Biological
Psychiatry

Archival Report

Retraction of Astrocyte Leaflets From the
Synapse Enhances Fear Memory
Aina Badia-Soteras, Tim S. Heistek, Mandy S.J. Kater, Aline Mak, Adrian Negrean,

Michel C. van den Oever, Huibert D. Mansvelder, Baljit S. Khakh, Rogier Min, August B. Smit,
and Mark H.G. Verheijen

ABSTRACT

BACKGROUND: The formation and retrieval of fear memories depends on orchestrated synaptic activity of neuronal
ensembles within the hippocampus, and it is becoming increasingly evident that astrocytes residing in the envi-
ronment of these synapses play a central role in shaping cellular memory representations. Astrocyte distal processes,
known as leaflets, fine-tune synaptic activity by clearing neurotransmitters and limiting glutamate diffusion. However,
how astroglial synaptic coverage contributes to mnemonic processing of fearful experiences remains largely
unknown.

METHODS: We used electron microscopy to observe changes in astroglial coverage of hippocampal synapses
during consolidation of fear memory in mice. To manipulate astroglial synaptic coverage, we depleted ezrin, an in-
tegral leaflet-structural protein, from hippocampal astrocytes using CRISPR (clustered regularly interspaced short
palindromic repeats)/Cas9 gene editing. Next, a combination of Fdster resonance energy transfer analysis,
genetically encoded glutamate sensors, and whole-cell patch-clamp recordings was used to determine whether
the proximity of astrocyte leaflets to the synapse is critical for synaptic integrity and function.

RESULTS: We found that consolidation of a recent fear memory is accompanied by a transient retraction of astrocyte
leaflets from hippocampal synapses and increased activation of NMDA receptors. Accordingly, astrocyte-specific
depletion of ezrin resulted in shorter astrocyte leaflets and reduced astrocyte contact with the synaptic cleft,
which consequently boosted extrasynaptic glutamate diffusion and NMDA receptor activation. Importantly, after
fear conditioning, these cellular phenotypes translated to increased retrieval-evoked activation of CA1 pyramidal
neurons and enhanced fear memory expression.

CONCLUSIONS: Together, our data show that withdrawal of astrocyte leaflets from the synaptic cleft is an

experience-induced, temporally regulated process that gates the strength of fear memories.

https://doi.org/10.1016/j.biopsych.2022.10.013

Remembering experiences that involve fear, pain, or trauma
may lead to the development and progression of psychopa-
thologies, such as depression, anxiety, posttraumatic stress
disorder, and substance abuse (1). Preclinical and clinical ev-
idence has revealed that the hippocampus and the amygdala,
among other regions, are key brain structures associated with
maladaptive responses that underlie these psychiatric disor-
ders (2-4). In particular, coordinated activity of hippocampal
neuronal ensembles is thought to be critical in the formation
and expression of the contextual information of recently ac-
quired aversive memories (5-7). Converging evidence over the
past years indicates that changes in the structural and/or
physiological properties of synapses, including interactions
with their perisynaptic environment, are required for the for-
mation, storage, and retrieval of recent memories (8-11). Thus,
decoding the molecular and cellular framework that supports
memory processes is of the utmost importance for under-
standing memory-related disorders.

Recently, evidence has emerged that hippocampal astro-
cytes are implicated in the formation and remodeling of
aversive memories and stress-related disorders (12-16). For
example, activation of the Gg-coupled receptor hM3Dq in
CA1 astrocytes during fear conditioning enhanced recent fear
memory (12), whereas activation of the Gi-coupled receptor
hM4Di impaired remote recall (13). Thus, it is evident that
hippocampal-dependent memory processing of aversive
events requires coordinated activity of astrocytes and
neurons.

Astrocytes are morphologically complex glial cells that
contact synapses with their thinnest terminal processes,
referred to as leaflets or perisynaptic astrocyte processes,
which together with pre- and postsynaptic neuronal elements
are an integral feature of synapses throughout the central
nervous system (17-19). Astrocytic leaflets fine-tune local
synaptic transmission and plasticity because they are ideally
positioned proximally to the synaptic cleft (20) and contain the
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molecular machinery to modulate the extracellular space
around synapses (21,22). Astrocyte leaflets are enriched in
actin-associated proteins of the ERM (ezrin radixin moesin)
family (23) that dynamically regulate astrocytic filopodia for-
mation in culture (24) and astrocyte morphogenesis in the
developing somatosensory cortex (25). Changes in the astro-
glial coverage of synapses have been observed in vivo in the
hypothalamus during lactation (26,27) and sleep/awake cycles
(28), in the nucleus accumbens after self-administered psy-
chostimulants (29-31), and in the lateral amygdala following
threat conditioning (32). Similarly, synaptic activity and syn-
aptic potentiation has been reported to induce remodeling of
astrocytic leaflets on a short time scale (30-60 minutes after
stimulation) in the hippocampus (33-37). However, these
studies were performed in fixed and acute slices, and whether
this structural plasticity of astrocytic leaflets occurs in vivo and
on a longer timescale (hours to days), such as in long-term
memory processing, is an important and intriguing question
that remains to be addressed. Accordingly, the question of
whether astrocytic ezrin is required for the structural and
functional integrity of hippocampal synapses and memory
processes has remained unexplored.

