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Long-term memory formation leads to enduring alterations in synaptic efficacy and neuronal responses that may be created by
changes in neuronal morphology. We show that fear conditioning leads to a long-lasting increase in the volume of the primary and
secondary dendritic branches, but not of distal branches, of neurons located at the basolateral amygdala (BLA). The length of the
dendritic branches is not affected by fear conditioning. Fear conditioning leads to an enduring increase in the length and volume of
dendritic spines, especially in the length of the spine neck and the volume of the spine head. Fear conditioning does not affect
dendritic spine density. We further reveal that activation of Rac1 in BLA during fear conditioning impairs long-term auditory, but
not contextual, fear conditioning memory. Activation of Rac1 during fear conditioning prevents the enduring increase in the
dendritic primary branch volume and dendritic spines length and volume. Rac1 activation per se has no effect on neuronal
morphology. These results show that fear conditioning induces changes known to reduce the inhibition of signal propagation
along the dendrite and the increase in synaptic efficacy whereas preventing these changes, by Rac1 activation, impairs fear

memory formation.

Neuropsychopharmacology (2023) 48:1338-1346; https://doi.org/10.1038/s41386-022-01518-8

INTRODUCTION

Evidence indicates that long-term memory (LTM) formation
involves alterations in synaptic efficacy and transmission of the
signal along the neuron [1-4]. These changes may be mediated by
modifying the morphology of neurons in particular of dendritic
spines [4, 5] but further studies need to unveil the role of these
alterations in long-term memory.

In this study, we explored whether learning leads to changes in
neuronal morphology and if altering such changes affects long-
term memory. Toward that end, we used auditory fear condition-
ing. In this paradigm, an association is formed between an
auditory tone (conditioned stimulus (CS)) and an aversive mild
footshock (unconditioned stimulus (US)) [6-10]. The site of fear
conditioning memory, within the basolateral amygdala (BLA; that
is comprised of the lateral amygdala and the basal amygdala
nuclei), is identified [6, 7, 11-13].

Toward elucidating whether changes in neuronal morphology
are involved in memory we aimed to affect them by manipulating
Rac1 GTPase activity. Rac1 GTPase is a member of the Rho GTPases
family of molecular switches that cycle between an inactive GDP-
bound state and an active GTP-bound form to regulate downstream
effectors. Rac1 GTPase has been shown to be involved in neuronal
morphogenesis and is intimately involved in the regulation of
dendritic spine structure formation [14-18]. Racl is involved in
memory formation and erasure [19-21].

To study whether Rac1 activation can affect neuronal changes
induced by learning, we have employed a novel approach to

photoactivate Rac1 GTPase in BLA by light with a high temporal
and spatial resolution [21]. In this photoactivatable Rac1 (PA-Rac1),
a complete Avena sativa Phototropin1 LOV2-Ja domain (sequence
404-547) is conjugated to the N-terminus of a constitutively active
Rac1 [22]. LOV2 interacts with a C-terminal helical extension (Ja) in
the dark and blocks the binding of Rac1 to its effectors. Blue light
(473 nm) induces unwinding of the Ja helix and releases its steric
inhibition, leading to Rac1 activation [22]. PA-Rac1 activation in
the brain leads to the phosphorylation of its effector p21-activated
kinase (PAK) [21]. We also revealed that activation of PA-Raci
during fear conditioning impaired long-term fear memory but not
short-term fear memory. Moreover, shining light per se or
activation of PA-Racl after fear conditioning learning had no
effect [21].

Here we study whether fear conditioning leads to morpholo-
gical changes in neurons in BLA and whether activation of Rac1 in
BLA affects fear conditioning memory and structural plasticity.

MATERIALS AND METHODS

Animals

Male C57BL6 mice (8-10 weeks) were used in this study (Harlan
Laboratories). Following surgery, mice were housed separately at
22+2°C in a 12h light/dark cycle, with ad libitum access to food and
water. All experiments were done following the instructions and approval
of the University of Haifa animal ethics committee for animal experiments
observing National Institutes of Health guidelines and all experiments were
performed in accordance with the relevant guidelines and regulations.
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Fear conditioning

On the day of training, mice were placed in a training chamber
(Coulbourn Instruments). Mice were allowed to acclimate in the chamber
for 2 min and then subjected to 3 pairs of tone (conditioned stimulus
(CS) - 20s, 2.8kHz, 85dB) that co-terminated with a foot shock
(unconditioned stimulus (US) - 2s, 0.8 mA). The inter-trial interval was
120s. Mice were tested for contextual fear conditioning in the same
context 24 h after training for long-term memory (placed for 9 min in the
chamber and the first 5min were analyzed). Mice were tested for
auditory fear conditioning in a different context 48 h after training for
long-term memory. Behavior was recorded and the video images were
transferred to a computer equipped with an analysis program (Free-
zeFrame). The percentage of changed pixels between two adjacent
0.25s images was used as a measure of activity.

