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BACKGROUND AND PURPOSE

Posttraumatic stress disorder (PTSD) is a mental disorder with enhanced retention of fear memory and has profound impact on
quality of life for millions of people worldwide. The B-adrenoceptor antagonist propranolol has been used in preclinical and
clinical studies for the treatment of PTSD, but the mechanisms underlying its potential efficacy on fear memory retention remain
to be elucidated.

EXPERIMENTAL APPROACH
We investigated the action of propranolol on the retention of conditioned fear memory, the surface expression of glutamate
receptor GluA1 subunits of AMPA receptors and synaptic adaptation in the lateral amygdala (LA) of rats.

KEY RESULTS

Propranolol attenuated reactivation-induced strengthening of fear retention while reducing enhanced surface expression of
GIuA1 subunits and restoring the impaired long-term depression in LA. These effects of propranolol were mediated by antago-
nizing reactivation-induced enhancement of adrenergic signalling, which activates PKA and calcium/calmodulin-dependent
protein kinase Il and then regulates the trafficking of AMPA receptors via phosphorylation of GIuA1 subunits at the C-terminus.
Both i.p. injection and intra-amygdala infusion of propranolol attenuated reactivation-induced enhancement of fear retention.

CONCLUSIONS AND IMPLICATIONS

Reactivation strengthens fear retention by increasing the level of noradrenaline and promotes the surface expression of GluA1
subunits and the excitatory synaptic transmission in LA. These findings uncover one mechanism underlying the efficiency of
propranolol on retention of fear memories and suggest that p-adrenoceptor antagonists, which act centrally, may be more
suitable for the treatment of PTSD.

Abbreviations
CS, conditioned stimulus; PTSD, posttraumatic stress disorder; LA, lateral amygdala; LES, low-frequency stimulation; I'TD,
long term depression; I'TD long-term potentiation
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Introduction

Posttraumatic stress disorder (PTSD) is an anxiety disorder
that is characterized by progressively strengthened reten-
tion of memory and feeling for emotionally fearful experi-
ences (American Psychiatric Association, 2013). Increased
frequency of suicidal behaviours (including suicidal
thoughts, plans or acts) and other mood disorders and anx-
ious symptoms have been reported in PTSD (Panagioti et al.,
2012; Pietrzak et al., 2014). Although many pharmacologi-
cal therapies have been used for the treatment of PTSD, a
substantial portion of patients fail to show an adequate
therapeutic response (Fitzgerald et al., 2014). Although the
exact mechanism of PTSD remains elusive, accumulated
evidence indicates that disrupted regulation of fear memory
and enhanced amygdala activity to stress are intimately as-
sociated with the occurrence of PTSD (Bremner et al.,
2008; Samuelson, 2011).

Weakening and erasure of fear memory traces are critical
for the management of anxiety disorders including PTSD
(Mirante et al., 2014). Fear conditioning is a preferred animal
model that captures some of the processes involved in PTSD
(Debiec and LeDoux, 2006). It has been generally recognized
that fear memory formed by acquisition and consolidation
can be retrieved (also termed as reactivated) and become
unstable, which means it can be either reconsolidated or
extinguished by different manipulations or drugs (Mahan
and Ressler, 2012). The neural connectivity and synaptic plas-
ticity of the amygdala are closely related to the formation and
extinction of fear memory (Kim et al., 2007; Hong et al., 2009;
Sierra-Mercado et al., 2011; Nabavi ef al., 2014). Amygdala ex-
citatory synaptic strengthening is thought to contribute to
conditioned fear and anxiety. Enhancements of synaptic
transmission from the conditioned stimulus (CS) pathways
to the lateral amygdala (LA) contribute in the acquisition of
fear memory during auditory fear conditioning (McKernan
and Shinnick-Gallagher, 1997; Rumpel et al., 2005). In the
amygdala, depotentiation of synaptic transmission may rep-
resent an endogenous cellular substrate for fear memory era-
sure (Kim et al., 2007; Hong et al., 2009; Nabavi et al., 2014).
It has been suggested adrenergic activation-induced long-
term depression (ITD) in amygdala may mediate a form of

synaptic meta-plasticity that recalibrates fear memory pro-
cessing, especially in the memory storage stage (Clem and
Huganir, 2013). Recently, it is also proposed that LA-LTD with
different molecular pathways underlies the erasure of trau-
matic memory (Mirante et al., 2014). The phosphorylation
and trafficking of AMPA receptors containing glutamate
receptor GluAl subunits are essential for the expression of
ITD (Hong et al., 2009; Huganir and Nicoll, 2013; Nabavi
etal.,2014). Herein, we investigated the relationship of AMPA
receptor-dependent I'TD in LA and fear retention.

Emotionally arousing events stimulate the activation of
the locus coeruleus neurons, which send adrenergic projec-
tions and release noradrenaline to different brain regions
(Galvez et al., 1996). Animal and human studies have shown
that there are elevations of noradrenaline in the brain during
the pathogenesis of PTSD or the occurrence of PTSD-like
event (O’Donnell et al., 2004; Soeter and Kindt, 2011). Nor-
adrenaline is an important neurotransmitter and modulator
in the CNS and plays crucial roles in the modulation of gluta-
matergic and GABAergic neurotransmission in brain regions
involved in emotional regulation and expression (Farb et al.,
2010; Zhou et al., 2013). Noradrenaline is also believed to be
the substantial contributor in the enhanced memory for
emotional events, such as fear conditioning and PTSD, com-
pared with emotionally neutral experiences (Debiec et al.,
2011; Soeter and Kindt, 2011). There is good recent evidence
that noradrenaline enhances the acquisition and retention
of conditioned fear memory (Roozendaal et al., 2006; Tully
and Bolshakov, 2010). However, the mechanism of action of
noradrenaline on reactivation-dependent fear retention has
not been elucidated.

The p-adrenoceptor antagonist propranolol has been used
in preclinical and clinical studies for the prevention and
treatment of PTSD, but the molecular mechanism is still un-
clear (Pitman et al., 2002; Shad et al., 2011). An investigation
reported that systemic administration of propranolol has
limited efficacy in disrupting fear reconsolidation (Muravieva
and Alberini, 2010). Other studies suggest that blockade of
B-adrenoceptors before or after retrieval decreases fear reten-
tion in fear conditioning (Pitman et al., 2002; Debiec and
LeDoux, 2006; Debiec et al., 2011). Thus, we carried out re-
search to identify the association between AMPA receptors,
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ITD in the LA and fear memory retention, aiming at a better
understanding of the effect of propranolol on event-based
fear memory and providing therapeutic guidelines for the
treatment of PTSD with p-adrenoceptor antagonists.