To this end, we examined astrocyte leaflet-synapse
spatial interaction in the hippocampus during the formation
and consolidation of fear memories and found a learning-
induced transient retraction of astrocyte leaflets. Alto-
gether, our data reveal that the apposition of astrocyte
leaflets to the synaptic cleft influences contextual fear
memory expression and gates neuronal activation in a
context-dependent manner.

METHODS AND MATERIALS

Description of additional
Supplement.

methods are available in the

Animals

Wild-type, male C57BL/6J mice were 8 to 10 weeks old at the
start of experiments and were individually housed on a 12-hour
light/dark cycle with ad libitum access to food and water.
Behavioral experiments were performed during the light phase.
All  experimental procedures were approved by the
Netherlands Central Committee for Animal Experiments and
the Animal Ethical Care Committee of the Vrije Universiteit
Amsterdam (AVD1120020174287). Mice were randomly
assigned to experimental groups.

Constructs

The pAAV- GfaABC,D::Cas9-HA-Ezr was generated by first
replacing the cytomegalovirus promoter from pX601-AAV-
CMV::NLS-saCas9-NLS-3xHA-bGHpA;Bsal-sgRNA (Addgene
plasmid No. 61591) with the GFAP promoter (GfaABC4D). Next
we inserted the designed single guide RNA (sgRNA) to target
exon-1 of Ezr TGGCTGGTTGGTGGCTCTGCGTGGGT, Gen-
Script:  NM_001271663.1_T3; CCGTCGCCTCCGCCGTA-
CAGCCGAAT, GenScript: NM_001271663.1_T2). Finally, we
cloned the modified plasmid to an AAV2/5 vector. The control
virus, pAAV- GfaABC,D::Cas9-HA, was generated following
the same procedure, but it lacks the sequence to target Ezr.
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Neuron-Astrocyte Proximity Assay and Foster
Resonance Energy Transfer Analyses

Foster resonance energy transfer (FRET) from acute slices was
examined 4 to 6 weeks following AAV (adeno-associated virus)
injections in vivo. We measured FRET by sensitized emission
using PixFRET, an Imaged plug-in. Image processing was
carried out as described previously (38).

RESULTS

Contextual Fear Learning Causes Transient
Retraction of Astrocyte Leaflets From the Synaptic
Cleft