AAV production and microinjection

hSyn-mCherry-PARac1 containing AAVs at high titer (2.63E+ 13) was
produced by ELSC Vector Core Facility (Hebrew University of Jerusalem,
Israel). pTriEx-mCherry-PA-Rac1 was a gift from Klaus Hahn (Addgene
plasmid # 22027; http://n2t.net/addgene:22027; RRID: Addgene_22027)
(Wu et al., 2009). Animals were anesthetized with Medetomidine (Domitor)
1 mg/ml and Ketamine 100 mg/ml cocktail, diluted in sterile isotonic saline
(administered doses: Ketamine 50 mg/kg; Domitor 0.5 mg/kg; 100 pl/10 gm
of animal body weight). Carprofen (5 mg/kg) was injected for analgesia
before surgery and consecutive 3 days after surgery. AAV was injected
(0.5 pl/hemisphere, 0.1 pl/min) into BLA following a stereotaxic surgery
(Neurostar stereo drive). After virus injection, intracranial optic fiber
(Thorlabs, Fiber Optic Cannula, @1.25 mm Stainless Ferrule, @200 pm Core,
0.39 NA) was implanted on the same line and 0.5 mm above virus injection
place. After surgery, animals received the antibiotic Baytril (5mg/kg;
Enrofloxacin) for 3 consecutive days. Animals were allowed to recuperate
for 4 weeks before behavioral experiments.

Light stimulation

Blue light (473 nm) from a laser was subjected at the indicated time to
activate PA-Rac1. Optic fibers were connected to a 473-nm blue laser diode
(Shanghai Dreamlasers) via an FC/PC adaptor. The light intensity ~15 mW/
mm? was measured at the tip of the fiber. A control group of animals got
an equal amount of virus microinjection into BLA along with the fiber optic
implantation but did not receive light stimulation.

ScaleS

Immediately after the auditory fear conditioning test the animals were
anaesthetized using isoflurane followed by perfusion with 4% PFA in PBS.
Brains were removed and post-fixed in 1% PFA and 30% sucrose. Brains
were kept in —80 °C until use. After slicing, each brain slice sample (250 um
in thickness) was placed in a volume of more than 25 ml/g of tissue in each
step of the protocol [23]. First, samples were placed in the SO solution (D-
(-)-sorbitol % (w/v)- 20; Glycerol % (w/v)- 5; T mM Methyl-B-cyclodextrin);
1 mM a-Cyclodextrin, N-acetyl-L-hydroxyproline % (w/v)- 1, Dimethylsulf-
oxide % (v/v)- 3; 1X PBS (-); pH=7.2) at 37 °C overnight for 12 h after
which they were transferred to S1 solution (D-(-)-sorbitol % (w/v)-20;
Glycerol % (w/v)-10; 4M Urea; Triton X-100 % (w/v)- 0.2; pH 8.3),
S2 solution (D-(-)-sorbitol % (w/v)- 27; 2.7 M Urea; Triton X-100 % (w/v)-
0.1; Dimethylsulfoxide % (v/v)-8.3; pH=8.3) and S3 solution (D-(-)-sorbitol
% (w/v)- 36.4; 2.7 M Urea; Dimethylsulfoxide % (v/v)- 9.1; pH = 7.9) with an
incubation period of 4h each at 37°C. Following these incubations,
samples were placed in a PBS solution at 4 °C overnight, for an incubation
period of 12 h. Finally, the samples were transferred to a S4 solution (D-
(-)-sorbitol % (w/v)- 40; Glycerol % (w/v)-10; 4 M Urea; Triton X-100 % (w/
v)- 0.2; Dimethylsulfoxide % (v/v)- 20; pH=7.9) at 37°C for 12 h. The
images acquisition was made using 10x and 20x objectives for the
elaboration of maps of the brain slices and region of interest and 60x
objectives to visualize dendritic spine morphology. Z-stack images of
0.15 um increments were made. The photographs were analyzed using the
Imaris program (Oxford Instruments). For branch levels, the Imaris software
calculates it as follows: At each branching point, the dendrite segment with
a smaller mean diameter sequentially increases the branch level, while the
dendrite segment with a greater diameter maintains the same branch
level. In the case of two dendrite segments with the same diameter, the
segment with a smaller branching angle keeps the branch level, while the
dendrite segment with a greater branching angle sequentially raises its
branch level.
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Statistics

Repeated measure ANOVA and t-test analysis were done for the auditory
or contextual fear conditioning memory tests, respectively. Kruskal-Wallis
analysis that followed with Dunn’s test with Bonferroni correction was
performed for the morphological experiments. The effect size was
determined (Partial Eta squared (np2) for ANOVA analysis and epsilon
squared (e2) for Kruskal-Wallis analysis). a level is 0.05 (also after
Bonferonni corrections so that when multiplying the unadjusted p value
by the number of comparisons we never exceeded 0.05).

