noise. For ripples, LFP traces were band-pass filtered
between 100 and 300 Hz and thresholded at 5 x SDs of
the event-free baseline noise. All detected events were
scrutinized by eye and manually rejected if they were
erroneously detected.

Functional multineuron calcium imaging (fMCI)

Oregon Green BAPTA-1AM (OGBI; Invitrogen,
Carlsbad, CA, USA) was bolus injected into the CA1
stratum pyramidale, as described previously (27). OBG1
was dissolved in 10% Pluronic F-127/DMSO (Invitrogen)
at a concentration of 2 mM. Immediately before use, the
solution was 10 x diluted with aCSF and loaded into pi-
pettes (1 — 2 MQ). The tip of the pipette was inserted into
the CA1 stratum pyramidale, and a pressure was applied
using a 10-ml syringe pressurizer (50 — 60 hPa for 3 — 5
min). Fluorophores were excited at 488 nm with a laser
diode (HPU50101PFS; FITEL, Tokyo) and visualized
using a 507-nm long-pass emission filter. Images were
collected at 50 frames/s using a 16 x objective
(CFI75LWD16xW; Nikon, Tokyo), a Nipkow-disk
confocal microscope (CSU-X1; Yokogawa Electric,
Tokyo), and a cooled EM-CCD camera (iXon DU897,;
Andor, Belfast, UK) (28). The fluorescence change was
measured as (F,— Fy) / Fy, where the F; is the fluores-
cence intensity at a given time point; F) is the baseline.
Spike-triggered calcium signals were semi-automatically
detected with a custom-written program in Visual Basic
version 6.0 (Microsoft, Seattle, WA, USA) and visually
inspected directly (29).

Results

SW-Rs recorded from the stratum pyramidale are
characterized by transient field sources that are superim-
posed by fast oscillations at 120 — 250 Hz (30). We re-
corded spontaneous LFPs from the CA3 stratum pyrami-
dale of naive ventral hippocampal slices. LFPs became
stable within about 30 min after the recording electrode
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was placed. During this period, the amplitude and fre-
quency of LFPs reached the maximum values and
thereafter remained stable for several hours. In stable
states, spontaneous large potentials continued to occur
intermittently in all slices tested (Fig. 1A, top). The mean
event frequency was 73 = 17 per minute (mean =+ S.D. of
33 slices from 33 mice). The fast Fourier transform (FFT)
of the LFP traces revealed two distinct peaks at frequen-
cies of 1 —25 Hz and 200 — 250 Hz in the power spec-
trum, typical of SW-Rs (Fig. 1B). We extracted the fre-
quency components by filtering LFP traces, according to
the method introduced by Maier et al. (23). The band-
pass filtering of 1 — 50 and 100 — 300 Hz produced sharp
waves and spindle-shaped fast oscillations reminiscent of
ripples, respectively (Fig. 1A, bottom). The latter oscil-
latory pattern consisted of 4 — 8 sinusoid waves per event
3.

We perfused slices with AEA for 20 min to examine
the action of endocannabinoids on SW-Rs. We found
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Fig. 1. Electrophysiological recording of spontaneous SW-Rs from
hippocampal slices. A: Raw LFP traces recorded from the CA3 stra-
tum pyramidale. The boxed regions were time-expanded into the
middle and bottom boxes, where LFPs were filtered at band passes of
100 — 300 Hz (for extracting ripples) and 1 — 50 Hz (for extracting
sharp waves). B: Power spectrum of LFPs shown in A (10 min in
length) peaked at about 200 Hz.

that SW-R events gradually decreased in number during
a period of a few minutes after wash-in of 1 uM AEA and
reached a steady state after about 5 min (Fig. 2A). The
suppression of SW-Rs reversed within about 5 min after
AEA wash-out. The effect of AEA was dose-dependent
(Fig. 2B); 1 uM AEA decreased the SW-R frequency
from 75+18 to 56+ 16 min"' (P=0.017, #;,=3.07,
paired #-test, n = 8 slices from 7 mice), whereas 0.5 uM
AEA did not induce a significant change (P =0.47,
t2=0.79, paired t-test, n=1>5 slices from 5 mice). We
further confirmed the dose dependency using one-way
ANOVA for all three cohorts, i.e., slices treated with 0
uM (control), 0.5 uM AEA, and 1.0 uM AEA (Fig. 2C).
The overall effect of AEA was significant (P = 0.006,
F,15=7.04). Post hoc analyses using three different
statistical tests, Fisher’s protected least significant differ-
ence test, Sheffe’s test, and Bonferroni/Dunn test, re-
vealed a significant difference was found between the
control and 1.0 uM AEA (P=0.0027, P=0.0098,
P =0.0065, respectively), but not between the control
and 0.5 uM AEA (P=048, P=0.77, P=0.21,
respectively).