We first assessed the spatial organization of astrocyte leaflets
in apposition to the synaptic elements after contextual fear
conditioning (CFC). Mice underwent CFC, and astroglial syn-
aptic coverage was determined using electron microscopy
(EM) in the CAT1 at successive time points 30 minutes, 5 days,
and 28 days after training (Figure 1A). Mice that remained in
their home cage (HC) were used as controls. The number of
synapses without astrocyte contact (no contact) (Figure 1B)
and synapses contacted by an astrocyte leaflet (only post-
synapse, only presynapse, and both) (Figure 1B) did not differ
between time points (Figure 1B). Also, compared with HC
control mice, the extent of astrocyte contact with the pre- and
postsynapse (Figure S1A, B), as well as the perimeter of both
synaptic structures (Figure S1C, D), was unaltered during
encoding and consolidation (30 minutes and 5 days). A
decrease in postsynapse-leaflet contact was found at the
remote time point (28 days) (Figure S1B), which is likely related
to the observed increased spine size (Figure S1D) because
astroglial synapse coverage is inversely correlated with spine
size (39). Importantly, and consistent with the notion that
encoding and retrieval of recent contextual memories are
mediated by the hippocampus (6,40), we observed a rapid
(30 minutes) and persistent (5 days) shortening of astrocyte
leaflets following CFC that was no longer present at a
remote time point (28 days) (Figure 1C, E; Figure S1E-G).
These observations were complemented by an increased
distance of the astrocyte leaflet to the synaptic cleft at 30
minutes and 5 days after CFC (Figure 1D, E; Figure S1H-J).
To examine whether the changes in astrocyte coverage were
specific to associative learning, we analyzed a group at 5
days after immediate shock (IS) exposure (IS 5d). We found
that the IS 5d group exhibited a slightly shorter leaflet tip
than the HC control, whereas no differences were observed
for the astrocyte leaflet distance to the synaptic cleft
(Figure S1K, L). It is important to note that although there is
a significant reduction of the astrocyte leaflet tip after IS, this
difference is minor (8 nm, 13% of HC) (Figure S1K)
compared with the change observed 5 days after CFC (17
nm, 25% of HC) (Figure 1C), indicating that the stress of an
aversive stimulus and/or exposure to a new context may
cause minor changes in the leaflet tip length; however, this
is not sufficient to cause a detectable increase in the dis-
tance of the leaflet tip from the synaptic cleft. Taken
together, encoding and consolidation of contextual fear
memory is accompanied by a transient retraction of astro-
cyte leaflets from the synaptic cleft.
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Figure 1. CFC induces transient retraction of the astrocyte leaflet from the synaptic cleft. (A) Experimental workflow: mice were sacrificed 30 minutes, 5
days, and 28 days after conditioning. HC mice were used as controls. (B) Frequency distributions for the different types of astrocyte leaflet-synapse contact:
synapse without an astrocyte contact (no contact), astrocyte leaflet contacts only the presynaptic button (presynapse), astrocyte leaflet contacts only the
postsynapse spine (postsynapse), and astrocyte leaflet contacts both synaptic elements (both) at the depicted time points after CFC. X29,742 =4.77, p = .85;
n.s. (C) (Left) Quantification of astrocyte leaflet tip length at the depicted time points after CFC (HC: 130 synapses from 6 mice; 30 minutes: 152 synapses from
6 mice; 5 days: 123 synapses from 6 mice; 28 days: 86 synapses from 6 mice); F3 457 = —11.6, p < .0001 post hoc Bonferroni test: HC vs. 30 minutes *p = .01,
HC vs. 5 days ***p < .0001, HC vs. 28 days p = .99, 30 minutes vs. 5 days p = .07, 30 minutes vs. 28 days p = .06, 5 days vs. 28 days “**p < .0001. (Right)
lllustration depicting how the length of the astrocyte leaflet tip is measured. (D) (Left) Quantification of astrocyte leaflet distance from the PSD at depicted time
points after CFC (HC: 122 synapses from 6 mice, 30 minutes: 142 synapses from 6 mice, 5 days: 133 synapses from 6 mice, 28 days: 80 synapses from 6
mice); F3.117 = —=9.32, p < .0001 post hoc Bonferroni test: HC vs. 30 minutes *p = .01, HC vs. 5 days ***p < .0001, HC vs. 28 days p = .41, 30 minutes vs. 5
days *p = .15, 30 minutes vs. 28 days p = .62, 5 vs. 28 days “p = .01. (Right) lllustration depicting how the astrocyte leaflet distance from the PSD is measured.
(E) Representative images of astrocyte leaflet-synapse interaction during fear memory processing. In light purple, an astrocyte leaflet contacting an excitatory
synapse is depicted. Scale bar = 200 nm (top row) and 100 nm (bottom row). Data are presented as mean = SEM. CFC, contextual fear conditioning; HC,
home cage; n.s., not significant; PSD, postsynaptic density.

Structural Manipulation of Astrocyte Leaflets by
CRISPR/Cas9-Mediated Depletion of Ezrin

To mimic the changes in leaflet structure observed using EM
and to subsequently study synaptic function and behavior
in vivo, we specifically reduced ezrin expression in CA1 as-
trocytes of adult mice by delivering an AAV vector (AAV2/5)
encoding the saCas9 enzyme under the control of the minimal
astrocyte-specific GFAP promoter and a sgRNA complemen-
tary to Ezr (exon-1), (AAV2/5-GfaABC4D::Cas9-HA-Ezr)
(Figure 2A). Stereotaxic delivery of this vector was restricted to
dorsal CA1 astrocytes (Figure S2A, B), with high transduction
efficiency (82.7 = 2.9% [mean = SEM] of astrocytes
expressing Cas9) and very high specificity (Figure 2B, C). Next
we examined ezrin levels by combining RNA scope in situ
hybridization and immunofluorescence analysis 4 to 5 weeks
after AAV delivery. We found strong reduction (72%) in ezrin
RNA levels in the dorsal CA1 of mice expressing saCas9
together with the sgRNA against ezrin (Ezr-saCas9) compared

with control mice expressing only saCas9 (control: 27.4 + 2.7,
Ezr-saCas9: 7.5 = 1.2 RNA molecules per astrocyte)
(Figure 2D, E). Similarly, ezrin protein levels were found to be
reduced in Ezr-saCas9 mice compared with control mice (Ezr-
saCas9: 27.1 = 5.7% ezrin signal arbitrary units relative to
control) (Figure 2F, G). To determine possible virus-induced
reactive astrogliosis (41), we investigated the number of as-
trocytes and GFAP protein levels but did not find signs of
astrogliosis (Figure S2C-E). Thus, the current approach
enabled us to optimally and selectively reduce Ezr expression
in a large population of hippocampal astrocytes and to bypass
any developmental role of this protein.