RESULTS

Activation of PA-Rac1 in the basolateral amygdala impairs
auditory, but not contextual, fear memory formation

We activated PA-Racl in BLA during CS-US pairing in fear
conditioning and examined the effects on both contextual fear
conditioning 24 h after training, and auditory fear conditioning
48 h after training (see Fig. 1A for a schematic presentation of the
experiment and Fig. 1B for AAV expression in BLA). Activation of
PA-Rac1 during fear conditioning has no significant effect on
freezing responses during training (F( 12 =0.024, p=0.880;
np2=0.002). There is no treatmentXxtone trial interaction
(F2.24)=0.262, p=10.772) (Fig. 1C). Activation of PA-Rac1 (n=7)
during training does not affect contextual fear conditioning,
tested 24h after training when compared to animals that
expressed PA-Racl in BLA but that were not activated by light
(n=8) (p =10.66; np2 = 0.015) (Fig. 1D). Activation of Rac1 GTPase
during fear conditioning (n = 7) inhibited fear LTM compared to
the no-light control group (n = 8) when tested 48 h after training
(F1,13=10.753, p=0.006; np2=0.453) (Fig. 1E). There is no
treatment X tone trial interaction (F(; 3= 1.022, p=0.33). These
results show that the activation of PA-Rac1 in BLA neurons had no
effect on contextual fear conditioning but specifically impaired
long-term auditory fear conditioning memory 48 h after training.

Fear conditioning alters dendritic shaft morphology in
basolateral amygdala neurons and such changes are
prevented by Rac1 GTPase activation
The results above show that activation of Rac1 GTPase in BLA
impairs fear conditioning LTM. Previous studies have shown an
association between Rac1 activity and alterations in dendritic
morphology [14-18]. We were therefore interested to further
study whether activation of Rac1 GTPase can affect morphologi-
cal changes induced by learning. We first examined whether fear
conditioning leads to alterations in dendritic shaft morphology in
BLA and whether PA-Racl activation affects these changes.
Animals were injected with AAV expressing PA-Rac1 into the
BLA and divided into 4 groups: 1) Naive animals that were
subjected to the training box with no light stimulation. 2) Naive
animals that were subjected to the training box with light
stimulation in the BLA (same light stimulation protocol as in fear-
conditioned animals). 3) Fear-conditioned animals with no light
stimulation. 4) Fear conditioning with light stimulation. Animals
were perfused immediately after the last memory test (48 h after
training) and subjected to ScaleS clearing procedure and imaging.
We examined the effect of the different treatments on dendritic
shaft morphology. We found an effect on dendritic volume
(H(3) = 14.663, p=0.002; €2 =0.167). Posthoc analysis revealed
that fear conditioning (n =18 neurons; n =4 animals) led to a
significant increase in the total volume of the dendritic shaft when
compared to the naive group (n=17 neurons; n=3 animals)
(p=0.001) (Fig. 2A). We further analyzed the volume of the
dendrite per dendritic branch (Fig. 2B). We revealed a significant
effect in the first dendritic branch (H(3)=19.792, p<0.001,
€2=0.225) and the second dendritic branch (H(3)=10.104,
p=0.018, €2=0.117). Posthoc analysis revealed that fear
conditioning led to an increase in the dendritic volume in the
first (p<0.001) and second (p=0.02) dendritic branch when
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Fig. 1 Activation of PA-Rac1 in basolateral amygdala impairs auditory, but not contextual, fear memory formation. A. Schematic
representation of the research approach. We injected AAV expressing the PA-Rac1 into the BLA. A month later the animals were trained for
fear conditioning, subjected to light to activate PA-Rac1, and tested for contextual fear conditioning memory 24 h after training and auditory
fear conditioning memory 48 h after training. After the last training, the brains were removed and subjected to the ScaleS clearing protocol,
imaging and analysis of neuronal morphology. Controls are animals injected with PA-Rac1 and subjected to fear conditioning with no light or
left naive with light stimulation or without. B A month after injection of AAV mCherry is detected in basolateral amygdala in neurons in soma
and dendrites. C Freezing during learning is not significantly different between fear conditioning with no light and light groups (F;,15 = 0.024,
p =0.880). D Freezing during contextual fear conditioning is not different between the fear conditioning with no light (n=8) and light
groups (n=7) (p =0.66). E Auditory fear conditioning is impaired in Rac1 activated animals (n = 7) compared to non-activated mice (n = 8)
(F(1'-|3) =10.753, p= 0.006).

