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Abstract The importance of astrocytes in behavior control
is increasingly appreciated, but little is known about the
effects of their dynamic activity in regulating learning and
memory. In the present study, we constructed AAVs of
photoactivatable and photoinactivatable Ras-related C3
botulinum toxin substrate 1 (Racl) under the mGFAP
promoter, which enabled the manipulation of Racl activity
in astrocytes by optical stimulation in free-moving mice.
We found that both up-regulation and down-regulation of
astrocytic Racl activity in the basolateral amygdala (BLA)
attenuated memory acquisition in a fear conditioning
mouse model. Meanwhile, neuronal activation in the
BLA induced by memory acquisition was inhibited under
both the up- and down-regulation of astrocytic Racl
activity during training. In terms of the impact on fear
memory retrieval, we found both up- and down-regulation
of BLA astrocytic Racl activity impaired memory retrieval
of fear conditioning and memory retrieval-induced neu-
ronal activation. Notably, the effect of astrocytic Racl on
memory retrieval was reversible. Our results demonstrate
that the normal activity of astrocytic Racl is necessary for
the activation of neurons and memory formation. Both
activation and inactivation of astrocytic Racl activity in
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the BLA reduced the excitability of neurons, and thereby
impaired fear memory acquisition and retrieval.
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Introduction

Astrocytes are the most numerous glial cells, occupying
25%-50% of brain volume [1]. As believed conventionally,
astrocytes are considered to provide structural support for
the brain, form the blood-brain barrier, and supply energy
for neurons [2]. With the proposal of the ‘tripartite
synapse’ theory, many studies focused on their roles in
synaptic plasticity, such as secreting signaling molecules to
mediate the occurrence, maturation, and deletion of
synapses, to maintain their structural plasticity [3, 4].
Besides, astrocytes secrete a variety of glial transmitters,
such as glutamate, ATP, and GABA, to regulate the long-
term potentiation or depression of synapses and participate
in regulating their functional plasticity [5-9]. Furthermore,
astrocytes maintain the ion and transmitter homeostasis in
synaptic clefts of neurons by recycling potassium ions and
glutamate, thus affecting neuronal activity and synaptic
plasticity [10]. It has been suggested that the activity of
astrocytes is vital for the normal function of neurons and
the maintenance of brain homeostasis.

The amygdala is a key area in the control of fear
memory, mainly including the basolateral amygdala (BLA)
and the central amygdala (CeA) [11]. It is generally
believed that the BLA is responsible for receiving infor-
mation from the cortex, hippocampus, and other brain
areas, integrating and then transferring the dominant
information to the CeA [11, 12]. The neuronal activity in
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the BLA is essentially involved in the process of learning
and memory. Lesions or functional inhibition of the BLA
disrupt the formation and expression of conditional fear
memory [13, 14]. Astrocytes play important roles in
regulating synaptic plasticity, which is considered to be
the basis of learning and memory [15]. Most of the current
research is focused on the energy metabolism of astrocytes,
the glutamate cycle, and the glial transmitters in learning
and memory [16]. The traditional interventions in astrocyte
activity are usually irreversible, which may trigger com-
pensatory responses [17, 18]. However, the role of
astrocytes in associative learning and memory, such as
fear conditioning, is unclear. Whether the real-time struc-
tural changes of astrocytes in the BLA regulate fear
memory acquisition and expression remains unknown.

Ras-related C3 botulinum toxin substrate 1 (Racl), is a
critical small Rho GTPase for cytoskeletal remodeling
[19]. Thus, Racl is an important molecule in shaping the
morphology of astrocytes. It has been shown that activation
of Racl in vitro induces astrocytosis, while Racl knockout
or inhibition of Racl activity shrinks astrocytes [20]. Other
studies have shown that the skeletal structure of astrocytes
changes dynamically during the formation of fear memory,
as a result in changes of the activity of Racl [21, 22].