Methods

Animals

All animal care and experimental procedures were in accor-
dance with the Guide for Care and Use of Laboratory Ani-
mals, as adopted and promulgated by the National
Institutes of Health of USA, and were approved by the Animal
Welfare Committee of Huazhong University of Science &
Technology. All studies involving animals are reported in
accordance with the ARRIVE guidelines for reporting exper-
iments involving animals (Kilkenny et al., 2010; McGrath
et al., 2010). A total of 352 animals were used in the exper-
iments described here. Male Sprague-Dawley rats (4-5
months old) were used for experiments (Laboratory Animal
Center of Tongji Medical College, Huazhong University of
Science and Technology). Animals were maintained on a
controlled 12:12 light cycle at constant temperature (22 +2°C)
and humidity (55-65%) with food and water provided
ad libitum.

Surgical procedure and microinjection
Stereotaxic surgery was carried out as described earlier (Jiang
etal., 2013) with alterations needed (see Supporting Informa-
tion for details).

Adenoviral infection and overexpression

The GluAl carboxyl terminus (GluA1-C-tail) sequence was
obtained and used as our previous study (Luo et al., 2015)
(see Supporting Information for details).

Fear conditioning tasks

The cue-fear conditioning experiment was performed as de-
scribed previously (Wang et al., 2011; Li et al., 2012; Wang
etal., 2015). The experiment was conducted over 3 days, con-
ditioning day, reactivation day and testing day. On day 1, af-
ter 5 min habituation in the conditioning chamber A,
animals were presented with six pairings of a tone for 29 s
as the CS (80 dB), co-terminated with a foot shock as the
unconditioned stimulus (1 s). The intertrial interval was
60 s, and the shock intensity for rats was 0.75 mA. Rats were
left in the conditioning chamber A for 60 s after termination
of the procedure and then returned to their home cages. To
assess the effect of propranolol on cue-fear retention, rats
were given i.p. injections of propranolol three times a day
(t.i.d), immediately after conditioning, 12 h after condition-
ing and 30 min before reactivation, after conditioning or
intra-amygdala infusion of propranolol before reactivation.
Thirty minutes after the last i.p. injection or 10 min after
intra-amygdala infusion, rats were placed into the consolida-
tion chamber B and observed for 5 min. Cue-dependent
memory was reactivated by three pulses of CSs with 90 s of
intertrial interval (day 2). Rats in non-reactivation groups
were placed into the consolidation chamber B for 5 min, but
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without cues. Still after 24 h (day 3), rats were placed into
the consolidation chamber B for testing. After 5 min observa-
tion, cue-fear memory was tested with five pulses of CSs, and
the intertrial interval was 60 s. Behavioural indicator freezing
was defined and measured during the entire tasking time by
software (AniLab 7.0, Yihong Technology Co., Ltd., Wuhan,
China). Freezing was defined as the complete absence of
activity except for respiratory movement. The data were
converted to the percentage of freezing.

Pain threshold measurement and open-field
test

Procedures for pain threshold measurement and open-field
test were processed according to our previous studies with
some modifications (Wang et al., 2011; Li et al., 2012; Wang
et al., 2015) (see Supporting Information for details).

Electrophysiological recording

Electrophysiological recording for field EPSP (fEPSP) was
based on our previous study with some modifications (Li
et al., 2012; Luo et al., 2015). For the fear conditioned rats,
brain slices for electrophysiological recording were prepared
immediately after fear reactivation. The stimulation intensi-
ties were adjusted to produce a fEPSP with two-thirds of the
maximal amplitude. After 30 min of baseline recording, I'TD
was induced by low-frequency stimulation (LFS; 1 Hz for 15
min). Responses were recorded for 60 min following LFS.
Patch-clamp recordings were also performed according to
our previous study (Li ef al., 2012). See Supporting Informa-
tion for more details.

Microdialysis and HPLC

For the measurement of noradrenaline levels in the amyg-
dala, we performed microdialysis and HPLC analysis, and
the procedure was similar to our previous study (Luo et al.,
2015) (see Supporting Information for details).

Surface protein cross-linking with BS3

The surface protein cross-linking was performed according to
our previous study with slight modification (Jiang et al., 2013;
Luetal., 2014). The brain slices of rats were dissected, and the
LA tissues were isolated under a stereomicroscope (see
Supporting Information for details).

Enrichment of synaptic and extrasynaptic
membrane fractions

Separation of synaptic and extrasynaptic fractions was per-
formed as described in an earlier protocol (Li et al., 2011) with
minor modifications (see Supporting Information for details).

Western blotting

Biological samples of the LA tissues were prepared for Western
blot analysis. For the fear conditioned rats, brain slices were
cutimmediately after fear reactivation, and the LA tissue sam-
ples were isolated and made for Western blotting. The perfor-
mance was based on our previous protocol (Jiang et al., 2013;
Luetal., 2014) (see Supporting Information for details).



Data analysis

All analysis was performed using SPSS 18.0 software (SPSS
Inc., USA), and data are expressed as mean + SEM. The results
from fear conditioning training, reactivation and cue-
dependent fear memory test were statistically evaluated using
repeated measures ANOVA. The results from baseline behav-
iours, microdialysis, Western blotting, patch-clamp recording
and the level of stable ITD were statistically evaluated using
one-way ANOVA. Post hoc tests were performed using least sig-
nificant difference test. Differences at the P < 0.05 level were
considered statistically significant.

Materials

Bicuculline, 6-cyano-7-nitroquinoxaline-2, 3-dione, D(—)-2-
amino-5-phosphonovaleric acid (APS), (+)-noradrenaline
(+)-bitartrate salt, (—)-adrenaline, (+)-propranolol hydrochlo-
ride, phentolamine  hydrochloride, nadolol, H89
dihydrochloride and KN93 phosphate salt were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Crosslinker bis
(sulfosuccinimidal) suberate (BS®) was purchased from
Thermo Scientific (Rockford, IL, USA). Other agents were ob-
tained from commercial suppliers. The stock solutions of
chemicals were freshly diluted with artificial cerebrospinal
fluid (containing in mM: 119 NacCl, 4 KCI, 1.2 MgSOy, 2
CaCl,, 1 NaH,POy, 26 NaHCO3, 10 glucose, pH7.4) before ap-
plication. When dimethyl sulfoxide (Sigma-Aldrich) was used
to prepare solutions, its final concentration was 0.1% or less.

Results

Propranolol attenuates reactivation-induced
fear retention and LA-LTD impairment in rats
Fear reactivation is recognized as a preferred candidate for
mimicking the spontaneous recall of fear in human (Agren
etal., 2012). We designed fear conditioning experiments with
reactivation to examine the effect of endogenous noradrena-
line on fear memory retention and LA-LTD (Figure 1A). Pro-
pranolol was given t.i.d. through i.p. injection, after
conditioning. We observed that propranolol at both doses sig-
nificantly reduced the freezing percentage on the
reconsolidation testing day following reactivation (F(, 21y =
10.9, P=0.001) (Figure 1B). In the consolidation test without
reactivation, no difference between saline and propranolol
treatments was observed [F 21y = 0.739, no significance
(NS)] (Figure 1C). Freezing behaviour of all groups during
conditioning training (non-reactivation: F ,1) = 0.66, NS,
Figure S1A; reactivation: F,, »1) = 0.72, NS, Figure S1B) and
fear reactivation (F(3, 21y = 0.07, NS, Figure S1B) had no signif-
icant differences. Reactivation also induced an increased nor-
adrenaline content in LA (Fy, 14 = 6.54, P = 0.043)
(Figure 1D), suggesting reactivation induces the release of
noradrenaline in LA and subsequently enhances fear
retention.