compared to naive animals (Fig. 2C). The increase in dendritic (p > 0.3). Cumulatively, these results show that fear conditioning
volume was significantly blocked by PA-Racl activation during leads to an increase in the volume but not the length of the
fear conditioning (n = 15 neurons; n =4 animals) in the primary primary and secondary branches. In addition, Rac1 activation
first branch (p =0.035) but not in the secondary branch (p=1) per se does not affect dendritic shaft morphology but prevents
(Fig. 2C). Racl activation per se has no significant effect on the morphological changes induced by fear conditioning.

dendritic morphology (p = 0.228) (Fig. 2C) (n =17 neurons; n=5 We further analyzed the general structure of the dendritic tree
animals). There are no significant changes in other dendritic and its complexity (Fear conditioning- n=18 neurons; n=4
branches (p>0.2). There is no difference in the volume of the animals; Naive- n =17 neurons; n =3 animals; Fear conditioning
soma between all groups (H(3) = 2.723, p = 0.436) (Fig. 2D). Next, PA-Rac1 activation- n=15 neurons; n=4 animals; Naive Rac1l
we examined the effects of fear conditioning on the length of the activation; n = 17 neurons; n = 5 animals). There is no difference in
dendrites. We revealed that fear conditioning does not affect the the space that the neurons occupy (convex hull analysis) between
total length of the dendrites in BLA (H(3) =2.622; p=0.454; the different groups (H(3) = 0.291, p = 0.962; €2 = 0.161) (Fig. 3A)
€2=0.03) (Fig. 2E) (Fear conditioning- n=18 neurons; n=4 and in the number of dendrites extending from the neurons
animals; Naive- n =17 neurons; n =3 animals; Fear conditioning (H(3)=3.2, p=0.362; €2=0.036) (Fig. 3B). There is an overall
PA-Rac1 activation- n=15 neurons; n=4 animals; Naive Rac1 effect on the number of dendritic segments (H(3)=7.896,
activation; n=17 neurons; n=5 animals). Additional analysis p =0.048; €2 =0.09) where fear conditioning showed the lower
revealed that there is a general effect on length in the first branch scores (Fig. 3C). However, an in-depth posthoc analysis revealed
(H(3) =3, p=0.047, €2 =0.09) but an in-depth post-hoc analysis that the groups are not different from each other. There is an
revealed that the groups are not different from each other effect on the number of dendritic branch points (H(3) =8.163,
(Fig. 2F). There are no significant changes in other branches p = 0.043; €2 = 0.093) (Fig. 3D) where neurons of fear conditioning
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Fig. 2 Fear conditioning alters dendritic shaft morphology in basolateral amygdala neurons which is prevented by Rac1 activation.
A Fear conditioning leads to an increase in the total volume of the dendrite when compared to the naive group (p = 0.001). B An example for
primary and secondary branches (arrows). C Fear conditioning leads to an increase in the total volume of the primary (p <0.001) and
secondary (p = 0.02) dendritic branches in BLA neurons when compared to BLA neurons from the naive group. Rac1 activation during fear
conditioning prevents the increase in the volume of the primary dendritic branch (volume is significantly reduced when compared to fear
conditioning without Rac1 activation- p = 0.035). D The volume of the soma is not different between the groups (p = 0.436). E The total length
of the dendrites is not different between the groups (p = 0.454). F The dendritic length along the different branches is not different between

the groups.

groups showed the lowest score. Posthoc analysis reveals that
activation of PA-Rac1 during fear conditioning leads to an increase
in branch points compared to fear conditioning where PA-Rac1 is
not activated (p = 0.04) (Fig. 3D). These results show that PA-Rac1
activation increases the number of dendritic branch points of fear-
conditioned animals to the level of the naive animals. We
observed an effect on dendritic branching 65 pm, 70 um, 75 pm
and 80 um from the soma as determined by intersections in Sholl
analysis (H(3)=11.142, p=0.011, €2=0.155; H(3)=8.405,
p=0.038, €2=0.122; H(3)=9.859, p=0.02, €2=0.149;
H(3) =8.010, p=0.046, €2 =0.075) (Fig. 3E). Posthoc analysis
revealed that the effect is caused by differences between the
naive no PA-Rac1 activation and naive PA-Rac1 activation in the
65um, 75um and 80pum distances (p=0.011, p=0.019,
p=0.035, respectively). There was no significant difference
between the groups at the 70 um distance. Thus, such changes
are not induced by fear conditioning or have an effect on fear
conditioning.