Above all, we hypothesized that the activity of BLA
astrocytic Racl regulates conditioned fear memory forma-
tion and retrieval by modulating BLA neuronal functions.
To test this hypothesis, we constructed associated aden-
ovirus (AAV) of photoactivatable Racl (Racl-PA) and
photoinactivatable Racl (Racl-DN/PA) under the mGFAP
promoter to manipulate the structure of astrocytes in real
time, to avoid compensatory reactions [23]. By this means,
we found that the temporary changes of astrocytic Racl
activity decreased neuronal activation and impaired fear
memory acquisition and retrieval.

Materials and Methods
Animals

Adult C57BL/6 male mice were purchased from Shanghai
Laboratory Animal Center, Chinese Academy of Sciences.
Animals were housed 4 per cage under a 12-h alternating
light/dark cycle, with food and water available ad libitum.
Two- to three-month-old mice were used for the experi-
ments. All procedures were approved by the Animal Care
and Use Committee of the Shanghai Medical College of
Fudan University and were performed according to the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals.
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Preparation of AAVs

The plasmids of RacI-PA, Racl-DN/PA, photoinsensitive
Racl (Racl-C450A), and pAAV-mGFAP-HA-rM3D(Gs)-
IRES-mCherry were from Addgene (Plasmid #22027,
#22029, #22028, and #50472). Racl-PA, Racl-DN/PA, or
Racl-C450A was inserted into AAV-mGFAP-mCherry as
previously described [21]. AAV,,-mGFAP-Racl-PA-
mCherry, AAV,,-mGFAP-Racl-DN/PA-mCherry, and
AAV,,9-mGFAP-Rac1-C450A-mCherry were packaged
by Obio Technology (Shanghai, China). AAVs at a titer
of 2 x 10'? viral genomes/mL were used for the following
experiments.

Stereotaxic Surgery

To perform virus injection and optical fiber implantation,
mice were anesthetized with 1.5%-2% isoflurane and
positioned in a stereotaxic frame (RWD, Shenzhen, China)
[24]. AAVs were bilaterally injected into the BLA in a 0.5
pL volume at 0.1 pL/min. The coordinates of the BLA
were AP, —1.5 mm; ML, +3.3 mm; DV, —4.8 mm,
referenced to bregma. The needle was left for 5 min after
injection and pulled out very slowly to avoid leakage.
Ceramic optical fiber cannulas (diameter, 200 pm; numer-
ical aperture, 0.37; Anilab Software & Instruments,
Ningbo, China) were bilaterally implanted in the BLA at
AP, —1.5 mm; ML, £3.3 mm; DV, —4.6 mm, referenced
to bregma. Dental cement was used to fix the optical fibers
on the skull. After surgery, the mice were allowed 3 weeks
to recover. The locations of virus expression and the
cannulas were checked after behavioral tests. Mice with
inaccurate virus expression or fiber implantation were
excluded.

Conditioned Fear Memory

For fear conditioning, the mice received 5 trials with
conditioned (CS) and unconditioned stimulus (US) pairing
in the conditioning chamber (MED Associates, VT, USA).
One CS (tone, 2800 Hz, 85 dB, 30 s) was paired with one
US (footshock, 0.5 mA, 1 s) and the footshock was
delivered at the end of the 30-s tone. There was a 2-min
interval between each trial. The contextual and cued
memory-retention tests were performed 24 h and 48 h after
conditioning, respectively. In the contextual memory-
retention test, we placed each mouse in the conditioning
chamber for 3 min. In the cued memory-retention test, we
placed each mouse in a novel chamber (defined as Pre-
cue), with a 3-min tone delivered later (defined as Cue).
The freezing percentage was scored manually and double-
blinded. To measure memory acquisition, the freezing
levels were calculated during each tone period. For the
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contextual and cued memory-retention tests, the freezing
levels were calculated during context and cue presentation.