Astrocyte Morphological Complexity and
Astrocyte-Neuron Proximity Are Decreased in the
Hippocampus After Ezr Deletion

Next we determined whether ezrin indeed shapes astrocyte
morphology and astrocyte-neuron contacts in the adult
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Figure 2. CRISPR/saCas9 viral approach to target Ezr in adult hippocampal astrocytes in vivo. (A) Experimental workflow: CNT and Ezr-saCas9 AAVs were
microinjected bilaterally in the CA1. IF and ISH experiments were performed 5 weeks later. (B) Representative images of the transduction and specificity of viral
vectors assessed by IF. Scale bar = 50 um. (C) Quantification of penetrance (718 cells from 5 mice) and specificity (NeuN: 837 cells from 5 mice, Iba-1: 364
cells from 5 mice). (D) RNA scope ISH representative images for CNT and Ezr-saCas9 mice. Scale bar = 10 um. (E) Quantification of the number of RNA
molecules of Ezrin per astrocyte (CNT: 128 cells from 4 mice, Ezr-saCas9: 179 cells from 4 mice). Nested t test: t3p5 = 23.69, ***p < .00001. (F) IF repre-
sentative images for CNT and Ezr-saCas9 mice. Scale bar = 30 um. (G) Quantification of Ezrin protein levels per astrocyte (%) (CNT: 110 astrocytes from 4
mice, Ezr-saCas9: 102 astrocytes from 4 mice). Nested t test: tgo = 15.09, ***p = .0001. Data are presented as mean + SEM. AAV, adeno-associated virus;
CNT, control; CRISPR, clustered regularly interspaced short palindromic repeats; GFP, green fluorescent protein; HA, hemagglutinin tag; IF, immunofluo-

rescence; ISH, in situ hybridization.

hippocampus. To this end, we made use of a Napa-a viral
vector (42) to visualize astrocyte territories in the CA1 region of
the hippocampus in the presence and absence of CRISPR
(clustered regularly interspaced short palindromic repeats)/
saCas9-mediated deletion of Ezr. We found that Ezr-saCas9
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mice had smaller astrocyte territories compared with control
mice (Figure 3A-C). To determine whether this smaller territory
in Ezr-saCas9 mice was accompanied by shorter astrocyte
leaflets, we measured their proximity to synapses using the
FRET-based Napa technique that captures spatial interactions
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Figure 3. Deletion of Ezr in mature astrocytes reduces morphological complexity and neuron-astrocyte interaction. (A) Experimental workflow to assess
astrocyte morphology. (B) Representative images of the astrocyte domain for CNT and Ezr-saCas9 mice. Astrocyte territory is outlined in white. Scale bar = 20
um. (C) Quantification of the astrocyte territory area (um?) (CNT: 108 astrocytes from 4 mice, Ezr-saCas9: 109 astrocytes from 4 mice). Nested t test: t1g1 =
3.78, *p = .002. (D) Experimental workflow to assess the proximity of CA1 astrocyte leaflets to Schaffer collateral inputs using Napa. (E) (Left) Representative
expression of Napa-n (red) and Napa-a (green) in the CA3 and CAT1, respectively. Scale bar = 500 pm. (Right) Representative image of CA1 astrocytes
expressing Napa-a (green) together with HA-saCas9 (magenta) and presynaptic puncta from CA3 projecting neurons (red). Scale bar = 50 pm. (F) Repre-
sentative images of CA1 astrocytes from CNT and Ezr-saCas9 mice expressing Napa-a (green) in proximity to projections from CA3 neurons expressing Napa-
n (red). The FRET ROls are shown on a color scale that reflects FRET efficiency. Scale bar = 20 pm. (G) Quantification of the number of FRET signals (ROls) per
CA1 astrocyte (CNT: 101 astrocytes from 5 mice, Ezr-saCas9: 141 astrocytes from 5 mice). Nested t test: tg3 = 3.97, **p = .0002. Data are presented as mean

+ SEM. CNT, control; FRET, Foster resonance energy transfer; IF, immunofluorescence; ROI, region of interest.

within an approximately 10-nm range between astrocyte pro-
cesses and synapses in acute brain slices (42). Astrocytic
membranes in the CA1 stratum radiatum were labeled with the
FRET donor GFP (green fluorescent protein) (Napa-a), and
Schaffer collateral presynaptic terminals were labeled with the
FRET acceptor mCherry (Napa-n) to allow detection of FRET
signals at the synaptic scale. We prepared acute hippocampal
slices 4 to 5 weeks after viral injection and, using confocal
imaging to detect FRET signals in the CA1 (Figure 3D, E), we
found that the number of synapses contacted by an astrocyte
was significantly reduced in Ezr-saCas9 mice compared with
control mice (Figure 3F, G). Importantly, this reduction in FRET
was not due to differential expression of Napa-a or Napa-n
across groups (Figure S3).