Neuropsychopharmacology (2023) 48:1338 - 1346

Cumulatively, fear conditioning leads to structural changes in
dendritic shaft morphology. These morphological alterations may
relieve the constraints on signal propagation in the dendrite (see
discussion). Rac1 activation prevents these morphological changes
and inhibits the formation of fear memory.

Fear conditioning leads to changes in spines morphology that
are prevented by Rac1 GTPase activation

The aforementioned results show that fear conditioning increases
dendritic shaft volume in BLA neurons and that Racl activity
prevents this morphological change. We were interested next to
examine the effects of fear conditioning on dendritic spines in BLA
neurons and the response of these changes to Rac1 activity that
impairs fear memory formation. Toward that end, we measured
spines density along the dendrite and their morphology (see
Fig. 4A for examples of labeled spines). We found that fear
conditioning does not increase significantly the spine density in
BLA neurons in different dendritic branches (Fig. 4B). We next
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number of dendritic segments (H(3) = 7.896, p = 0.048). However, in-depth analysis revealed that the groups are not different from each other.
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activated group (p = 0.04). E We observed an effect on dendritic branching 65 pm, 70 um, 75 pm and 80 pm from the soma as determined by
the intersections in Sholl analysis (H(3) = 11.142, p = 0.011; H(3) = 8.405, 0.038; H(3) = 9.859, p = 0.02; H(3) = 8.010, p = 0.046). Posthoc analysis
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distance.

explored the effect of fear conditioning on dendritic spines
morphology. We found an effect on spine length (H(3) =21.796,
p<0.001; €2=0.248). Posthoc analysis revealed that fear con-
ditioning led to an increase in the average length of spines
measured from the dendritic shaft (n = 18; n =4 animals) when
compared to naive animals (n=17; n=3 animals) (p =0.028)
(Fig. 4Q). In addition, we found that Rac1 activity during fear
conditioning blocked the ability of fear conditioning to increase

SPRINGER NATURE

spines length (n =15; n =4 animals) when compared to animals
where fear conditioning was performed without Rac1 activation
(p =0.008). The spines length in Rac1 activated neurons in fear
conditioning animals was kept at its basal level and was not
different from spines length in the naive no light group (p=1).
Spine length in BLA neurons in the naive light group where Rac1 is
activated (n =17 neurons; n =5 animals) was not different from
spine length in the naive no light group (p = 1). The spine neck in

Neuropsychopharmacology (2023) 48:1338- 1346



J.F. Costa et al.

A B
5
45 .
E 4 8 s
2354 ) )
= ° B - No light naive
a 34 °
2 - Light naive
a
é W - Nolight FC
2 M -Light FC
Q
wv
°
i
6 7
Branch number
€ D
4 = 25 =
* *
3.5 4 * 5 = 5 * 8
T 31 e Q 2 o 9 °
2 a M - No light naive < S M - No light naive
= 251 o ® 15 o ) )
® o, 8 - Light naive a g 8 o - Light naive
s o
< ] 8 8 | m -NolightFc .1 8 B -Nolight FC
- c
- E W - Light FC o M - LightFC
wv —
a 0.5 4
0.5 4 L
fo)
0 o 4
E F
0.08
0.25 " = N .
o 9 rﬂg 0.07 4 o
[e]
= 0.2 4 2 0.06 |
E B - No light naive g o o M - No light naive
o 0.15 A o - Light naive S 0957 o i i
£ S Giod - o - - Light naive
E 01d o g g B - No light FC E 0'03 g o] W - No light FC
b 9 . .03 ;
2 Q M - LightFC = 0 W -LightFC
o c 0.02 4
v 0.05 q ‘s B
Y 0,01 “ 1.,1
0 - .
G H
25 Morphological
changes4 i
_— o A
[3 SO e v
= H g - . ¢e?t Lo:x'\“ad\\‘ ¥ —» Long-term fear memory
;,‘:) M - No light naive Dendritic spine ?Wv@
qg) ’ - Light naive Soma 4 v
48 .
© W - NolightFC
= A
s W -LightFC
£ i "
o ©ay
= P45, Ony. » No long-term fear memory
=3 "?901 d"fa,r
a %ty 8
No morphological