In Vivo Photostimulation

We connected a 473-nm laser (Shanghai Dream Lasers
Technology, Shanghai, China) to a patch cord through a
specific omni-directional wheel (Doric Lenses, Quebec,
Canada), allowing the fiber to rotate freely. The patch cord
was then connected to the implanted ceramic fiber optic
cannulas [25]. Sustained 15-mW laser light was delivered.
The photostimulation was delivered 5 min before and
throughout the conditioning, or 15 min before and during
the memory retention tests.

Western Blotting

After 15-min of laser (473 nm) stimulation, mice were
anesthetized with 1% pentobarbital sodium. The bilateral
BLAs were dissected and the proteins were extracted by
RIPA (PO013B, Beyotime Biotechnology, Shanghai,
China). The proteins were separated on 12% SDS-PAGE
gels and transferred onto nitrocellulose membranes. The
membranes were incubated with rabbit anti-cofilin (1:1000,
5175, Cell Signaling Technology, Boston, USA), anti-p-
cofilin (1:500, 3313, Cell Signaling Technology), or anti-
GAPDH (1:2000, 2118, Cell Signaling Technology) at 4°C
for 12 h, and then with anti-rabbit IRDye 800CW
secondary antibody (Rockland, PA, USA) at room tem-
perature for 90 min. The Western blot results were
analyzed with Imagel] software.

Immunofluorescence

Mice were anesthetized and transcardially perfused with
saline followed by 4% paraformaldehyde (PFA, in 0.1 mol/
L PB, pH 7.4) [26]. We immersed the brain in 4% PFA at
4°C for 12 h for post-fixation. The brain was then
dehydrated in 20% and 30% sucrose. The BLA was cut
into 30-um coronal sections on a cryostat microtome
(Leica Instrument Co., Ltd., Germany). We washed the
sections in phosphate-buffered saline (0.01 mol/L PBS),
and then blocked them with 5% donkey serum (in 0.01
mol/L PBST) at room temperature for 90 min. The sections
were incubated with rabbit anti-c-Fos antibody (1:1000, sc-
52, Santa Cruz), or mouse anti-NeuN antibody (1:1000,
ab104224, Abcam, Cambridge, UK) at 4°C for 24 h. After
washing in PBST, the sections were incubated with the
secondary antibody Alexa Fluor 488 goat anti-rabbit IgG
(1:1000, 111-545-144, Jackson ImmunoResearch, PA,
USA), or Alexa Fluor 488 goat anti-mouse IgG (1:1000,
111-545-166, Jackson ImmunoResearch) at room temper-
ature for 90 min. For further imaging and preservation, the

sections were mounted with an anti-quenching mounting
medium (Thermo Fisher Scientific). Images were captured
under a confocal microscope (Nikon Al, Japan).

Cell Counting

To characterize the activation of cells in the BLA induced
by fear memory acquisition and retrieval, mice were
transcardially perfused 90 min after fear conditioning or
the context test [24]. The number of c-Fos™ or NeuN™
neurons in the BLA was calculated automatically by
Image-Pro Plus 6.0 software. A threshold for background
fluorescence was applied for cell counting. An average
number of 3 sections per mouse was calculated to avoid
errors. The counting process was performed double-
blinded.

Statistical Analyses

Data are presented as the mean + SEM and plotted by
GraphPad Prism v.7 software. Student’s #-test was used to
compare two groups. One-way ANOVA, followed by post
hoc Bonferroni’s test was used to compare multiple groups.
Two-way ANOVA was used to compare two groups at
different time points. The differences were calculated with
SPSS and the statistical significance was defined as P <
0.05.