Ezrin Is Required for Close Proximity of Astrocyte
Leaflets to the Synaptic Cleft

Next we used EM to closely evaluate the ultrastructure of
synapses in the absence of astrocytic ezrin. Ezr-saCas9 and

control virus were injected in the CA1 together with AAV-
GfaABC,D-GFP to visualize the injection site and confirm
sufficient viral expression in samples that were subject to EM
analysis (Figure 4A; Figure S4A). Our manipulation did not
change the number of synapses contacted by an astrocyte
(Figure 4C); instead, we found that the leaflet tip, which is in
direct opposition to the synaptic cleft, was shorter in Ezr-
saCas9 mice (Figure 4D, E). Consequently, we observed an
increased distance between the astrocyte leaflet tip and the
synaptic cleft in Ezr-saCas9 mice (Figure 4F, G). It should be
noted that our manipulation slightly reduced astrocytic
contact with the presynaptic button (Figure S4B), whereas it
did not change contact of astrocytes with postsynaptic
spines (Figure S4C) or affect the perimeter of the pre- and
postsynaptic elements (Figure S4D, E). Notably, the reduc-
tion of astrocytic synaptic coverage following deletion of Ezr
highly resembles the physiological reduction of astrocytic
synaptic coverage observed at 5 days after fear condition-
ing, i.e., increased shorter leaflet tips and reduced longer
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leaflet-postsynaptic density distances (Figure S4F, G). Taken
together, these data show that the depletion of ezrin in as-
trocytes is an adequate mimic of the leaflet retraction that
occurs after fear conditioning.

changed prior to drug application (Figure S5A-C). However, we
found that y-DGG inhibition of evoked AMPAR EPSCs was
more pronounced in pyramidal cells from Ezr-saCas9 mice
than from control mice (Figure 5E-H). Together, this shows that
basal strength of synaptic transmission was unaffected in Ezr-
saCas9 mice, but that evoked synaptic glutamate levels were
reduced in Ezr-saCas9 mice compared with control mice.
While this reduction was apparently not sufficient to affect

Reduced Astrocyte Contact Decreases Synaptic
Glutamate Levels

To examine whether Ezr-saCas9-mediated manipulation of
astrocyte leaflet structure has consequences for synaptic
function, we analyzed excitatory synaptic transmission 5
weeks after virus injection in CA1 (Figure 5A). Whole-cell
patch-clamp recordings from hippocampal pyramidal neu-
rons revealed no change in spontaneous excitatory post-
synaptic current (SEPSC) amplitude and frequency, suggesting
that basal synaptic transmission was unaffected in Ezr-saCas9
mice (Figure 5B-D). Next we measured evoked AMPA receptor
(AMPAR)-mediated EPSCs and synaptic glutamate levels in
Ezr-saCas9 mice. For this, CA3-CA1 Schaffer collaterals were
stimulated with or without gamma-D-glutamylglycine (y-DGG),
a low-affinity competitive antagonist of AMPARs, at a non-
saturating concentration (1 mM) (43). At this concentration, the
effectiveness of the drug depends on synaptic glutamate
levels. Evoked EPSC amplitude and decay kinetics were not

6 Biological Psychiatry m m, 2023; m:m—-m www.sobp.org/journal

spontaneous or evoked AMPAR EPSC amplitude, it altered the
competition between y-DGG and glutamate. To determine
whether a reduction in presynaptic release probability (26)
underlies the observed y-DGG effect in Ezr-saCas9 mice, we
examined the paired-pulse ratio and found no significant dif-
ferences between Ezr-saCas9 mice and control mice
(Figure 5I, J). Thus, we showed that Ezr-saCas9 mice have
reduced synaptic glutamate levels after stimulation of gluta-
matergic terminals, which is likely not due to a presynaptic
release defect.

Increased Glutamate Spillover and NMDA Receptor
Activation Upon Shortening of Astrocyte Leaflets

Next, the temporal dynamics of extrasynaptic glutamate were
investigated. For this, the glutamate sensor iGIuSnFR (44) was
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Figure 5. Reduced astroglial contact due to loss of ezrin does not affect basal synaptic transmission, but it decreases synaptic glutamate levels. (A)
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recordings were performed 5 to 7 weeks later. (B) Representative traces of spontaneous AMPA receptor EPSCs from pyramidal neurons from CNT and
Ezr-saCas9 mice. (C, D) Quantification of (C) interval and (D) amplitude of SEPSCs (CNT: 13-14 cells from 7 mice, Ezr-saCas9: 14-15 cells from 7 mice).
Unpaired t test: (interval) to5 = 0.45, p = .65; (amplitude) to7 = 0.81, p = .42; n.s. (E) (Top) Representative image of the dorsal hippocampus with an adjacently
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expressed in CA1 astrocytes together with either Ezr-saCas9 groups (Figure S6E, F). These data suggest that even though
or control virus (Figure 6A). Two-photon imaging of iGIluSnFR astrocyte leaflets are farther away from the synaptic cleft in
signals allowed us to study the time course of extrasynaptic Ezr-saCas9 mice, the uptake of glutamate remains
glutamate following synaptic stimulation. Synaptic activity was unchanged.

evoked by focal electrical stimulation (10 pulses at 50 Hz) in the Perisynaptic glutamate has been shown to increase the
CA1 (Figure 6B). We did not observe significant changes in the activation of extrasynaptic NMDA receptors (45). Therefore, we
magnitude of iGIuSnFR signal between groups (Figure S6A, B). stimulated CA1 pyramidal neurons with incremental short