changes

Branch number

Fig. 4 Fear conditioning induces changes in spines morphology that are prevented by Rac1 activation. A Example of dendritic spines
(arrows) that were analyzed in the BLA. B Fear conditioning does not lead to changes in spine density in the different dendritic branches of
neurons in BLA. C Fear conditioning leads to changes in dendritic spines length when compared to naive (p = 0.028). Rac1 activation during
fear conditioning abolished the ability of fear conditioning to increase the spine length (p = 0.008) and kept the spines at a length that is not
different from controls (basal level) (p =1). D Fear conditioning leads to changes in dendritic spines neck length when compared to naive
(p =0.019). Rac1 activation during fear conditioning abolished the ability of fear conditioning to increase the spine neck length (p =0.014)
and kept the spines at a length that is not different from controls (p = 1). E Fear conditioning increases the volume of spines when compared
with the naive group (light and no light combined) (p = 0.006). Rac1 activation during training abolished the ability of fear conditioning to
increase spines volume and spines volume was significantly different between BLA neurons of fear conditioning animals with no Rac1
activation and those with Rac1 activation (p = 0.01). Spines volume in fear conditioning light group where Rac1 is activated was not different
from spines volume in naive no light group (basal level) (p = 1). F Fear conditioning increases the volume of the spine head when compared
with the naive group (light and no light combined) (p = 0.029). Rac1 activation during training abolished the ability of fear conditioning to
increase spines head volume and spines head volume was significantly different between BLA neurons of fear conditioning animals with no
Rac1 activation and those with Rac1 activation (p = 0.006). Spines head volume in fear conditioning light group where Rac1 is activated was
not different from spines head volume in naive no light group (basal level) (p = 0.602). G Fear conditioning (no light) increased the mean
diameters of spines in branches 1-3 when compared to naive no light or naive light (p < 0.025). The diameter of spines in fear-conditioned
animals where Rac1 was activated during fear conditioning is not different from naive animals. H A model based on the current results shows
that fear conditioning leads to an increase in proximal dendritic shaft volume and dendritic spines length and volume in neurons in the BLA
and to long-term fear memory. Rac1 activation prevents the fear conditioning-induced morphological changes and impairs long-term fear
conditioning. The results infer that these structural morphological changes in BLA neurons are needed for long-term memory formation.
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particular was increased significantly between the four groups
(H(3) =22.587, p < 0.001; €2 = 0.260). Posthoc analysis found that
fear conditioning (no light) increases the length of the spine neck
when compared to naive animals (no light) (p =0.019) (Fig. 4D).
The increase in the length of the spine neck following fear
conditioning was prevented by Racl activation during fear
conditioning training (p =0.014). Spines neck length in Rac1l
activation fear-conditioned mice was not different from spines
neck length in naive mice with no light (basal level) (p = 1). Rac1
activation per se in naive mice had no effect on spines neck length
when compared to naive no light (p=1). We next examined
spines volume differences between the four groups and found an
effect (H(3)=12.887, p<0.001; €2=0.146) (Fear conditioning-
n=18 neurons; n=4 animals; Naive- n=17 neurons; n=3
animals; Fear conditioning PA-Rac1 activation- n=15 neurons;
n=4 animals; Naive Rac1 activation, n=17 neurons; n=5
animals). Posthoc analysis found that fear conditioning increased
the volume of spines when compared with the naive group (light
and no light combined) (p < 0.006) (Fig. 4E). Rac1 activation during
training abolished the ability of fear conditioning to increase spine
volume and spine volume was significantly different between fear
conditioning with no Rac1 activation and those with Racl
activation (p =0.01). Spine volume in BLA neurons in the fear
conditioning light group where Rac1 is activated was not different
from spine volume in the naive no light group (basal level) (p = 1).
Spine volume in BLA neurons in naive light group where Rac1 is
activated was not different from spine volume in the naive no
light group (p =0.471). Spine head volume is different between
the groups (H(3) = 10.277, p = 0.006; €2 = 0.136). Posthoc analysis
found that spine head volume is increased in fear conditioning
when compared with the naive group (light and no light
combined) (p=0.029) (Fig. 4F). Rac1 activation during training
abolished the ability of fear conditioning to increase spine head
volume and spine head volume was significantly different
between fear conditioning with no Racl activation and those
with Rac1 activation (p=0.006). Spine head volume in BLA
neurons in the fear conditioning light group where Racl is
activated was not different from spine volume in the naive no
light group (basal level) (p=0.602). We examined possible
alteration in the mean spine diameter per dendritic branch and
revealed an effect in branches 1, 2 and 3 (H(3) = 26.26, p < 0.001,
€2=0.298; H(3) =24.743, p<0.001, €2=0.288; H(3)=13.772,
p =0.003, €2 =0.203) (Fear conditioning- n =18 neurons; n=4
animals; Naive- n =17 neurons; n =3 animals; Fear conditioning
PA-Rac1 activation- n=15 neurons; n=4 animals; Naive Racl
activation; n = 17 neurons; n =5 animals). Posthoc analysis found
that fear conditioning (no light) increased the mean diameters of
spines when compared to naive no light or naive light groups in
branches 1, 2 and 3 (p<0.001; p<0.001; p<0.025) (Fig. 4G).
However, if fear conditioning was performed in conjunction with
PA-Rac1 activation no significant increase in spine diameter was
observed when compared to the basal levels in the naive groups
(p=1). There are no significant changes in other dendritic
branches. Cumulatively, these results show that fear conditioning
does not lead to changes in spine density but in the length and
volume of the spine in particular the length of the neck and
volume of the head of the spine. Rac1 activation per se has no
effect on spines morphology but if activated during fear
conditioning training it prevented the fear conditioning-induced
spines morphogenesis.