Results

Manipulating Racl Activity in BLA Astrocytes
Suppresses Fear Memory Acquisition

To determine whether the Racl activity in BLA astrocytes
regulates conditioned fear memory acquisition and retrie-
val, we constructed AAV-mGFAP-Racl-PA and AAV-
mGFAP-Rac1-DN/PA to test the effects of astrocytic Racl
activity on behaviors at precise times. Previous studies
usually overexpressed or knocked out Racl, which may
cause a compensatory reaction. Here, we connected Racl-
PA or Racl-DN/PA to the mGFAP promoter to optically
up-regulate or down-regulate the activity of Racl specif-
ically in astrocytes. In detail, Rac1-PA or Racl1-DN/PA are
composed of a constitutively active mutant (Q61L) of Racl
(Rac1-CA) or a dominant-negative mutant (T17N) of Racl
(Rac1-DN) and a light oxygen voltage (LOV)-Ja sequence
[23]. The compact conformation of the LOV-Ja domain
can precludes the combination of effectors with Racl.
Stimulation with 473 nm light unwinds the helix linking
LOV to Racl, which allows the interaction between Racl
and effectors (Fig. 1A, B). A light-insensitive LOV
mutation (C450A) binding to Racl (Racl-C450A) was
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Fig. 1 Constructing recombinant AAVs of Racl-PA, Racl-DN/PA,
and Racl-C450A under the mGFAP promoter. A Cartoon of AAV-
mGFAP-Racl-PA-mCherry design. The photoreactive LOV-Ja
domain blocks the binding of effectors to Racl-Q61L, and laser
stimulation (473 nm) causes the unwinding of the LOV-Ja helix,
which releases the steric inhibition, and leads to Racl and effector

used as a photo-insensitive control (Fig. 1C). Three weeks
after viral injection, we found that only a small proportion
(2.49% + 0.26%) of neurons (NeuN' cells) were co-
labeled with mCherry (Fig. 2A, B), showing that the
expression of LOV-Racl was restricted to astrocytes. In
order to verify the efficiency of the photostimulation of
Racl, we tested the expression levels of phosphorylated
cofilin (p-cofilin), a downstream effector of Racl, and
found that, compared to the Racl-C450A group, photo-
stimulation of Racl-PA up-regulated p-cofilin, whereas
photostimulation of Rac1-DN/PA down-regulated p-cofilin
(Fig. 2C, D; Fu,12) = 13.16, P < 0.05). As a result, we
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activation. B Cartoon of AAV-mGFAP-Racl-DN/PA-mCherry
design. Similar to the above, laser stimulation leads to releasing the
steric inhibition of Racl-T17N, and results in Racl and effector
inactivation. C Cartoon of AAV-mGFAP-Racl-C450A-mCherry
design. The amino acid substitution in the LOV domain (C450A)
leads to the insensitivity to laser stimulation. hv, irradiation.

succeed in up-regulating (Racl-PA) or down-regulating
(Rac1-DN/PA) the Racl-activity under 473 nm light
stimulation in real-time.

We bilaterally microinjected AAVs encoding Racl-PA,
Racl-DN/PA, or Racl-C450A driven by the mGFAP
promotor into the BLA (Fig. 2A). After 3 weeks for
recovery, each mouse was introduced into the conditioning
chamber for 5 min without tone or footshock and the basal
freezing level in the conditioning context were acquired.
One day later, the mice received 5 CS-US pairing trials
accompanied by laser stimulation (473 nm) in the bilateral
BLA (Fig. 3A). The results showed that, compared to the
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Fig. 2 Efficiency tests for
Racl-PA, Racl-DN/PA, and
Racl-C450A. A Schematic of
laser stimulation of the bilateral
BLA (left) and representative
images of Racl-C450A-
mCherry, Racl-PA-mCherry,
and Racl-DN/PA-mCherry
expression in the BLA (right)
(dotted lines, location of the
BLA; scale bars, 100 pm).

B Representative immunofluo-
rescence images showing that
few (2.49% =+ 0.26%) neurons
(NeuN, green) are co-labeled
with AAV-GFAP-mCherry,
indicating that the expression of
LOV-Racl is restricted to
astrocytes (scale bars, 100 pm).
C Diagram of the experiment
timeline. Three weeks after
virus injection, the mice
received 15-min laser (473 nm)
stimulation and were anes-
thetized immediately for Wes-
tern blotting. D Laser
stimulation of Racl-PA
increases the expression levels
of p-cofilin, while laser stimu-
lation of Racl-DN/PA
decreases its levels (Racl-
C450A: n =5, Racl-PA: n =5,
Racl-DN/PA: n =5; *P < 0.05,
C450A vs PA, C450A vs DN/
PA, one-way ANOVA).