To examine temporal dynamics of glutamate levels, we fitted bursts (1-2-4-8 stimuli) of high-frequency stimulation (100 Hz)
the decay of the averaged evoked glutamate transients (6 to increase glutamate spillover (46) and measured NMDA re-
sweeps) with a single exponential and found that the glutamate ceptor (NMDAR)-mediated EPSCs (Figure 6A). Ezr-saCas9
transients in Ezr-saCas9 mice displayed an increased decay mice showed a remarkable increase in NMDAR-mediated
time following trains of 50 Hz stimulation (Figure 6C-E). The evoked EPSCs with increased stimulation frequency, result-
decay of the iGluSnFR transients was not influenced by the ing from a larger amplitude of events as well as slower decay
amplitude of the response (Figure S6C, D). These data suggest (Figure 6F-H; Figure S7A-C). These results are consistent with
increased dwelling of glutamate in the extrasynaptic space the interpretation that reduced astrocyte leaflet-synapse

after depletion of ezrin in astrocytes, which is in line with the interaction leads to enhanced synaptic cooperation (via acti-
observed decrease in astroglial coverage of excitatory syn- vation of extrasynaptic NMDARs and/or NMDARs in neigh-
apses in Ezr-saCas9 mice. boring synapses) (33,47). Next we determined whether

Because astrocyte leaflets contain the high-affinity gluta- enhanced NMDAR activation was an endogenous process
mate transporter GLT-1, we next tested whether the lack of occurring during fear memory consolidation as a result of
ezrin might slow glutamate clearance. We found that partial astrocyte leaflet retraction (Figure 1). We found that mice that
blockade of glutamate transporters with threo-beta- underwent CFC showed an increase in NMDAR-mediated

benzyloxyaspartate (DL-TBOA) (10 uM) similarly significantly evoked EPSCs (Figure 61, J; Figure S7D-F), similar to the ef-
increased the decay kinetics of glutamate transients in both fects observed in Ezr-saCas9 mice. Taken together, these
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Figure 6. Decreased astroglial synaptic contact boosts glutamate spillover and NMDA receptor activation. (A) Experimental workflow. Mice were injected
with CNT and Ezr-saCas9 AAVs in a cocktail with AAV-GfaABC,D-iGluSnFr. Five weeks later, glutamate and electrophysiological measurements were per-
formed. (B) (Left) Representative images of CA1 astrocytes expressing AAV-GfaABCD::iGluSnFR and AAV-GfaABCD::Cas9-HA-Ezr. Scale bar = 200 um.
(Right) Stimulation glass pipette was placed adjacently to an astrocyte expressing iGIUSnFR, and transients were measured and quantified from the ROI. Scale
bar =20 um. (C, D) Upon synaptic stimulation (10 X 50 Hz), a robust increase in iGIuSnFR signal was detected. (C) Thick blue line represents the average of 6
responses. (D) Thick black (CNT) and red (Ezr-saCas9) lines represent the single-exponential fit of the decay. (E) Quantification of the decay kinetics (CNT: 22
astrocytes from 7 mice, Ezr-saCas9: 31 astrocytes from 7 mice) following 50 Hz stimulation. Unpaired t test: t51 = 2.06, *p = .02. (F) (Top) Representative image
of the dorsal hippocampus with an adjacently placed glass pipette (rec.). The stimulation glass pipette was placed in the stratum radiatum. Scale bar = 200 um.
(Bottom) Representative image of a patched neuron filled with biocytin (red) surrounded by astrocytes expressing AAV-GfaABCD::GFP and AAV-
GfaABCD::saCas9-HA-Ezr. Scale bar = 100 um. (G) Representative traces of the NMDA receptor EPSCs upon incremental short burst stimulation (1,2,4,8) for
CNT and Ezr-saCas9 mice. (H) Quantification of the AUC (CNT: 17 cells from 7 mice, Ezr-saCas9: 27 cells from 9 mice). Repeated-measures two-way ANOVA,
interaction effect pulses X genotype; F1 23,1517 = 6.67, *p = .01. Post hoc Bonferroni test control vs. Ezr-saCas9: 1 pulse p = .97, 2 pulses p = .77, 4 pulses p =
.35, 8 pulses *p = .03. (I) Representative traces of the NMDA receptor EPSCs upon incremental short burst stimulation (1,2,4,8) for HC and fear-conditioned
mice. (J) Quantification of the AUC (HC: 21 cells from 6 mice, CFC: 18 cells from 6 mice). Repeated-measures two-way ANOVA, interaction effect pulses X
genotype; F1 241828 = 4.96, *p = .03. Post hoc Bonferroni test HC vs. CFC: 1 pulse p = .12, 2 pulses p = .05, 4 pulses p = .04, 8 pulses p = .08. Data are
presented as mean = SEM. AAV, adeno-associated virus; ANOVA, analysis of variance; AUC, area under the curve; CFC, contextual fear conditioning; CNT,
control; Ephys, electrophysiology; EPSCs, excitatory postsynaptic currents; HC, home cage; Rec., recording; ROI, region of interest; Stim., stimulation.

results showed that increased activation of hippocampal
NMDARs upon CFC can be recapitulated by saCas9-induced
astrocyte leaflet retraction through depletion of astrocytic ezrin.