DISCUSSION

In this study, we explored whether fear conditioning leads to long-
lasting changes in neuronal morphology in the basolateral
amygdala (BLA). Moreover, we examined whether the activation
of Rac1 GTPase in these neurons will affect long-term memory and
such structural changes. Prevention of neuronal morphology and
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memory formation by Rac1 activation will strongly imply that
these neuronal morphological alterations are involved in fear
conditioning long-term memory formation.

We show that Racl GTPase activation in BLA during fear
conditioning impairs auditory long-term fear memory formation
but not contextual fear conditioning. This difference is not caused
because of examination of the contextual and auditory fear
memories at different time points (24 h and 48 h, respectively) as
when we activated PA-Rac1 during fear conditioning we see
impairments in auditory fear conditioning memory also when we
tested it 24h after training [21]. We observed that fear
conditioning leads to an increase in dendritic shaft volume in
the proximal dendrite (primary and secondary branches), but not
in more distal dendritic branches. The alteration in dendritic
volume is prevented in the primary dendritic branch by activation
of Rac1 during fear conditioning training. Dendritic branches were
not different in length. In addition, fear conditioning increased
spines length and volume, especially the length of the spine neck
and the volume of the spine head, and Rac1 activation prevented
such alterations. Spine density was not affected by fear
conditioning.

Fear conditioning affects neuronal morphology in the amyg-
dala. Fear conditioning alters the morphology of BLA neurons
that show an increase in spines and synapses size [24-26]. This is
consistent with our observation. Alteration in spine head volume
is linked to changes in synaptic transmission. For example, it was
shown that spines with large postsynaptic densities (PSDs) tend to
have a higher level of a-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid receptors (AMPARs) than spines with smaller PSDs
[27]. Since the area of PSDs is correlated with that of the
dimensions of the spine head [28] it is implied that spines with
larger heads express more glutamate receptors than spines with
smaller heads. In addition, a study found a correlation between
the amplitudes of currents in the spine and the spine head volume
showing that the distribution of functional AMPARs is approxi-
mately proportional to the spine head volume [29]. Thus, synaptic
efficacy mediated by AMPA receptors is correlated with spine
head volume from silent synapses in small spines to highly
responsive larger spines. Thus, enduring increase in spine head
volume induced by fear conditioning can increase the efficacy in
transmission between neurons in BLA and be part of the memory
trace. We also show that fear conditioning leads to an increase in
spines length which is contributed mainly to changes in the
spine’s neck. Spine neck plasticity appears to mainly affect local
voltage amplification in spines and biochemical compartmenta-
lization, such as of Ca>", within the spine head [30] that may affect
signal transduction and bidirectional diffusion of material from
dendrite to spines [31, 32]. Spines with longer thinner spine necks
confine more molecules. Thus, changes in the spine neck may
affect synaptic efficacy and also neuronal function [33, 34]. For
example, spines with long necks have small somatic voltage
contributions. We found here that activation of Racl during
learning prevents both fear memory formation and alterations in
spines morphology indicating that changes in spines morphology,
namely increase spines volume and length, are required for fear
memory formation.

