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Retrograde endocannabinoid signaling at inhibitory

synapses in vivo

Barna Dudok“%*1, Linlin Z. Fan®t, Jordan S. Farrell>*>, Shreya Malhotra?,
Jesslyn Homidan?, Doo Kyung Kim®, Celestine Wenardy®, Charu Ramakrishnan®,

Yulong Li’, Karl Deisseroth®#°, lvan Soltesz?

Endocannabinoid (eCB)-mediated suppression of inhibitory synapses has been hypothesized, but

this has not yet been demonstrated to occur in vivo because of the difficulty in tracking eCB dynamics
and synaptic plasticity during behavior. In mice navigating a linear track, we observed location-
specific eCB signaling in hippocampal CAl place cells, and this was detected both in the postsynaptic
membrane and the presynaptic inhibitory axons. All-optical in vivo investigation of synaptic responses
revealed that postsynaptic depolarization was followed by a suppression of inhibitory synaptic
potentials. Furthermore, interneuron-specific cannabinoid receptor deletion altered place cell tuning.
Therefore, rapid, postsynaptic, activity-dependent eCB signaling modulates inhibitory synapses on a timescale

of seconds during behavior.

trong depolarization of neurons can in-
duce a transient suppression of their in-
hibitory synaptic inputs in acute brain
slices (I, 2). Such retrograde, activity-
dependent suppression of GABAergic
synapses, referred to as depolarization-induced
suppression of inhibition (DSI), is mediated
by endocannabinoid (eCB) signaling (3-5).
In vitro studies have shown that robust post-
synaptic calcium (post-Ca) increase during DSI

triggers eCB synthesis and the retrograde acti-
vation of cannabinoid type-1 receptors (CB;s),
which in turn suppresses GABA release. In the
CA1 region of the hippocampus, the highest
CB, expression is found on axons of perisoma-
tically projecting GABAergic basket cells that
also express cholecystokinin (CCKBCs) (6-8).
Conversely, the other major basket cell type,
parvalbumin-expressing basket cells (PVBCs),
do not express CB;s. Correspondingly, DSI is
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Fig. 1. Rapid eCB signaling in the hippocampus
in vivo. (A) GRABcg, o and jRGECOla were
expressed in CAl neurons. Head-fixed mice

ran on a linear treadmill during multiphoton
imaging. (B) Event-aligned average single-cell
calcium and eCB responses during calcium
transients. Plot shows mean responses

(line) + SEM (shaded area) for n = 4 sessions
from n = 4 vehicle-treated mice, 607 + 241

ROIs per session, and 5.2 + 1.1 peaks per ROI.
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idal cells and is capable of completely mu....S
these synapses (9, 10).

DSI has been hypothesized to also occur
in vivo, but the specific neuronal activity pat-
terns that give rise to DSI remain unknown
(11). When mammals navigate their environ-
ment, individual hippocampal pyramidal cells
discharge at specific place fields (11, 12), and
several observations are consistent with the
possibility that place cell firing in behaving
animals may engage a DSI-like phenomenon.
In vitro, externally imposed place cell-like ac-
tivity can drive DSI (13), and disinhibition of
the postsynaptic cells by DSI can facilitate ex-
citatory synapse plasticity (14, 15). In vivo, place
cell formation is supported by reduced inhibi-
tion (16, 17). A potential role of DSI in hippo-
campal place field properties has been proposed
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Labels show decay time constants of exponential
fits. (C) Analysis of place cells. Average tuning
curves (solid black line) were calculated

for each session by aligning location-averaged
place cell traces on their preferred location. "
(D) Average spatial tuning curves (+SEM) E
are shown centered on the preferred ‘
location of place cells (red indicates calcium) 53 ; o
together with the tuning curves of eCB signals

from the same cells (blue) or after shuffling cells
within sessions (gray). One-sided, one-sample

t test with alternative hypothesis u > 0: P = 5.67 x 1075,
n =4 male mice; shuffle: P = 0.88. Plots show

average tuning curves (line) + SEM (shaded area),

n = 4 sessions from n = 4 drug-naive mice and
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(18); however, the steps that would underlie
aretrograde, eCB-mediated, DSI-like plasticity
in vivo have remained speculative, and the hy-
pothesis that DSI contributes to place cell dis-
inhibition has remained untested. Here, we
used optical methods in mice navigating a
linear track to test (i) whether place cell ac-
tivity in behaving animals is sufficient to trig-
ger eCB synthesis in the postsynaptic cell,
(ii) whether eCB signals affect presynaptic
CB;s on GABAergic terminals in vivo, and (iii)
whether DSI-like plasticity can modulate place
cell activity patterns.