The same experiments were repeated in the presence
of 2 uM AM251, a CBl1-receptor antagonist (Fig. 2D).
We found that AM251 alone did not induce a significant
change in the SW-R frequency (P =0.24, 7 =1.38,
paired #-test, n =5 slices from 5 mice), suggesting that
the endocannabinoid system is not active under resting
conditions of hippocampal slices. Consistent with this
idea, 10 uM VDM-11, an inhibitor of endocannabinoid
uptake, also failed to change the SW-R frequency
(P=0.98, t,=0.03, paired #-test, n=1>5 slices from 4
mice). In slices pretreated with AM251 for 10 min, 1 uM
AEA did not decrease the SW-R frequency (P =0.59,
ts = 0.58, paired f-test, n = 6 slices from 6 mice). Thus,
AEA-induced SW-R suppression was mediated by CB1
receptors. The data for the entire group were also statisti-
cally analyzed; one-way ANOVA revealed a across-
group significance (P =0.011, F5,5s = 6.16) and post hoc
analyses revealed a significance between AEA alone and
AEA + AM251 (P=0.012, P=0.038, P=0.092, re-
spectively, for Fisher’s protected least significant differ-
ence test, Sheffe’s test, and Bonferroni/Dunn test), but
not between AEA + AM251 and AM251 alone (P =0.71,
P=0.93, P=0.22, respectively).

To examine the spatiotemporal dynamics of neuronal
activity during SW-Rs, we used an fMCI technique,
which probes spikes emitted by individual neurons
through action potential-evoked calcium elevations in
the cell bodies (32). The calcium transients were moni-
tored at 50 frames per second from an area of approxi-
mately 500 x 300 um? that contained an average of
58 £ 23 neurons (mean + S.D. of 5 slices from 5 mice,
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Fig. 2. AEA-induced suppression of SW-Rs. A: Representative LFP traces before, during, and after 20-min application of 1 kM
AEA. B, C: Dose dependency of AEA-induced changes (B) and change ratios (C) in the SW-R frequency. *P <0.05 vs. s pre-
application control, paired #-test (B) or Fisher’s protected least significant difference test, Sheffe’s test, and Bonferroni/Dunn test
(C). D: AEA-induced change ratio in the SW-R frequency in the absence or presence of 2 uM AM251. Neither 2 M AM251
alone nor 10 uM VDM-11 alone affected the SW-R frequency. *P < 0.05 and “P > 0.1 vs. pre-treatment control, “P < 0.05 vs.
AEA alone; Fisher’s protected least significant difference test, Sheffe’s test, and Bonferroni/Dunn test. Data are means + S.D.s.

ranging from 38 to 96 neurons). In the same area, LFPs
was simultaneously recorded (Fig. 3A). Representative
data are shown in Fig. 3B, indicating that the activity
frequency varied from neuron to neuron and that some of
the activities were time-locked to SW-R events. For the
entire datasets, 55.7% +25.0% of the total activities
(mean £ S.D of 5 slices) occurred from —50 ms to 50 ms
after the peak timings of sharp waves, and the remaining
44.3% + 25.0% occurred independently of SW-Rs. The
mean activity rates reached the maximum at the peak
timings of sharp waves, and the half-peak width of the
rate increase was 80 ms (Fig. 3C). Neuronal activities
during individual SW-R events were rather sparse; on
average, only 1.7% + 1.1% of the neurons were activated
during each SW-R (mean + S.D. of 188 SW-R events),
whereas 62.7% of the total 292 neurons participated in at
least one SW-R event during our observation periods.
We compared the activity patterns before and during
bath application of 1 M AEA. Representative data in
Fig. 3B suggest not only that AEA decreased the overall
activity level but also that a different set of the neurons
became participants in SW-Rs in the presence of AEA.
We thus quantified the internal activity structures of
SW-Rs. In the presence of AEA, SW-Rs still accompa-
nied time-locked activation of neuronal activities, but the
number of neurons activated during individual SW-Rs
was reduced (Fig. 3C). AEA reduced the overall fre-

quency of activities (Fig. 3D; P =0.0009, t,; =3.36,
paired t-test). This reduction was likely to attribute to a
decrease in SW-R-locked activity (Fig. 3D; P < 0.0001.,
to1 = 8.19, paired #-test) because AEA did not affect the
frequency of SW-R-irrelevant activity (Fig. 3D; P=
0.077, tao1 = 1.77, paired t-test). To address the activity
pattern, we plotted the activity frequency of individual
neurons in the space of ‘before’ versus ‘during” AEA
application (Fig. 3: E, F). We failed to find a correlation
between the overall activity levels before and during
AEA application (Fig. 3E left, R* = 0.076, n = 292 neu-
rons). The lack of a correlation held true when SW-R-
locked activity alone was considered (Fig. 3E right,
R*=0.112, n =292 neurons). Therefore, AEA altered
the network state, which is defined as a set of instanta-
neously active neurons.