Because the differences in locomotive activity, anxiety-
related behaviour and pain response may influence the per-
formances of rats in conditioned fear tasks, we carried out
the open-field and pain threshold tests to detect the potential
differences in locomotive activity, anxiety-related behaviour

Propranolol and GIuA1 trafficking in amygdala m

and pain threshold between the groups. The pain thresholds
to foot shock (flinching: F,, 33)=1.19, NS, Figure S1C; jumping:
F(, 21y=2.20, NS, Figure S1D) and locomotive (F, 21)=0.86, NS,
Figure S1E) and anxiety-related (F(, 21y = 1.45, NS, Figure S1F)
behaviours were similar between the groups, which indicated
that the differences in fear retention tests were not caused by
the potential differentiations in pain threshold, locomotive
and anxiety-related behaviours.

We then performed electrophysiological experiments and
found that fear reactivation significantly impaired LA-I'TD,
with stable fEPSPs levels 60 min after LFS (1 Hz for 15 min) in-
creasing from 75 + 1.5% in non-reactivation group to 98 +
1.8% in reactivation group and to 84 + 3.1% at 2 h after
reactivation exposure (F,, 26, = 31.98, P < 0.001) (Figure 1E
and F). Moreover, propranolol (10 mgkg ') pretreatment
restored the impairment of LA-LID induced by fear reactiva-
tion (F3, 39) = 42.20, P < 0.001) (Figure 1G and H).

Fear reactivation promoted the surface delivery of GluA1l
subunits (F, 25y = 5.075, P = 0.004), but did not influence
the surface expression of GluA2 subunits (Fy, 25y = 0.398,
P = 0.808), and propranolol (10 mg-kg ') prevented the
reactivation-induced surface delivery of GluAl (P = 0.172,
reactivation + Pro vs. non-reactivation + Pro) (Figure 11 and]J).
Because phosphorylation of GluAl subunits at Ser®*S
within the C-terminus by PKA is an important factor in the
maintenance of AMPA receptor function and dephosphoryla-
tion of Ser®*® is responsible for the endocytosis of AMPA
receptors and the formation of L'ID in an activity-dependent
manner (Wang et al., 2005), we asked whether fear reac-
tivation influences the phosphorylation of Ser®*® in GluAl
subunitsand the activation of PKA signals. We found that af-
ter reactivation, the phosphorylation level of Ser®*® (F4, 25,
=8.482, P < 0.001; reactivation: P < 0.001; reactivation 2 h:
P =0.044) (Figure 11 and J), PKA (F4, 25)=3.077, P = 0.034; re-
activation: P = 0.010), calcium/calmodulin-dependent pro-
tein kinase II (CaMKII) (Fa, 25y = 2.524, P = 0.066;
reactivation: P = 0.031; reactivation 2 h: P = 0.031) and ERK
(F4, 25) = 24.887, P < 0.001; reactivation: P < 0.001; reactiva-
tion 2 h: P=0.008) were all significantly increased when com-
pared with the non-reactivation group. We found
propranolol attenuated these effects induced by reactivation
(Ser®**: P = 0.078, PKA: P = 0.471, CaMKII: P = 0.601, ERK:
P = 0.533, reactivation + Pro vs. non-reactivation + Pro)
(Figure 1K and L).

These results suggest that fear reactivation promoted the
release of noradrenaline in LA, facilitated the surface expres-
sion of GluA1l subunits and enhanced fear retention. Activa-
tion of p-adrenoceptors and PKA/CaMKII signals may
mediate the reactivation-induced effects via strengthening
the surface delivery of GluA1l-containing AMPA receptors.

Exogenous noradrenaline impairs LA-LTD and
increases the surface expression of GluA1l
subunits

Endogenous and exogenous (10 puM) noradrenaline increases
the phosphorylation level of GluAl subunits at the C-
terminal domain in the hippocampus of mice (Hu et al.,
2007). As we detected an enhanced release of noradrenaline
in LA and a series of alterations in molecular, cellular and be-
havioural levels induced by reactivation, we further
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Figure 1

Propranolol attenuates reactivation-induced fear retention and LA-LTD impairment. (A) The fear conditioning procedure. (B) The percentage of
freezing behaviour at 24 h after reactivation. The freezing behaviour was significantly reduced in 5 (n = 8) and 10 mg-kgf1 (n = 8) propranolol
(Pro)-treated groups compared with saline-treated rats (n = 8). (C) The percentage of freezing behaviour at 48 h after conditioning (training).
The freezing behaviour was not significantly different among saline (n=8), 5 mg-kg ' (n=8)and 10 mg-kg ™' (n=8) propranolol-treated groups.
(D) Measurement of extracellular noradrenaline (NA) concentration in LA region 20 min before and 20 min after reactivation via microdialysis. The
extracellular noradrenaline concentration increased after fear reactivation (n = 8). (E) Time course of the fEPSP evoked by stimulation of Thalamic
afferents (T) and recorded in LA slices from non-reactivation (n = 11 slices from six rats), reactivation (n = 10 slices from six rats) and 2 h after
reactivation (n = 8 slices from six rats) groups. Inset: The representative fEPSPs recorded in individual slices before (1) and 60 min after (2) LFS
(1 Hz for 900 s) in rats of non-reactivation (left), reactivation (middle) and 2 h after reactivation (right). (F) The histogram showing the level of
LTD at 60 min after LFS in rats of non-reactivation, reactivation and 2 h after reactivation. (G) Time course of the fEPSP evoked by stimulation of
T and recorded in LA slices from non-reactivation (n = 11 slices from six rats), non-reactivation + propranolol (n = 13 slices from six rats),
reactivation (n = 11 slices from six rats) and reactivation + propranolol (n = 8 slices from six rats)-treated rats. Inset: The representative
fEPSPs recorded in individual slices before (1) and 60 min after (2) LFS in rats of non-reactivation, non-reactivation + propranolol, reactivation
and reactivation + propranolol groups. (H) The histogram showing the level of LTD at 60 min after LFS in rats of non-reactivation,
non-reactivation + propranolol, reactivation and reactivation + propranolol. (I) Representative images of Western blotting. (J) The histogram
showing the p-845-GluA1 (n = 6) and surface expression of GIuAl subunits (n = 6) were enhanced after reactivation and this response was
prevented by 10 mg-kgf1 propranolol via i.p. injection t.i.d. The surface expression of GIuA2 subunits (n = 6) was not affected after reactivation.
(K) Representative images of Western blotting. (L) The histogram showing the phosphorylation level of PKA (n = 6), CaMKII (n= 6) and ERK (n = 6)
were enhanced after reactivation and this response was prevented by 10 mg-kg ™' propranolol via i.p. injection t.i.d. Calibration: 0.8 mV, 5 ms.
**p < 0.01 versus saline. *P < 0.05, ##p < 0.01, ###p < 0.001 versus no reactivation.
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examined whether exogenous noradrenaline could impair
ITD and enhance surface expression and function of AMPA
receptors in LA.