Rac1-C450A control group, both photoactivation and
photoinactivation of astrocytic Racl activity during condi-
tioning attenuated the freezing levels during cue presenta-
tion (Fig. 3B; group effect: F(5s7) = 14.15, P < 0.001; time
effect: Fi4208) = 21.13, P < 0.001; interaction: F(g228) =
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BLA ..
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BLA‘,'" 2
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2.14, P < 0.05). After conditioning, the contextual and
cued memory retention tests were performed in the
following days without laser stimulation. The data showed
that up-regulation or down-regulation of Racl activity in
the BLA significantly decreased the freezing levels in both
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Fig. 3 Increasing or decreasing astrocytic Racl activity in the BLA
impairs fear memory acquisition. A Diagram of the experiment
timeline. The AAV was injected 3 weeks before the behavioral tests.
The laser stimulation (473 nm) was delivered 5 min before and during
the 5 trials of CS-US pairing conditioning, then contextual and cued
memory retention were tested 1 and 2 days later. B Compared to the
Rac1-C450A group, laser activation of Racl-PA and Racl-DN/PA
both attenuate the fear memory acquisition (Racl-C450A: n = 20,

contextual and cued memory retention tests (Fig. 3C;
context test: F(5 33y =4.31, P <0.05; cue test: F(;33)=3.85,
P < 0.05). The results above suggest that either activation
or inhibition of astrocytic Racl activity impairs fear
memory learning, indicating that the normal activity of
astrocytes in BLA is necessary for fear memory
acquisition.

@ Springer

\alPN SN
S

O

For Q%
& ¢ K
ds >
Cue

Q
Pre-cue

Racl-PA: n = 20, Rac1-DN/PA: n = 20; *P < 0.05, **P < 0.01,
#EP < 0,001, C450A vs PA, *P < 0.05, ¥P < 0.01, P < 0.001,
C450A vs DN/PA, ANOVA with repeated measures and Bonferroni’s
post hoc test). C Similarly, compared to the Rac1-C450A group, laser
activation of Racl-PA and Racl-DN/PA both impaired contextual
and cued fear memory (Racl1-C450A: n =11, Racl-PA: n =13, Racl-
DN/PA: n=12; *P < 0.05, C450A vs PA, C450A vs DN/PA, one-way
ANOVA).

Disturbance of Astrocytic Racl Activity Decreases
Neuronal Activity in the BLA During Fear Memory
Acquisition

To explore the interaction between astrocytes and neurons,
we tested the activation of BLA neurons after fear
conditioning with and without optical stimulation of
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astrocytic Racl using c-Fos immunostaining (Fig. 4D).
Immunofluorescence results showed that fear conditioning
increased the c-Fos™ cell counts in the BLA (Fig. 4A-C,
toy = 5.68, P < 0.001), consistent with previous reports.
But after interfering with astrocytic Racl activity, the
number of c-Fos™ neurons in the BLA decreased (Fig. 4E,
F; Fp.12) = 27.15, P < 0.001). These results indicate that

the activity of astrocytic Racl is involved in the acquisition
of fear memory through the regulation of neuronal activity
in the BLA. The abnormal activity of astrocytic Racl
disrupts the well-balanced function of astrocytes and then
impairs neuronal activity and memory acquisition in fear
conditioning.
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Fig. 4 Optical stimulation of BLA astrocytic Racl decreases the
neuronal activation induced by fear conditioning. A Diagram of the
experiment timeline. Mice were put into the behavioral chamber,
underwent footshock or not, and were perfused 90 min later.
B Representative immunofluorescence images of BLA c-Fost
neurons in mice with and without footshock (scale bars, 100 pm).
C Quantitative analysis showing that footshock significantly increases
c-Fos expression in the BLA (Control: n = 5, Footshock: n = 6;
**#%P < (0.001, Control vs Footshock, t-test). D Diagram of the