Shortening of Astrocyte Leaflets Enhances Recent
Contextual Fear Memory Retrieval and Increases
Neuronal Activity

Next, mice were fear conditioned 5 weeks after viral delivery,
and memory expression was measured at recent and remote
time points after learning. Ezr-saCas9 mice exhibited
enhanced fear expression when compared with control mice 5

8 Biological Psychiatry m m, 2023; m:m—-m www.sobp.org/journal

days after CFC (Figure 7B), a phenotype that was replicated
using a second sgRNA that targets a different region of the Ezr
gene (Figure S8). No change in freezing levels were detected
28 days after CFC (Figure S9A). Furthermore, no differences
were found between control mice and Ezr-saCas9 mice in the
open field, indicating that the observed phenotype was not
driven by anxiety or locomotor deficits (Figure S9B-D).
Furthermore, no effect on freezing levels was detected in
an independent cohort of mice that was trained in the condi-
tioning box but placed in a novel context 5 days later
(Figure 7A, C), demonstrating that the enhanced fear memory
was context specific and time dependent.
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Next we tested whether memory enhancement was
accompanied by increased neuronal activity in a context-
dependent manner. For this, we quantified the number of
neurons that expressed c-Fos [an established marker for
neuronal activation (48)] in CA1 of mice that underwent retrieval
in the conditioning context, mice that were placed in novel
context during retrieval, and naive HC control mice. In line with
the enhanced freezing levels observed, Ezr-saCas9 mice had a
greater number of c-Fos™ neurons after recent retrieval than
control mice (Figure 7D, E). Notably, this increased neuronal
activation was context and memory specific because no dif-
ferences were observed between groups after retrieval in a
novel context (Figure 7F, G) or in naive HC control mice
(Figure S9E, F). Together, these data demonstrate that inter-
action between astrocyte leaflets and synapses in the hippo-
campus influences recent memory retrieval and gates neuronal
activation in a context-dependent manner.

DISCUSSION

Our data reveal that processing of contextual fear memory
induces structural remodeling of astrocyte leaflets in the hip-
pocampus and that the proximity of these specialized struc-
tures to the synaptic cleft determines the strength of recent
memory expression. In line with the critical role of astrocyte
leaflets in fear memory processing, we also showed that ge-
netic deletion of Ezr enhanced glutamate spillover, NMDAR
activation, and recent memory expression.

Previous studies using acute hippocampal slices have
proposed that synaptic potentiation induces a robust retrac-
tion of astroglial processes from hippocampal synapses within
a timeframe of 10 to 90 minutes after stimulation (33,34). We
demonstrated in vivo that astrocyte leaflet retraction occurs
rapidly (30 minutes) and is maintained within the first 5 days
after CFC. Notably, this retraction is no longer present 4 weeks
after learning. It should be noted that Mazaré et al. (49) re-
ported unchanged leaflet-to-synapse distance after recent
retrieval; however, an important difference from our study is
that we did not include a retrieval session. In addition, hyper-
thin structures previously observed with EM might remain
elusive with super-resolution microscopy (49-52). Our data are
in line with the theory that recent memories (<1 week old) rely
on orchestrated activity in the hippocampus (6,40) whereas
remote memories (=1 month old) depend on network-wide
changes involving cortical regions (53-55). Whether astrocyte
leaflets also retract from inhibitory synapses during fear
memory consolidation, thereby contributing to GABA (gamma-
aminobutyric acid) spillover, remains to be determined. The
cause and functional relevance of the increased spine size
after 4 weeks of learning are unclear and are important topics
for future research.

Recent studies have demonstrated a crucial role for
astrocyte-neuron signaling in shaping neuronal circuits and
behavior (12,13,15,16,56-60), and much of this work is based
on the assumption that astrocytes’ processes are located in
close proximity to synapses. However, how this proximity,
which we showed is dynamic (Figure 1), affects cognitive
performance remains largely unexplored (25,61). We used
CRISPR/saCas9 gene editing to manipulate astrocyte pro-
cesses by targeting Ezr. It should be noted, however, that the
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Ezr-saCas9 vector did not lead to a complete absence of
astrocytic ezrin; therefore, some of the effects caused by ezrin
depletion are likely to be an underestimation. We showed that
in vivo reduction of ezrin in adult hippocampal astrocytes af-
fects astrocyte morphogenesis and increases the distance
between the astrocyte leaflet and synaptic cleft. This implies
that astrocytic ezrin could link membrane-bound proteins with
actin filaments and may thereby be essential in the formation
and motility of the fine glial processes upon specific stimuli
(62). This mechanism has been suggested for other actin-
binding proteins, such as cofilin-1, which regulates leaflet
shrinkage through NKCC1 (Na*, K*, 2CI~ cotransporter)
activation (33), and profilin-1, which regulates leaflet outgrowth
upon Ca®* elevation (63). Based on previous studies per-
formed in epithelial cells, ezrin undergoes a C-terminal phos-
phorylation/dephosphorylation cycle that regulates its apical
membrane localization and that is necessary for microvilli for-
mation (64,65). Therefore, it would be of particular interest to
determine whether a phosphorylation/dephosphorylation cycle
drives ezrin-dependent leaflets’ structural plasticity upon
neuronal activity and during the processing of aversive
memories.