Bath incubation with noradrenaline (2.5, 5, 10 and 20
uM) significantly impaired LA-ITD when compared with that
of the control group (control: 64.62 + 2.56%, 2.5 uM: 89 +
1.4%, 5 pM: 96 + 2.4%, 10 uM: 98 + 3.0%, 20 uM: 101 +
1.6%; F, as) = 49.1, P < 0.001) (Figure 2A and B). We also
tested the basal fEPSPs (Figure S2A) and paired-pulse ratio
(Figure S2B) in LA and found that noradrenaline (10 pM)
did not affect these indicators, suggesting that noradrenaline
impaired LFS-induced LA-ITD without influencing the basal
excitatory synaptic transmission or presynaptic release.

Noradrenaline alone influenced neither the basal ampli-
tude of NMDA (F(, 13) = 1.11) (Figure S2C and D) and AMPA
receptor-mediated currents (F;, 14) = 0.46) (Figure S2E and F)
nor the rectification values (I_79 mv/li40 mv) of AMPA receptor
currents (F3 24)=22.13, P < 0.001; P=0.86, noradrenaline vs.
control). However, it restored the LFS-induced reduction in
the rectification values of AMPA receptors (noradrenaline +
LES: P < 0.001 vs. control) (Figure 2C and D).

Noradrenaline at both concentrations (10 and 20 uM) did
not influence the total expression of GluA1 (F(,, 15)=0.465) or
GluA2 subunits (F(,, 15) = 0.205) after acute treatment for 10
min but increased the surface expression of GluA1l subunits
(F(2, 21)=6.454, P=0.007) in amygdala slices (Figure 2E). Nor-
adrenaline significantly activated PKA (F, 15) = 3.969, P =
0037), CaMKII (F(Z, 21) = 3512, P= 0048) and ERK (F(Z, 21) =
11.023, P = 0.001), but not PKC (F(2, 21) = 0.044) (Figure 2F).
Noradrenaline also increased the phosphorylation of GluA1-
Ser®* (Fp, 21y = 18.320, P < 0.001) and Ser®' (Fy, 21, =
5.781, P = 0.010) (Figure 2G).

Because noradrenaline did not affect the excitatory synap-
tic transmission (Figure S2A) and AMPA receptor currents
(Figure S2E and F) in baseline conditions, we further exam-
ined the extrasynaptic and synaptic distribution of GluAl
subunitsfollowing noradrenaline-induced surface trafficking.
Our results indicated that noradrenaline significantly en-
hanced the content of GluA1 subunits in the extrasynaptic
fraction (Fq, 14) = 13.671, P = 0.002), but had no significant
influence on GluAl subunits trafficking into the synaptic
fraction (F;, 14) = 0.294) (Figure 2H).

These findings suggested that noradrenaline was an excit-
atory modulator in the amygdala neural circuit, and it may
have facilitated the insertion of GluA1l subunits close to, but
not at, the plasma membrane of synapses. During the induc-
tion of I'TD, AMPA receptors translocate into the intracellular
space to induce the expression of ITD. GluAl subunits
expressed at extrasynaptic membrane induced by noradrena-
line then can laterally translocate into the synapses to
prevent the expression of LI'D induced by LFS in an activity-
dependent manner.

Propranolol prevents noradrenaline-induced
carboxyl terminal phosphorylation and surface
expression of GluA1 subunits in LA

Our in vitro experiments showed that noradrenaline activated
PKA but not PKC, which indicates that it is the pB-
adrenoceptors rather than a;-adrenoceptors that are mainly
activated in LA by noradrenaline. So we further tested
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whether propranolol could prevent noradrenaline from in-
ducing alterations in vitro.

Pretreatment with propranolol (10 uM) (F, 33)=27.33, P
< 0.001) (Figure 3A and B), but not phentolamine (50 pM)
(Figure S3A and B), effectively attenuated noradrenaline-
induced impairment of LA-ITD. Data from patch-clamp re-
cording suggested that propranolol (F(;, o) = 0.161) (Figure
S3C), not phentolamine (Figure S3D), significantly prevented
the effect of noradrenaline on LFS-induced rectification of
AMPA receptors. Western blot analysis showed that proprano-
lol (10 uM) attenuated noradrenaline-induced activation of
PKA (F(s, 30)=3.076, P=0.023; Pro + NA: P =0.586 vs. control;
Phen + NA: P=0.008 vs. control), CaMKII (Fs, 39)=3.521, P =
0.013; Pro+ NA: P=0.561 vs. control; Phen + NA: P=0.015 vs.
control) and ERK (Fs, 30) = 20.143, P < 0.001; Pro + NA: P =
0.089 vs. control; Phen + NA: P < 0.001 vs. control) (Figure 3C
and D) and phosphorylation of GluA1-Ser®*® (F(s, 30) = 6.686,
P < 0.001; Pro + NA: P = 0.282 vs. control; Phen + NA: P =
0.001 vs. control) and surface expression of GluA1l subunits
(Fs, 36) = 5.765, P = 0.001; Pro + NA: P = 0.969 vs. control;
Phen + NA: P = 0.034 vs. control) (Figure 3E and F). These
findings suggest that blocking p-adrenoceptors with propran-
olol attenuated the noradrenaline-induced surface delivery of
GluA1 subunits and the impairment of LA-ITD.

We then asked whether activation of PKA and CaMKII is
involved in noradrenaline-induced phosphorylation and sur-
face tratficking of GluA1 subunits. H89 (10 uM), a selective in-
hibitor of PKA, prevented noradrenaline-induced activation
of ERK (Fs, 30y = 4.401, P = 0.004; H89: P = 0.482 vs. control;
H89 + NA: P = 0.307 vs. control), phosphorylation (Fs, 1g) =
7.189, P = 0.001; H89: P = 0.489 vs. control; H89 + NA: P =
0.251 vs. control) and surface expression of GluAl subunits
(Fs, 30) = 3.356, P = 0.016; H89: P = 0.745 vs. control; H89 +
NA: P =0.416 vs. control) (Figure 3G and H). KN93 (20 pM),
a selective inhibitor of CaMKII, also attenuated
noradrenaline-induced activation of ERK (KN93: P = 0.814
vs. control; KN93 + NA: P =0.099 vs. control) and surface ex-
pression of GluAl subunits (KN93: P = 0.968 vs. control;
KN93 + NA: P = 0.328 vs. control) and, to a less extent, the
phosphorylation of GluA1-Ser®** (KN93: P = 0.943 vs. con-
trol; KN93 + NA: P = 0.023 vs. control) (Figure 3G and H).