experiment timeline. Three weeks after virus injection, the mice
underwent 5 trials of CS-US paired conditioning with laser stimu-
lation (473 nm) and were perfused 90 min later. E Representative
immunofluorescence images showing c-Fos™ neurons in the BLA of
mice in the Racl-C450A, Racl-PA, and Racl-DN/PA groups (scale
bars, 100 um). F Quantitative analysis showing that laser stimulation
of Racl-PA and Racl-DN/PA both significantly decrease c-Fos
expression in the BLA (n =5 in each group; ***P < 0.001, C450A vs
PA, C450A vs DN/PA, one-way ANOVA).
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Astrocytic Racl Activity in the BLA Regulates Fear
Memory Retrieval

To determine whether the Racl activity of astrocytes in the
BLA regulates fear memory retrieval, we bilaterally
microinjected AAV-mGFAP-Racl-PA-mCherry, AAV-
mGFAP-Racl-DN/PA-mCherry, or AAV-mGFAP-Racl-
C450A-mCherry into the BLA. After 3 weeks of recovery,
each mouse underwent a 5-min pre-test and 5 CS-US
paired conditioning without laser stimulation. For the
contextual and cued memory retention tests, each mouse
received 473-nm laser stimulation for 15 min before the
tests and was put into the chamber immediately after laser
delivery (Fig. SA). Compared to the Rac1-C450A control
group, up-regulation or down-regulation of astrocytic Racl

activity in the BLA decreased the freezing levels induced
by context and tone presentation during memory retention
tests (Fig. 5B, context test: F(z36 = 9.43, P < 0.001; cue
test: Fo36) = 7.508, P < 0.01), suggesting that astrocytic
Racl activity in the BLA is critically involved in memory
retrieval in fear conditioning.

To investigate whether the effects were transient or
permanent, we then performed the contextual and cued
memory retention tests again without laser stimulation. The
results showed no difference between the Racl-C450A
group and the Racl-PA group or the Racl-DN/PA group
(Fig. 5C; context test: F(z36 = 0.85, P = 0.44; cue test:
Fo36) = 0.06, P = 0.94), suggesting that astrocytic Racl
activity in the BLA transiently regulates fear memory
retrieval.
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Fig. 5 Increasing or decreasing astrocytic Racl activity in the BLA
impairs the retrieval of conditioned fear memory. A Diagram of the
experiment timeline. Mice received 5 trials of CS-US paired
conditioning 3 weeks after the AAV injection. Laser stimulation
(473 nm) was delivered 15 min before and during the memory
retention test, which was repeated without laser stimulation on days 3
and 4. B Compared to the Rac1-C450A group, laser stimulation of
Racl-PA and Racl-DN/PA during tests both impair the contextual
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and cued fear memory retrieval (Rac1-C450A: n = 13, Racl-PA: n =
12, Racl-DN/PA: n = 14; *P < 0.05, **P < 0.01, ***P < 0.001,
C450A vs PA, C450A vs DN/PA, one-way ANOVA). C Without laser
stimulation, the mice in the Racl-PA and Racl-DN/PA groups
showed no significant changes of freezing levels (Rac1-C450A: n =
13, Racl-PA: n = 12, Racl-DN/PA: n = 14; P >0.05, C450A vs PA,
C450A vs DN/PA, one-way ANOVA).
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These results indicate that both up-regulation and down-
regulation of astrocytic Racl activity in the BLA affect
fear memory retrieval. Moreover, the regulatory effect is
transient, and not permanent.