Astrocytes are intimately associated with synapses both
structurally and functionally (22,34,50,66-68). Considering that
our manipulation affected the spatial organization of leaflets at
synapses, we examined excitatory synaptic transmission.
First, we found that the lack of astrocytic ezrin had no effect on
basal synaptic transmission. In line with this, reduction of
astrocyte territory and astrocyte-synapse interaction by dele-
tion of the astrocyte transcription factor NFIAA in the hippo-
campus had no effect on basal synaptic function (69). In fact,
ezrin-dependent astrocyte leaflet-synapse interaction be-
comes apparent only in response to strong activation of local
synapses, e.g., incremental burst stimulation that leads to
NMDAR activation (Figure 6) or learning-induced synaptic
activation (Figure 7). Thus, the increased NMDAR-mediated
responses we observe during fear memory consolidation and
in Ezr-saCas9 mice are likely a consequence of increased
glutamate spillover during repetitive synaptic stimulation
(70,71). This is consistent with previous findings in hippo-
campal acute slices, wherein long-term potentiation-induced
leaflet withdrawal enhanced the activation of extrasynaptic
NMDARs and facilitated NMDAR-mediated crosstalk among
neighboring synapses (33). It should be noted, however, that
increased glutamate spillover has been found to activate pre-
synaptic and postsynaptic (extrasynaptic) metabotropic
glutamate receptors, thereby regulating synaptic strength and
neuronal excitability (72-74). Nevertheless, our observation
that paired-pulse ratio is not affected in Ezr-saCas9 mice
suggests that presynaptic metabotropic glutamate receptors
on glutamatergic terminals are likely not involved (26).
Furthermore, we showed that the increased glutamate spillover
and NMDAR activation in the Ezr-saCas9 mice likely reflects an
increased diffusion in the extracellular space (75) because
glutamate clearance does not seem to be impaired. Taken
together, our data reveal that while a decrease in synaptic
coverage does not affect basal synaptic transmission, it is
sufficient to boost glutamate spillover and (extra) synaptic
NMDAR activation under conditions of robust neuronal
activation.
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Numerous studies have provided evidence that altered
communication between astrocytes and neurons facilitates the
development of psychiatric disorders (8,9,30,31,57,76); how-
ever, it remains poorly understood whether changes in the
proximity of the astrocyte leaflet to the synapse underlie such
maladaptive responses. Nonetheless, Pannasch et al. (61)
showed that deletion of connexin 30, a gap-junction protein,
causes astroglial penetration of the synaptic cleft and subse-
quent impairment of synaptic strength and contextual fear
memory retrieval. However, leaflet insertion into the cleft has
so far not been observed under physiological and/or patho-
logical conditions or in the conditions tested in this study.
Conversely, we demonstrated that when the astrocyte leaflet is
farther away from the synaptic cleft, mice exhibited increased
glutamate spillover and enhanced fear memory expression.
Interestingly, we observed that this increased recall is time and
context specific, which is in line with previous studies
demonstrating the importance of the hippocampus in encod-
ing the contextual component of recent memories (6,53).
Furthermore, Ezr-saCas9 mice showed an increase in retrieval-
evoked neuronal activity, suggesting that astrocytes show a
tailored response to the activity of their surrounding neurons
(12). Accordingly, we think that learning-induced increase in
glutamate spillover, due to reduced astroglial synaptic
coverage, may promote the engagement of synapses that are
in close proximity and consequently enhance synaptic con-
nectivity to strengthen memory consolidation and/or retrieval
(11). Whether astrocyte leaflet retraction is a process that also
occurs upon the formation and consolidation of neutral and/or
positive memories is an important unanswered question.

To conclude, we discovered that fear learning induces
transient retraction of astrocyte leaflets during memory for-
mation and consolidation and experimentally determined that
the proximity of astrocyte leaflets to the synaptic cleft en-
hances NMDAR activation and the expression of contextual
fear memory. To our knowledge, this is the first study to show
that a selective and physiologically relevant manipulation of the
structure of astrocyte leaflets leads to enhanced contextual
fear memory retrieval. Our data support the proposition that
the proximity of astrocyte leaflets to synapses in the adult brain
has an important role in shaping the plasticity mechanisms that
underlie the processing of aversive events.
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