Location-specific eCB signaling by place cells

The genetically encoded G protein-coupled re-
ceptor activation based eCB reporter GRAB.cp2o
enables the recording of eCB dynamics with
high spatial resolution in vivo (19, 20). eCB mo-
bilization during DSI depends on post-Ca influx
(2I). To characterize eCB signaling related to
calcium transients, we expressed GRAB.cps.0
and the red-shifted calcium sensor jJRGECO1a
(22) in CA1 neurons. We performed two-photon
dual calcium and eCB imaging in the pyramidal
layer while mice ran several laps on a linear
treadmill track with tactile cues (Fig. 1A) (23).
We segmented regions of interest (ROIs) cor-
responding to neuronal somata (most of which
in the pyramidal layer are expected to belong
to pyramidal cells) (24) and measured calcium

Fig. 2. Spatially tuned presynaptic = A
eCB signals in the hippocampus

in vivo. (A) Labeling strategy

for in vivo imaging. Interneuronal
GRABecpo.0 and pan-neuronal
jRGECO1la expression were combined.
Bottom panels show the segmenta-
tion approach. Neuron cell bodies
were segmented in the JRGECOla
channel (post-Ca). The ROIs

were enlarged by binary dilation

for measuring signals in the
neighboring axons in the GRABecg2.0
channel (pre-eCB). (B) Average
spatial tuning curves (+SEM) are shown
centered on the preferred location

of place cells (red indicates calcium)
together with the tuning curves of
eCB signals from the corresponding
pre-eCB ROIs (blue) or after shuffling
ROIs within sessions (gray), n = 18
sessions from n = 5 mice and

193 + 130 ROIs per session.

(C) Quantification of signal intensity
at the preferred location. Boxes
indicate median + interquartile range;
whiskers: nonoutlier range; markers:

DIx-Cre (CA1): 151
AAV-Cre[eCB2.0]
AAV-Syn-jRGECO1a

pyramidal cell

int

somatic (post-Ca)

and eCB signals in the same ROIs. We ana-
lyzed calcium transients by finding peaks on
traces of fluorescence change over baseline
(AF/F) (Fig. 1B). Transient eCB signals were
detected concomitant with calcium peaks (Fig.
1B), with a peak delayed by 1.04 + 0.16 s rela-
tive to calcium and an average decay time
constant of 3.53 + 0.75 s. To investigate which
eCB ligand contributes to the transients, we
performed the latter analysis on datasets that
we previously recorded in the presence of ligand-
specific inhibitors of eCB synthesis or metab-
olism (20). Calcium peak-coupled eCB transients
were suppressed by inhibiting the synthesis of
2-arachidonoylglycerol (2-AG), the eCB species
involved in CA1 DSI in vitro (25). Furthermore,
eCB transient durations were extended after
we treated mice with JZL 184 to inhibit mono-
acylglycerol lipase (MGL) and thus 2-AG deg-
radation (25, 26) (fig. S1, A to C). Conversely,
manipulations altering the synthesis or degra-
dation of the other major eCB species, an-
andamide (AEA), had no effect on the in vivo
eCB transients (fig. S1, D to F).

Next, to investigate eCB dynamics specif-
ically in place cells, we identified place cells
by calculating location-specific average calcium
signals (Fig. 1C). Average eCB signals were
elevated around the same track locations where
calcium was high in the same individual place
cells (Fig. 1D). These results indicate that eCB

post-Ca
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mobilization in place cells during exploration
is specific to the cell’s preferred location. By
contrast, non-place cells had lower calcium
and accompanying eCB transient amplitudes
compared with place cells in the same field of
view (fig. S1G).

Although the molecular mechanisms of ret-
rograde eCB transport are not precisely under-
stood, there is general agreement that DSI
requires the postsynaptically generated eCBs
to engage presynaptic CB;s on interneuronal
terminals impinging on the activated neuron
(4, 27). Thus, we specifically allowed the expres-
sion of GRABcpso Only in interneurons using
DIx5/6-Cre transgenic mice (28) to enable pre-
synaptic eCB measurements (fig. S2A). The
distribution of GRAB.cg..0, @ chimera of CB,
and a green fluorescent protein variant, re-
sembled membrane-enriched CB; targeting
(29) in interneuron axon terminals, with no
detectable postsynaptic expression in prin-
cipal cells and relatively low expression in
interneuron somata (fig. S2, B to F).