Optical Stimulation of BLA Astrocytic Racl
Decreases BLA Neuronal activation Induced by Me-
mory Retrieval

To confirm the regulation of neuronal activity by astrocytic
Racl activity, we performed c-Fos immunostaining 90 min
after contextual retrieval (Fig. 6D). Immunofluorescence
results showed that the contextual memory retention test
increased c-Fos™ cell counts in the BLA (Fig. 6A—C; oy =
8.33, P < 0.001), while up-regulation or down-regulation
of astrocytic Racl activity reduced the number of c-Fos™
neurons in the BLA (Fig. 6E, F; F(5 17y =19.84, P <0.001).
These results indicate that both up-regulation and down-
regulation of astrocytic Racl activity in the BLA disrupt
the normal function of astrocytes and impair the activation
of neurons in BLA, thereby decreasing fear memory
retrieval.

Discussion

Our results provide insights into the roles of BLA
astrocytes in memory acquisition and retrieval in fear
conditioning. Using the photo-stimulation approach, we
manipulated astrocytic Racl activity in real time and found
that both activation and inactivation of Racl in astrocytes
impaired fear memory acquisition and retrieval, and
decreased neuronal activity in the BLA.

Astrocytes, the largest population of neuroglial cells in
the brain, have crucial structural, metabolic, and homeo-
static functions [27-29]. In the adult brain, astrocytes
communicate with neurons by the exocytosis of numerous
molecules surrounding synapses. They release glutamate,
ATP, GABA, D-serine, or endocannabinoids that regulate
synaptic strength, such as long-term potentiation (LTP) and
long-term depression (LTD), mechanisms of memory and
learning [30]. They also maintain the homeostasis of
neurotransmitters by recycling potassium ions and gluta-
mate in the synaptic cleft [31, 32]. Recent studies have
shown that the cognitive process requires the coordinated
activity of astrocytes and neuron ensembles. Activation of
astrocytes in the CeA induces cued fear memory extinction
[33]. Chemogenetic activation of astrocytes in CAl
induces LTP, therefore enhancing memory acquisition
[34]. Blocking the glutamate uptake into astrocytes in the
prefrontal cortex impairs spatial memory [35]. Inhibiting
the L-lactate production in astrocytes in the hippocampus
suppresses LTP and disrupts the formation of long-term

memory [36]. Here, we showed that both activation and
inactivation of Racl activity in astrocytes decreased the
number of activated neurons in the BLA and impaired fear
memory acquisition and retrieval. This phenomenon may
be caused by disturbing the balance between astrocytes and
neurons: photo-activating Racl in astrocytes causes astro-
cytic expansion [23], and the extensive coverage of
astrocytic lamellae might result in more glutamate reuptake
into astrocytes [37]. The reduced neurotransmitter avail-
ability in synapses, in turn, impairs LTP expression [38].
The curbed function of neurons may lead to reduced
responses to stimuli and finally suppress the acquisition and
retrieval of conditioned fear memory. On the other hand,
photo-inactivating Racl in BLA astrocytes causes flatten-
ing of astrocytes [23], and the limited coverage of
astrocytic lamellae might result in less D-serine and
L-lactate reaching synapses [39], which would reduce the
activation of N-methyl-D-aspartate receptors and raise the
threshold of LTP induction [36, 40]. The curbed function
of neurons may also lead to reduced responses to stimuli
and suppress the acquisition and retrieval of conditioned
fear memory as well. Notably, the activation or inactivation
of astrocytic Racl activity is not equivalent to activation or
inactivation of astrocytic activity by stimulation of Ggq-
GPCRs or Gi-GPCRs. In conclusion, both up-regulating
and down-regulating the activity of Racl may disturb the
balance between astrocytes and neurons, and disrupt the
normal function of neurons in the BLA, thus impairing the
acquisition and retrieval of fear memory. Although the
behavioral outcomes of the two operations were consistent,
the concrete mechanisms may be distinct, which needs
further exploration. This research indicates that the well-
balanced function of astrocytes in the BLA is the basis of
the neuronal activity and the acquisition and expression of
fear memory.