To test the assumption that phosphorylation of the carboxyl
terminal domain of GluAl subunits mediates the function of
noradrenaline in LA, we blocked the noradrenaline-induced
phosphorylation of GluAl-C-terminus by overexpression of
GluAl-C-tail in LA region. Efficiency of adenovirus infection
was assessed by the intensity and location of fluorescence
(Figure S3E). Overexpression of GluA1-C-tail did not influence
the surface expression of GluAl subunits and the LFS-induced
LA-ITD in basal condition but largely suppressed the effects of
noradrenaline on the surface delivery of GluAl subunits
(F3, 200=6.477, P =0.003; P = 0.003, vector + NAvs. vector; P =
0.527, GluA1-C-tail vs. vector; P = 0.115, GluA1-C-tail + NAvs.
GluA1-C-tail) (Figure 3I), the rectification of AMPA receptor-
mediated currents (GluA1-C-tail + LFS: F(;, gy = 0.298, NA vs.
control; Figure 3]) (vector-adenovirus + LES: F, gy = 8.367, P =
0.02, NA vs. control; Figure S3F) and the LA-ITD (F, 13) =
15.63, P = 0.002; Figure S3G and H) (F, 1) = 0.43, P = 0.521;
Figure 3K and L). These results indicate that the phosphoryla-
tion of GluA1-C-terminal domain mediated the noradrenaline-
induced changes of AMPA receptors in LA.
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Figure 2

Exogenous noradrenaline (NA) impairs LA-LTD and promotes the surface expression of GIuA1 subunits. (A) Time course of the fEPSP from con-
trol (n = 17 slices from eight rats), 2.5 (n = 9 slices from five rats), 5 (n = 9 slices from five rats), 10 (n = 7 slices from four rats) and 20 pM
noradrenaline-treated slices (n = 11 slices from six rats). Inset: The representative fEPSPs recorded in individual slices before (1) and 60 min after
(2) LFS in either control (left) or 10 uM noradrenaline-treated (right) slices. (B) The figure showing the location of recording (left) and stimulating
(right) electrodes in the T-LA pathway in brain slice (upper). Histogram showing the level of LTD at 60 min after LFS in control or noradrenaline-
treated slices (lower). (C) Example of evoked AMPA receptor-mediated synaptic responses recorded at —70 mV and + 40 mV from control,
noradrenaline, LFS or noradrenaline + LFS-treated slices. (D) Average rectification values (.70 mv/l + 40 mv) for control (n = 6), noradrenaline
(n = 6), LFS (n = 9) or noradrenaline + LFS (n = 7)-treated slices. Values are normalized to control cells. (E) Inset: Representative images
of Western blotting. The histogram showing that the surface expression of GluA1 subunits (n = 8) was enhanced, while the level of total
GluA1 (n = 7), GIuA2 (n = 8) or the surface expression of GluA2 subunits (n = 8) was not affected after noradrenaline treatment. (F) Inset:
Representative images of Western blotting. The histogram showing that the phosphorylation level of PKA (n = 7), CaMKIl (n = 8) or ERK
(n = 8) was enhanced, while PKC (n = 8) was not affected after noradrenaline treatment. (G) Inset: Representative images of Western blotting.
The histogram showing the phosphorylation levels of GluA1-845 (n = 8) and GluA1-831 (n = 8) were enhanced, while phosphorylation of
GluA2-876 (n = 8) was not affected after noradrenaline treatment. (H) Inset: Representative images of Western blotting (Syn = synaptophysin).
The histogram showing the extrasynaptic expression of GIuA1 was enhanced, while the synaptic GIuA1 subunits were not affected by
noradrenaline (10 uM for 10 min) (n = 8). *P < 0.05, **P < 0.01, ***P < 0.001 versus control. p< 0.05, #p < 0.01 versus 2.5 uM noradrenaline-
treated slices.
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Figure 3

Propranolol prevents noradrenaline-induced carboxyl terminal phosphorylation and surface expression of GIuA1 subunits in LA. (A) Time course
of the fEPSP from control (n =17 slices from eight rats), noradrenaline (NA; n =9 slices from five rats), propranolol (Pro; n =9 slices from five rats)
and propranolol + noradrenaline-treated slices (n =11 slices from six rats). Inset: The representative fEPSPs recorded in individual slices before (1)
and 60 min after (2) LFS in control, noradrenaline, propranolol or propranolol + noradrenaline-treated slices. (B) The histogram showing the level
of LTD at 60 min after LFS in control, noradrenaline, propranolol or propranolol + noradrenaline-treated slices. (C) Representative images of
western blotting. (D) The histogram showing the phosphorylation level of PKA (n = 8), CaMKIl (n = 8) or ERK (n = 8) was enhanced by noradren-
aline and this effect was inhibited by pretreatment with propranolol but not phentolamine (Phen). (E) Representative images of western blotting.
(F) The histogram showing the phosphorylation level of GIuA1-845 (n = 6) or the surface expression of GluA1 (n = 7) was enhanced by noradren-
aline, and this effect was inhibited by pretreatment with propranolol but not phentolamine. (G) Representative images of western blotting. (H)
The histogram showing the phosphorylation level of ERK (n = 6), GluA1-845 (n = 4) or the surface expression of GIuA1 (n = 6) was enhanced
by noradrenaline, and this effect was inhibited by pretreatment with H89 or KN93. (I) Representative images of western blotting (upper). The
histogram showing the surface expression of GluA1 was enhanced by treatment with 10 uM noradrenaline for 10 min, and this effect was
prevented by overexpression of GluA1-C-tail, but not vector-adenovirus (n = 6). (J) Top: Principal LA neuron infected with the
overexpression-adenovirus (indicated by arrow) visualized under epifluorescent illumination with GFP filter. Middle: Example of evoked AMPA
receptor-mediated synaptic responses recorded at —70 mV and +40 mV from GluA1-C-tail adenovirus-infected and LFS or noradrenaline + LFS-
treated slices. Lower: Average rectification values (I_7o mv/l+40 mv) for LFS (n =5 from five rats) or noradrenaline + LFS (n =5 from five rats)-treated
slices. Values are normalized to control cells. (K) Time course of the fEPSP from overexpression of GluA1-C-tail (n = 8 slices from six rats) and
GluAT1-C-tail + noradrenaline-treated rats (n = 7 slices from six rats). Inset: Representative fEPSPs recorded in individual slices before (1)
and 60 min after (2) LFS. (L) Histogram showing the level of LTD at 60 min after LFS in GluA1-C-tail or GluA1-C-tail + noradrenaline-treated
rats. *P < 0.05, **P < 0.01, ***P < 0.001 versus control or vector-adenovirus.
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Propranolol suppresses adrenaline-induced
LA-LTD impairment and GluA1 subunit
surface trafficking via a central action
Furthermore, we tested whether adrenaline (i.p. injection)-in-
duced noradrenaline release in the brain (Frankland et al., 2004;
Luo et al., 2015) can mimic the effects of fear reactivation and ex-
ogenous noradrenaline. Adrenaline (0.5 mgkg™', 15 min) in-
duced the impairment of LA-ITD (Fp, 24) = 24.56, P < 0.001)
(Figure 4A), activation of PKA (Fe, 21) = 5.150, P = 0.002)
(Figure 4D) and CaMKII (F¢, 21) = 2.957, P = 0.030) (Figure 4D)
and the phosphorylation of GluA1-Ser®*® (F, 35, = 6.923, P <
0.001) (Figure 4E), only in a relatively short period of time. How-
evet, the promoting effect of adrenaline on the activation of ERK
(Fe, 21) = 13.792, P < 0.001; Adr: P = 0.002; Adr 2 h: P = 0.020)
(Figure 4D) and surface expression of GluA1l subunits (Fg, 35) =
4.783, P = 0.001; Adr: P = 0.008; Adr 2 h: P = 0.046) (Figure 4E)
lasted more than 2 h after its injection.