Discussion

We discovered that in acute hippocampal slices, AEA,
an endocannabinoid, reduced the frequency of SW-Rs in
a dose-dependent manner through CB1-receptor activa-
tion and that this effect was accompanied by a change in
the internal structure of neuronal network activity. Pio-
neer studies reported that CB1-receptor activation results
in a decrease in the power of SW-R-relevant oscillations
in vivo (22) and in vitro (33, 34); however, no studies
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Fig. 3. AEA-induced reorganization of spiking patterns during SW-Rs. A: Typical confocal image (top) and cell map (bottom) of 96 neurons

monitored from the CA1 stratum pyramidale in a OGB-1-loaded slice (top).

bath application of 1 uM AEA. Dots in the raster plots indicate the onset

B: Spiking patterns of the 96 neurons shown in A before and during
timings of spike-evoked somatic calcium transients. Simultaneously

recorded LFPs are shown above each raster plot. Gray broken lines indicate the timings of SW-R events. Right histograms indicate the activity

frequencies of individual neurons. Movies were taken at 50 frames per seco

nd. C: SW-R—triggered average of calcium events before (white) and

during (black) AEA application. n = 292 neurons of 5 slices. D: Mean activity frequencies before (white) and during (black) AEA application were
measured for the entire recording sessions (left), during SW-R events (middle), and for the periods in the absence of SW-R (right). **P <0.01;
paired z-test, n =5 slices. Data are means = S.D.s. E: The frequencies for the total activities (left) and activities during SW-R events (right) are
plotted in a space of before vs. during AEA application. Each dot indicates data of a single neuron. n = 292 neurons.

have addressed how it disturbs the internal structure of
SW-Rs. Therefore, it is intriguing to find that AEA did
not only reduce the number of neurons that participated
in SW-Rs but also altered the subsets of active neurons.
We speculate that the disruption of the SW-R structure
underlies cannabinoid-induced memory impairment.
Sharp waves are generally believed to reflect excitatory
currents arising from neuronal activity in the CA3 region
of the hippocampus (35), in which pyramidal cells re-
ceive external excitatory inputs from the dentate gyrus as
well as recurrent excitatory inputs from themselves.
SW-Rs are complex network oscillations that apparently

require the balanced contribution of glutamatergic exci-
tation and GABAergic inhibition (25, 36, 37). Thus,
cannabinoid-induced SW-R suppression may depend on
modulations of the release of both glutamate and
GABA.

In the hippocampus, the CA2/3 region exhibits higher
CBl-receptor immunoreactivity than the CAl region
(38). In hippocampal pyramidal cells, CB1 receptors are
present at presynaptic terminals of excitatory synapses
(39, 40), whereas diacylglycerol lipase @, one of the
enzymes that mediate endocannabinoid syntheses, is
present mainly in postsynaptic spines (40). Thus, endo-
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cannabinoids work as a retrograde messenger from
postsynaptic to presynaptic neurons. Activation of pre-
synaptic CB1 receptors exerts variable effects, including
inhibition of voltage-gated calcium channels (2, 41, 42)
and activation of inwardly rectifying potassium channels
(1). As aresult, it reduces transmitter release from gluta-
matergic terminals, resulting in a decrease in the ampli-
tude of excitatory postsynaptic currents evoked by stimu-
lation of presynaptic neurons. This induces short-term
and long-term modulations of synaptic transmission.
Activation of CB1 receptors decreases the power of
kainate-induced gamma oscillations in hippocampal
slices and of the theta and ripple oscillations in the in
vivo hippocampus (22, 43, 44). The decreased transmit-
ter release of pyramidal cells may reduce their excitability
of pyramidal cell networks and consequently an excit-
atory drive of interneurons. SW-Rs are initiated, at least
in part, by pyramidal excitation (23, 45) or triggered by
basal glutamate release (46). Therefore, it seems plausible
that AEA-induced reduction of glutamate release is re-
sponsible for AEA-induced SW-R suppression.

CBI1 receptors are also expressed on the axon terminals
of GABAergic interneurons (5), particularly in the axons
of CA3 basket cells (47, 48). An essential task of these
interneurons is to prevent neuronal overexcitation and to
avoid the development of pathological states of the net-
work activity, but they have more complex roles, rather
than generalized inhibition, which includes phasic inhibi-
tion that generates or regulates rhythmic activities in
neuronal networks (49). A notable example is basket
cells that generate and maintain hippocampal theta and
gamma oscillations by phasing and synchronizing the
activity of a large population of pyramidal cells. Recent
observations show that GABAAa-receptor antagonists
disrupt SW-Rs (37), an effect that is similar to the AEA-
inhibited SW-R suppression observed in the present
study. Thus, AEA-reduced release of both glutamate and
GABA may cause disorganization of the network activity
and thereby disrupt SW-Rs.
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