We also observed that fear conditioning leads to an increase in
dendritic shaft volume at the primary and secondary branches.
The length of the dendrites is not affected. The geometry of the
dendrite can affect its electrical properties. For example, the
diameter of the dendrite can affect the input impedance where
small-diameter dendrites have a high input impedance that can
affect and increase local synaptic potentials and thus increase the
activation of voltage-gated conductance [35]. It was demonstrated
that an increase in the diameter of proximal dendrites increased
the synaptic efficiency of distal dendrites [36]. We revealed that
the alteration in dendrite volume at the primary branch induced
by fear conditioning is reduced by Rac1 activation which also
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impairs fear memory indicating that this morphological change is
needed for memory formation. In addition, fear conditioning
showed the smallest number of dendritic branches in BLA neurons
that were increased back to the naive level by PA-Rac1 activation
during fear conditioning. Reducing the branch points in the
dendritic shaft facilitates signal propagation along the dendrite
[37, 38]. Thus, increasing both the volume of the dendrite and
reducing its branch points can facilitate the propagation (and
backpropagation) of signals along the dendrite and preventing
such changes, by Rac1 activation, can reduce such propagation
and impair memory. Sholl analysis did not detect fear
conditioning-induced changes in intersections. However, some
differences were detected between Naive no PA-Rac1 activation
and Naive PA-Rac1 activation at distal dendritic locations from the
soma. Interestingly, Rac1 inhibition activity can reduce dendritic
complexity (as measured by sholl analysis) at more distal dendritic
locations [39]. It could be that there are different Rac1 effectors in
these distal dendritic areas.

The results of the study indicate that the morphological changes
that are responsive to PA-Rac1 are specific to auditory fear
conditioning. We show that fear conditioning leads to alterations
in neuronal morphology. PA-Racl reduces the morphological
alterations (in some cases up to the basal level) and impairs
auditory fear conditioning long-term memory. The animals do learn
contextual fear conditioning when they receive shock only (also in
the context of the auditory-shock protocol). If the morphological
changes are caused by shock only, leading to contextual fear
conditioning, we would expect to see an effect of PA-Racl
activation also on contextual fear conditioning memory. However,
we do not see any effect of PA-Rac1 activation on contextual fear
conditioning. Therefore, the changes in morphology affected by PA-
Rac1 are associated with auditory fear conditioning induced by the
tone-shock pairing and not contextual fear conditioning memory
induced by the shock only. PA-Rac1 also cannot relieve the effects
of the footshock as short-term memory is intact [21]. However,
although both groups respond to the shock similarly, the PA-Rac1
activated animals show a reduction in auditory fear conditioning
long-term memory and changes in morphology. Therefore, the
reduction of morphological alteration by PA-Rac1 is not caused by
the relief of effects of shock and reduction in stress. In addition,
stress affects contextual fear conditioning memory [40]. If PA-Rac1
activation reduces stress and neuronal morphogenesis, then we
would expect to see an effect on contextual fear conditioning as
well but we do not see an effect. Taken together, our observations
show that shock per se, stress and contextual fear learning do not
contribute to the effects on PA-Rac1 responsive morphological
changes.

Interestingly, we saw that Rac1 activation per se did not reduce
the volume and length of the spines or led to a reduction in
dendritic volume in the naive group but rather specifically
prevented the increase in spine volume and length and dendritic
volume induced by fear conditioning. Thus, it seems that Rac1
activation inhibits signaling that leads to an increase in spine
volume and length and dendritic shaft volume by fear condition-
ing. Both spines and dendritic shafts contain actin cytoskeleton
and actin cytoskeleton can affect dendritic spines and dendritic
shaft morphology [41-44]. Racl regulates actin regulatory
proteins that in turn affect the actin cytoskeleton and spine
morphology [45]. It is possible that fear conditioning leads to an
increase in actin polymerization through the regulation of actin
regulatory proteins and that Racl activation inhibits the actin
regulatory proteins and counteracts fear conditioning-induced
morphogenesis.

We think that subsequent studies should be also conducted in
female mice as behavioral outcomes induced by alterations of
proteins located at the Rac1 pathway may be different between
males and female mice (e.g., as seen with Dock4 a Rac1 guanine
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nucleotide exchange factor [46]). Moreover, neuronal properties
and morphology and morphological responses to inputs in the
BLA can be different between males and females [47, 48].

The observations in the study show that: 1) Fear conditioning
leads to specific changes in neuronal morphology in BLA neurons.
2) These alterations are long-lasting and are preserved 48 h after
training. 3) Rac1 activation during learning prevents the dendritic
morphological changes induced by fear conditioning. Since the
activation of Rac1 is effective during fear conditioning training the
cellular signaling for dendritic changes is fast. 4) The prevention of
both fear conditioning long-term memory and fear conditioning-
induced morphological alteration by Rac1 activation indicates
that these neuronal enduring morphological alterations are
needed for fear conditioning memory formation and form the
memory trace.
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