Racl is a molecular switch of cell signal transduction
and is involved in cytoskeletal protein remodeling. It also
regulates cell migration, extension, polarity, and other
functions [41, 42]. Studies have shown that activating Racl
promotes spine formation, and inhibiting Racl activity
decreases the stability of mature spines [43, 44]. In
astrocytes, activating Racl causes expansion and inhibiting
it flattens them [21]. In previous studies, Rac1 activity was
usually regulated by permanent interventions, such as
knockout, overexpression, sustained activation, and sus-
tained suppression [45—-47]. These methods likely lead to
compensatory reactions caused by other Rho GTPases and
reduce the reliability of experimental results. To optimize
them, we constructed Racl-PA and Racl-DN/PA under the
mGFAP promoter to manipulate the structure of astrocytes
in real-time by photostimulation. Previous studies in our
lab have shown that Racl knockout in BLA astrocytes
results in facilitation of the acquisition of fear memory, but
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Fig. 6 Optical stimulation of BLA astrocytic Racl inhibits neuronal
activation induced by memory retrieval. A Diagram of the experiment
timeline. Mice were placed in the behavior room, underwent
contextual retrieval or not, and then were perfused 90 min later.
B Representative images of c-Fos™ neurons in the BLA of mice with
and without retrieval (scale bars, 100 pm). C Quantitative analysis
showing that contextual retrieval significantly increases c-Fos expres-
sion in the BLA (Home cage: n = 6, Retrieval: n = 6; ***P < 0.001,
Home cage vs Retrieval, r-test). D Diagram of the experiment
timeline. Three weeks after virus injection, the mice underwent 5

persistent inhibition of astrocytic Racl in the BLA has no
apparent effect [21]. To explain this phenomenon further,
we found that transient inhibition of astrocytic Racl
activity in the BLA by AAV-Racl-DN/PA impaired fear

@ Springer

trials of CS-US paired conditioning on day 0. After contextual
retrieval with or without laser stimulation; 90 min later, the mice were
perfused. E Representative images of c-Fos™ neurons in the BLA of
mice in the Racl1-C450A, Racl-PA, and Racl-DN/PA groups (scale
bars, 100 um). F Quantitative analysis showing that laser stimulation
of Racl-PA and Racl-DN/PA during memory retrieval decreases
c-Fos expression in the BLA (Racl-C450A: n =7, Racl-PA: n =17,
Racl-DN/PA: n = 6; ***P < 0.001, C450A vs PA, C450A vs DN/PA,
one-way ANOVA).

memory acquisition and retrieval. It is possible that diverse
interventions lead to different inhibitory effects and
permanent interventions may cause compensatory reactions
or lead to other radical changes. Photostimulation of Racl
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activity is a good choice for regulating Racl activity in real
time and avoiding compensatory reactions.

Thanks to the real-time effects of the interventions, we
further explored whether the behavioral changes are
reversible. We delivered photostimulation before memory
retrieval and tested the expression of fear memory without
light stimulation two days later. The results showed no
significant difference between the Rac1-C450A and Racl-
PA or Racl-DN/PA groups on fear expression without
photostimulation (Fig. 5C), indicating that the inhibitory
effect on memory retrieval was temporary. However,
photostimulating Racl during conditioning not only
impaired the acquisition of conditioned fear memory
(showed by the decreased freezing level in the learning
curve), but also decreased the freezing level in the retrieval
of fear memory (Fig. 3C, D). These results suggest that the
interventions during fear conditioning inhibit the formation
of memory engram cells in the BLA and impair memory
acquisition. Nevertheless, temporary stimulation during
fear memory retrieval might temporarily suppress the
activity of memory engram cells, and not induce permanent
changes of the engrams in the BLA.

In conclusion, the present study demonstrates that
astrocytic Racl activity in the BLA regulates fear memory
acquisition and retrieval. Both up-regulation and down-
regulation of astrocytic Racl activity disrupted the inter-
action between astrocytes and neurons, inhibited the
activation of neurons in the BLA, and finally decreases
the acquisition and retrieval of fear memory. The astrocytic
Racl activity that regulates the balance between astrocytes
and neurons might be a promising target for treating
memory-related diseases, such as post-traumatic stress
disorder.
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