Unlike propranolol, nadolol is a selective B-adrenoceptor
antagonist with poor penetration of the blood-brain barrier
(Johnson et al., 2008). The rats were pretreated with propran-
olol (10 mg-kg ") or nadolol (10 mg-kg™") via i.p. injection 15
min before the administration of adrenaline. Only proprano-
lol and not nadolol attenuated adrenaline-induced impair-
ment of LA-ITD (P = 0.528, Pro + Adr vs. Saline; Figure 4B)
(P < 0.001, Nad + Adr vs. Saline; Figure 4C), activation of
PKA (P =0.835, Pro + Adr vs. Saline; P = 0.009, Nad + Adr vs.
Saline) (Figure 4D), CaMKII (P = 0.498, Pro + Adr vs. Saline;
P =0.012, Nad + Adr vs. Saline) (Figure 4D) and ERK (P =
0.252, Pro + Adr vs. Saline; P = 0.002, Nad + Adr vs. Saline)
(Figure 4D) and phosphorylation of GluA1-Ser®* (P = 0.181,
Pro + Adr vs. Saline; P=0.002, Nad + Adr vs. Saline) (Figure 4E)
and surface delivery of GluA1 subunits (P = 0.379, Pro + Adr
vs. Saline; P = 0.005, Nad + Adr vs. Saline) (Figure 4E). There-
fore, blocking B-adrenoceptors in the CNS rather than in the
periphery, by systemically administrated propranolol, dimin-
ishes the effects of noradrenaline in LA.

Propranolol and overexpression of GluA1-C-tail
both attenuate reactivation-induced LA-LTD
impairment and fear retention

Propranolol (1 pg per site) or saline was given via intra-
amygdala (LA or 2 mm above LA) infusion before fear reacti-
vation, and the rats in non-reactivation groups were also
given the same treatments (Figure 5A).

Intra-LA infusion of propranolol significantly attenuated
fear memory retention in a reactivation-dependent manner
(Fa, 12) = 0.169, NS; Figure 5B) (F(1, 14) = 78.10, P < 0.001;
Figure 5C), and infusion of propranolol at 2 mm above LA
did not affect reactivation-induced fear retention (F, 13) =
0.937, NS; Figure 5D). Administration of propranolol via
intra-amygdala infusion had no distinguishable effect on
the freezing behaviour of rats in habituation, conditioning
training and reactivation (Figure S4A-C). These results fur-
ther support our hypothesis that p-adrenoceptor activation
in LA mediated the effects of fear reactivation.

In behavioural experiments with adenovirus infection
and overexpression of GluA1-C-tail in LA region (Figure SE),
we found that blocking the phosphorylation of GluA1l-C-
terminal domain also significantly suppressed reactivation-
induced fear retention (F(1, 15)=95.72, P < 0.001; Figure SF).
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Overexpression of GluA1-C-tail in LA did not influence the
freezing behaviour in habituation, conditioning training
and fear reactivation (Figure S4D).

Overexpression of GluA1-C-tail also restored reactivation-
induced impairment of LA-ITD from 92 £ 5.5% in vector to 73
+ 3.0% in the overexpression group (F;, 13y=10.33, P=0.007,
GluA1-C-tail vs. vector; Figure 5G and H). Meanwhile, West-
ern blot analysis showed that overexpression of GluA1-C-tail
(F3, 20)=4.203, P =0.019; P = 0.653, GluA1-C-tail + reactiva-
tion vs. GluA1-C-tail), but not vector-adenovirus, eliminated
reactivation-induced surface expression of GluAl subunits
(Figure SI).

Taken together, these findings further demonstrated that
inhibition of p-adrenoceptors or GluAl-C-terminal phos-
phorylation, which leads to the surface trafficking of GluA1-
containing AMPA receptors in LA, attenuated reactivation-
induced fear memory retention. This proposal is presented
in Figure 6, delineating the interfering stages for propranolol
and GluA1-C-tail overexpression in fear retention.

Discussion

The present study demonstrated for the first time that fear
reactivation-induced fear memory retention is mediated by
increased release of noradrenaline, activation of -
adrenoceptors and enhanced surface expression of GluAl-
containing AMPA receptors, especially the surface
expression of extrasynaptic GluAl subunits in LA. Most
importantly, we found that propranolol prevented the alter-
ations induced by noradrenaline and reactivation, via mod-
ulating the stability of GluA1l subunits in LA. Our results
provide a better understanding for the occurrence of
PTSD-like events and the efficacy of propranolol in the
treatment of PTSD.

Fear reconsolidation following reactivation contains a
process of traumatic memory recall (Agren etal., 2012), which
is parallel with the surge of noradrenaline release in the brain.
The level of noradrenaline in the brain is unduly increased in
PTSD patients (O'Donnell et al., 2004; Soeter and Kindt,
2011). Similarly, previous studies have found that both fear
conditioning and reactivation increase noradrenaline levels
in the CNS (Mclntyre et al., 2002; Morilak et al., 2005; Luo
etal.,2015). However, others and our results showed that pro-
pranolol was effective only in reactivation-dependent fear re-
tention (Debiec and Ledoux, 2004; Bush et al., 2010), so we
detected noradrenaline level in LA before and after reactiva-
tion and observed an increased noradrenaline level after fear
reactivation. Elevation of noradrenaline content during fear
memory recall may explain the strengthening of emotional
memories compared with neutral memories (LaLumiere
et al., 2003; O’'Donnell et al., 2004; Soeter and Kindt, 2011).
This is probably the main reason why propranolol may have
beneficial effect for the treatment of PTSD. However, it has
been reported that propranolol is effective against fear extinc-
tion only with the exposure of fear memory recall (Ouyang
and Thomas, 2005; Mueller and Cahill, 2010; Fitzgerald
et al., 2014). Other reports suggested that propranolol is not
effective in conditioned fear consolidation (Debiec and
Ledoux, 2004; Bush et al., 2010) and only has limited efficacy
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Figure 4