For simultaneously imaging somatic cal-
cium and axonal eCB transients, we combined
interneuronal GRAB.cp, o and pan-neuronal,
red-shifted calcium sensor expression (Fig. 2A
and fig. S2E). We generated somatic, puta-
tively post-Ca ROI sets as above and measured
nearby axonal, putatively presynaptic eCB
(pre-eCB) signals after enlarging the somatic
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recording sessions. pre-eCB: P = 0.002, n = 5 mice (n = 3 males and n = 2 females); shuffle: P = 0.69. (D) Spatial tuning curves are shown after injecting mice
with JZL-184 to inhibit the enzymatic breakdown of the eCB 2-AG by MGL or after vehicle injection. (E) Quantification of location-specific pre-eCB signals, P = 0.0004,
Mann-Whitney test, n = 14 vehicle sessions from n = 5 mice and n = 6 JZL sessions from n = 3 mice.
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ROIs (Fig. 2A). Similar to eCB signals mea-
sured in place cell somata (Fig. 1D), pre-eCB
signals in interneuronal axons surrounding
place cells were elevated at the same track
locations where post-Ca was high (Fig. 2, B
and C). These results indicate that place cell

itory axons.

activations during behavior are accompa-
nied by eCB signaling at perisomatic inhib-

Similarly to DSI in vitro (30) and calcium
transient-related post-eCB signals in vivo (fig.
S1B), location-specific pre-eCB signals around

place cells were magnified by pharmacologic-
al inhibition of 2-AG degradation (Fig. 2, D
and E), consistent with a prominent role of
2-AG in inhibitory axon eCB signaling while
not ruling out the partial involvement of
other eCBs such as AEA.
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Fig. 3. Inhibitory synaptic plasticity in behaving mice. (A) Labeling strategy for
the all-optical assay of CCKBC synaptic function in vivo. (B) Top: example unfiltered
fluorescence traces from four CA1 neurons [(a) to (d)]. Bottom: spike raster (n =
30 neurons from n =5 mice). Cyan bars indicate CCKBC photostimulation onset
(488 nm, 10 ms duration, 9.5 to 20 mW/mm?, 0.5 Hz). (C) Mean subthreshold
postsynaptic waveforms after presynaptic CCKBC photostimulation (n = 30 neurons
from n = 5 mice). (D) Unfiltered example traces of plateau-driven complex spikes
(CS, red arrows) preceding photostimulation events. (E) Additional example traces from
the same cells as in (D) without complex spikes occurring within 1 s before the
stimulation. (F) Stimulus-triggered average (mean + SEM) 0elPSP (black: with CS;
orange: without CS). (G) Quantification of neuronal depolarization before stimulation
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Group

Group

and oelPSP amplitudes (negative values) during trials with or without preceding
complex spikes (depolarization: P = 0.0076, paired t test, n = 15 cells fromn = 4
mice; 0elPSP amplitude: P = 0.0045). (H) Histograms of place field sizes of
individual place cells in control mice and after cell-type-specific CB; KO in GABAergic
neurons (GABA-CB;-KO). n = 420 + 254 place cells from n = 5 control and n = 3
GABA-CB;-KO mice. (I) Quantification of place cell place field size and spatial
information. n = 13 sessions from n = 2 male and n = 2 female control mice; n =
19 sessions from n = 3 male GABA-CBI-KO mice. Markers and box plots show
individual sessions (boxes: median + interquartile range, whiskers: nonoutlier range).
Place field size: P = 0.032, xz(l) = 4.59; spatial information: P = 0.004, xz(l) =
8.5, linear mixed effects models and likelihood ratio test.
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Postsynaptic activity-dependent modulation
of inhibitory postsynaptic potentials
Retrograde eCB signaling through CB, inhibits
CCKBC to pyramidal cell synapses in vitro
(9, 31). On the basis of our results showing
eCB transients time-locked to calcium tran-
sients, we expected to observe an activity-
dependent modulation of CCKBC synapses.
We used a CCKBC-specific (Sncg-FIpO) mouse
line to test this hypothesis (32) and developed
an all-optical method to study synaptic trans-
mission between CCKBCs and postsynaptic
neurons. These animals express the FlpO
recombinase enzyme specifically in gamma-
synuclein (Sncg)-expressing cells. Sncg is ex-
pressed selectively in CCKBCs; therefore, FIpO
will be expressed specifically in this cell pop-
ulation in Sncg-FIpO mice. We expressed FlpO-
dependent excitatory opsin (sombCI1C2TG) (33)
in CCKBCs and a soma-localized genetically
encoded voltage indicator (GEVI, somQuasAr6a)
(34) in sparsely labeled CA1 neurons in Sncg-
FlpO mice (Fig. 3A and fig. S3A). We imaged
GEVI in awake mice head-fixed on a spherical
treadmill while activating CCKBCs with photo-
stimulation (Fig. 3B). Brief CCKBC activation
elicited time-locked CA1 neuronal hyperpo-
larization, consistent with optogenetically
evoked inhibitory postsynaptic potentials
(0eIPSP; Fig. 3C).