Propranolol not nadolol suppresses adrenaline-induced LA-LTD impairment and surface expression of GluA1 subunits. (A) Time course of LTD
in slices from rats after treatment with saline (n = 10 from five rats), immediate adrenaline (Adr; n = 11 from six rats) and adrenaline 2 h earlier
(n= 6 from four rats). Bar graphs showing the mean decrease in fEPSPs slope after LFS. (B) Time course of LTD in slices from rats treated with saline
(n=9 from five rats), adrenaline (n= 10 from five rats), propranolol (Pro; n=10 from five rats) and propranolol + adrenaline (n = 10 from five rats).
Bar graphs showing the mean decrease in fEPSPs slope after LFS. (C) Time course of LTD in slices from rats treated with saline (n =9 from five rats),
adrenaline (n = 10 from five rats), nadolol (Nad; n =11 from five rats) and nadolol + adrenaline (n = 7 from four rats). Bar graphs showing the
mean decrease in fEPSPs slope after LFS. (D) Inset: Representative Western blotting images (upper). The histogram showing propranolol not
nadolol prevents the increase in p-PKA, p-CaMKIl and p-ERK in amygdala induced by adrenaline (n = 4 for each group). (E) Inset: Representative
Western blotting images (upper). The histogram showing propranolol but not nadolol prevents the increase in p-5S845 and surface expression
of GluA1 subunits in amygdala induced by adrenaline (n = 6 for each group). Calibration: 0.8 mV, 5 ms. *P < 0.05, **P < 0.01, ***P < 0.001
versus saline.
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Figure 5

Propranolol and overexpression of GIuA1-C-tail in LA both attenuate reactivation-induced LTD impairment and fear retention. (A) Image
showing cannulae placements in LA of rats (upper). The behavioural procedure used in the experiment (lower). (B) The percentage of
freezing behaviour at 48 h after conditioning (training). The freezing behaviour was not significantly different between saline (n = 7) and
propranolol (Pro)-treated groups (n = 9). (C) The percentage of freezing behaviour at 24 h after reactivation. The freezing behaviour was
significantly reduced in the propranolol-treated group (n = 7) compared with saline-treated rats (n = 7). (D) The percentage of freezing be-
haviour at 24 h after reactivation. The freezing behaviour was not significantly different between saline (n = 7) and propranolol-treated
groups (n = 8). (E) The behavioural procedure used in the experiment. (F) The freezing behaviour was significantly reduced in overexpression
of GluA1-C-tail-treated rats (n = 9) compared with vector-adenovirus-treated rats (n = 8). (G) Time course of the fEPSP from
vector-adenovirus (n = 7 slices from four rats) or overexpression of GluA1-C-tail (n = 8 slices from four rats)-treated rats after reactivation.
Inset: The representative fEPSPs recorded in individual slices before (1) and 60 min after (2) LFS. (H) The histogram showing the level of
LTD at 60 min after LFS in vector-adenovirus or overexpression of GluA1-C-tail-treated rats after fear reactivation. (I) Representative images
of western blotting (upper). The histogram showing that surface expression of GIuAT subunits was enhanced after reactivation and this effect
was suppressed by overexpression of GluA1-C-tail, but not vector-adenovirus (n = 6). *P < 0.05, **P < 0.01, ***P < 0.001 versus saline or
vector-adenovirus-treated rats.

on reconsolidation of fear memory when given systemically terminalis and the brainstem nuclei; thus, the plasticity of
(Muravieva and Alberini, 2010). We suppose these contradic- amygdala also influences the plasticity and behavioural pro-
tions may be due to differences in trial protocols, the releas- cesses at the associated network level (Stamatakis et al., 2014).
ing pattern of noradrenaline and even hereditary factors. Because the neurotransmission from the thalamus to the LA
When compared with single brain regions, the extended plays a key role in auditory fear memory regulation (McKernan
nervous network integrity is also very important for efficient be- and Shinnick-Gallagher, 1997; Rumpel et al., 2005), this study
havioural regulations (Vertes, 2006; Bonnelle ef al., 2012). Ac- focused on the LA to investigate the LA-ITD and fear memory re-
cording to neuroimaging studies, the amygdala is part of an tention in rats.
extended nervous network, which is named ‘visceromotor’ net- Our behavioural experiments with reactivation were carried
work and modulates emotional behaviour (Nugent et al., 2006). out to clarify the intrinsic relationship of noradrenaline and
Because the basal and LA receives several nervous projections amygdala-dependent fear retention and the interfering property
from other brain regions, including the prefrontal cortex, the of propranolol on PTSD-like event. Although most previous re-
hippocampus and the thalamus, it has been accepted that plas- search found that propranolol given after reactivation was effec-
ticity of the amygdala may be a result of the plasticity at an ex- tive in attenuating fear retention (Debiec and Ledoux, 2004;
tended network level (Vertes, 2006; Bonnelle et al., 2012). And Debiec and LeDoux, 2006; Brunet et al., 2008), it has been re-
in the other way around, amygdala innervates nervous projec- cently demonstrated that pre-reactivational administration of
tions to downstream targets such as the bed nucleus of the stria propranolol did not modify PTSD symptoms (Wood et al.,

5078 British Journal of Pharmacology (2015) 172 5068-5082



Conditioning training ﬁ
(US +CS) iy

Fear memory.
retention

—~e
&N
F 4
olidation

‘VV
Reactivation
(CS)

I}
1
i
1
1
1
1
: =
i [ ]

! Propranolol GluA1-C-tail

E GluA1 surface
i

1

\

M B-AR v expression
, = |:> — B '

Figure 6

Scheme of the stages at which propranolol and GluAT1-C-tail can
interfere with fear reconsolidation. After acquisition of the asso-
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2015). However, other studies reported that propranolol given
before reactivation impaired the return of fear memory (Kindt
et al., 2009; Lonergan et al., 2012; Schwabe et al., 2012). Because
therapeutic intervention for PTSD was usually applied after the
exposure of traumatic stress, rather than fear reactivation (Vaiva
etal., 2003), treatments with propranolol were started before the
reactivation event and the drug was given three times 1 day
(Vaiva et al., 2003). We found that propranolol did not influence
freezing behaviour in the reactivation process but significantly
weakened fear retention in the reconsolidation test. These re-
sults indicated propranolol given before reactivation was effec-
tive in preventing reconsolidation-related fear retention.
Meanwhile, we found no significant effect of propranolol on
fear consolidation. We suppose that reactivation on day 2 ele-
vates the release of noradrenaline and it promotes fear
reconsolidation via p-adrenoceptors in LA. A confusing phe-
nomenon is that the reactivation event itself does not increase
fear memory retention tested on day 3. One explanation that
needs further evidence is that the reactivation stimulus contains
only the CS (three pulses of tone), which itself has memory
unstabilizing and transforming action, at the same time as offer-
ing fear reactivation.