Plateau-driven complex spikes in CAl py-
ramidal cells are particularly important for
synaptic plasticity (12, 33, 35). We identified
plateau-driven complex spikes with voltage im-
aging and then grouped the photostimulation-
induced responses based on the presence or
absence of complex spikes during the 1 s before
the stimulus (Fig. 3, D and E). Whereas 0eIPSPs
were detectable in the absence of a preceding
complex spike (Fig. 3E), the same postsynaptic
cells showed reduced oeIPSPs after complex
spikes (Fig. 3, D, F, and G). As expected, the
average postsynaptic depolarization before the
CCKBCs stimulus was higher in the presence
of complex spikes (Fig. 3G). Together, these
results demonstrate a transient suppression of
CCKBC inhibition after complex spikes, con-
sistent with a DSI-like mechanism.

Interneuron cannabinoid receptors modulate
place cell activity patterns

The above results provide evidence for post-
synaptic neuronal activity-dependent modula-
tion of CCKBC synapses in vivo. A suppression
of inhibition could disinhibit place cells during
place field traversal, contributing to location-
specific place cell activity (16, 36). To deter-
mine whether preventing inhibitory synaptic
eCB signaling may lead to altered place fields,
we knocked out CB; selectively in forebrain
GABAergic neurons (GABA-CB;-KO, lacking
CB, from perisomatic and dendritic interneur-
ons) (28) (fig. S3B) and recorded place cell cal-
cium signals during a spatial navigation task

Dudok et al., Science 383, 967-970 (2024

as mice foraged for a water reward. Both con-
trol (DIx-Cre) and GABA-CB;-KO mice exhibited
spatially tuned calcium signals, suggesting
that CB,; expression by GABAergic neurons is
not required for place field formation per se
(fig. S3, C and D). However, we observed a
widening of place fields in GABA-CB;-KO mice
relative to mice with intact CB; expression
(Fig. 3, H and I). Analyzing the properties of
individual place cells revealed that in the ab-
sence of interneuron CB1 expression, place cells
were active over a larger fraction of the belt and
altogether encoded less spatial information
(Fig. 31 and fig. S3, C to J). In GABA-CB,-KO
mice, place cells fired less reliably lap-to-lap,
and had fewer calcium transients near the
preferred location (fig. S3, H and I). As a
population, place cells in the GABA-CB;-KO
encoded mouse location less accurately com-
pared with control despite the similar ratio of
place cells (fig. S3, E and J). The observed changes
in place cell activity patterns are consistent with
the reported impaired spatial learning perfor-
mance of GABA-CB-KO mice (37) and mice
with perturbed CCKBC development (38).

In this study, we report (i) rapid eCB signals
time-locked to calcium transients in hippo-
campal neurons including place cells, both in
the postsynaptic membrane and the presynap-
tic inhibitory axons; (ii) modulation of CCKBC
synapses correlated to past postsynaptic activ-
ity; and (iii) diminished place cell place field
properties in the absence of eCB signaling at
inhibitory synapses. Our results demonstrate
that an eCB-mediated, DSI-like plasticity is
capable of rapid modulation of inhibition in
vivo on the behaviorally relevant timescale
of seconds. Because of the selective expres-
sion of CB; at synapses of CCK-expressing but
not PV-expressing interneurons, DSI may en-
able recently activated place cells to maintain
elevated excitability without suppressing the
ability of PVBC synapses to synchronize the PC
population activity dynamics to theta and
gamma, oscillations (39, 40). Such a selective,
lasting suppression of inhibition involving CB;
signaling may also contribute to maintaining
an eligibility trace for non-Hebbian activity-
dependent plasticity (41).
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