Noradrenaline affects synaptic plasticity in different brain
areas, and the oy, ay and p-adrenoceptors have distinctive pat-
terns of expression in the CNS, which determines the func-
tion of noradrenaline in each neuroanatomical region
(Hein, 2006; Tully and Bolshakov, 2010). In the hippocampal
CAl region and the bed nucleus of the stria terminalis, norad-
renergic activation influences long-term potentiation (LIP)
and IID via a; and B-adrenoceptors (Wang et al., 2005;
McElligott et al., 2010; Nobis et al., 2011). It has been sug-
gested that adrenergic activation strengthens the amygdala
ITP in neural circuits involving glutamatergic and GABAergic

Propranolol and GIuA1 trafficking in amygdala m

transmission (Tully et al., 2007; Silberman et al., 2010). While
the inhibition of GABAergic neurotransmission by noradren-
aline (Tully et al., 2007) may be the result of activation of a-
adrenoceptors, we focused on AMPA receptors to explore the
long-term changes of glutamatergic transmission. I'TD of the
amygdala synaptic transmission is proposed as a cellular
mechanism determining fear memory retention or erasing
(Maroun, 2006; Kim et al.,, 2007, Hong et al., 2009;
Danielewicz and Hess, 2014). A recent study has demon-
strated that optogenetic delivery of amygdala-ITD leads to
fear memory erasure (Nabavi et al., 2014). It has been recog-
nized that fear memory can be reactivated and become unsta-
ble, suggesting that it can be either reconsolidated or
extinguished (Mahan and Ressler, 2012). We found that fear
reactivation induced an increased release of noradrenaline
and caused an impairment of LA-ITD by activating p-
adrenoceptors. So, reactivation-induced impairment of LA-
ITD may be the critical cellular mechanism for the destabili-
zation and reconsolidation of fear memory. Noradrenaline
can enhance fear memory by promoting acquisition and con-
solidation (Roozendaal et al., 2006; Tully and Bolshakov,
2010). While fear responses may represent a biological mech-
anism for memory enhancement, it may also be a fundament
for PTSD-like events in animal models. The noradrenaline-
based mechanism may also be involved in some other
emotion-aroused learning experiences, such as appetitive
conditioning (Salinas et al., 1997). But the mechanism for
noradrenergic activation-induced fear memory extinction
(Berlau and McGaugh, 2006) should be different, which
may include an ITP-enhancing and new memory (for extinc-
tion events) acquisition and consolidation processes. In this
research, we further explored the mechanism of action of
noradrenaline and the preventing efficacy of propranolol on
reactivation-related fear retention.

Activation of B-adrenoceptors by noradrenaline results in fa-
cilitation of excitatory synaptic transmission via the activation
of PKA signalling, contributing to the strengthening of emotional
memory (Evans et al.,, 2010). Our results indicate only the p-
adrenoceptor antagonist was effective on noradrenaline-induced
responses in LA and reactivation-induced fear retention. Interest-
ingly, we also found only the central action of propranolol is in-
volved in attenuating the effect of noradrenaline. We used a
dose of adrenaline (0.5 mg-kg™"') that was previously shown ele-
vating the contextual fear memory performance in mice
(Frankland et al., 2004; Hu et al., 2007). It was propranolol, rather
than nadolol, that is a peripherally selective p-adrenoceptor an-
tagonist that scarcely crosses the blood-brain barrier (Johnson
et al., 2008), which blocked the effects of adrenaline. Thus, selec-
tively blocking B-adrenoceptors in the CNS may exert much bet-
ter efficacy than systemic administration. Therefore, we gave
propranolol by intra-amygdala infusion. The results suggested
that the action of propranolol in LAwas specifically essential in
its attenuating efficiency on reactivation-induced fear retention.

There are critical phosphorylation sites within the C-
terminus of GluAl and GluA2 subunits of AMPA receptors
(Wang et al., 2005). The Ser®*! and Ser®** residues within the
C-terminal domain are crucial for the synaptic trafficking of
GluA1l subunits. The phosphorylation of GluA2 subunitsat
Ser®®® and Tyr®’ residues is important for the synaptic endo-
cytosis of GluA2-containing AMPA receptors and the forma-
tion of I'TD (Seidenman et al., 2003; Hayashi and Huganir,
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2004). Phosphorylation of GluA1-Ser®**’®3! by noradrenaline
in the hippocampus is required for the enhancement of emo-
tional memory (Hu et al., 2007). A recent study demonstrated
phosphorylation of GluA1-Ser®*! in LA is important for fear
renewal in rats (Lee et al., 2013). We found that acute treat-
ment with noradrenaline increased Ser®*>/®*! phosphoryla-
tion and surface expression of GluAl subunits, suggesting
phosphorylated modification of GluA1 subunits by PKA sig-
nals may be an integral component in adrenergic activation-
induced surface trafficking of these subunits. Our study also
showed that noradrenaline-induced surface expression of
GluA1l subunits was mainly located at extrasynaptic sites,
which indicates that further stimuli may be necessary to acti-
vate the lateral trafficking of GluAl-containing AMPA recep-
tors into the synapses, resulting in an increased number of
AMPA receptors at the postsynaptic density and an enhanced
potential for synaptic transmission.

However, it is unclear and deserves further research to
identify which subtypes of B-adrenoceptors are involved in
adrenergic activation in the LA. What is more, it needs further
exploration to answer whether other cellular signalling
events, as addressed in a mechanistic study of fear
reconsolidation (Li et al., 2013), and modulation of AMPA re-
ceptors in other manners may participate in reactivation-
induced amygdala and behavioural responses.

In summary, the present results suggest that reactivation
enhances fear retention by increasing the release of noradren-
aline, which promotes the surface expression of GluAl and
strengthens the excitatory synaptic transmission in LA. This
work provides new mechanistic insights for the beneficial ef-
fect of propranolol on event-based fear retention and indi-
cates that propranolol combined with exposure therapy
(moderate reactivation) may be more effective than propran-
olol or exposure therapy alone in the treatment of PTSD.
Moreover, other B-adrenoceptor antagonists with CNS selec-
tive action may also be targeted for the intervention of PTSD.
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Figure S1 There are no differences in baseline behaviors
between saline and propranolol-treated rats.

Figure S2 Negative effects of NE on glutamatergic synapse
transmission.

Figure S3 Activation of f-AR and phosphorylation GluA1-C
terminus mediate NE-induced upregulation of AMPAR func-
tion in LA.

Figure S$4 Neither propranolol nor overexpression of GluA1-
C-tail in LA influences fear acquisition, consolidation or reac-
tivation of rats.



