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Abstract

Reconsolidation disruption has been proposed as a method to attenuate pathological memories in disorders such as PTSD.
However, studies from our group and others indicate that strong memories are resistant to becoming destabilized following
reactivation, rendering them impervious to agents that disrupt the re-stabilization phase of reconsolidation. Thus, therapies
designed to attenuate maladaptive memories by disrupting reconsolidation updating have not been adequately developed.
We previously determined that animals possessing strong auditory fear memories, compared to animals with weaker fear
memories, are associated with an enduring increase in the synaptic GIUN2A/GIuN2B ratio in neurons of the mouse basal
and lateral amygdala (BLA). In this study, we determined whether increasing GIuUN2B levels within BLA excitatory
neuronal synapses is sufficient to enable modification of strong fear memories via reconsolidation. To accomplish this, we
utilized a combinatorial genetic strategy to express GIUN2B or GIuUN2B(E1479Q) in excitatory neurons of the mouse BLA
before or after fear memory consolidation. GIUN2B(E1479Q) contains a point mutation that increases synaptic expression
of the subunit by interfering with phosphorylation-driven endocytosis. At the time of memory retrieval, increasing synaptic
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GIuN2B levels by expression of GIUN2B(E1479Q), but not GIUN2B(WT), enhanced the induction of reconsolidation
rendering the strong fear memory modifiable. GIUN2B(WT) or GIuN2B(E1479Q) expression did not influence fear memory
maintenance or extinction. Fear memory consolidation, however, was enhanced when GIuN2B(E1479Q) was expressed in
the BLA at the time of training. These findings indicate that enhancing GIUN2B synaptic trafficking may provide a novel
therapeutic strategy to enhance modification of pathological memories.

Introduction

Many previous findings indicate that memory retrieval (i.e., reactivation) of weak fear memories induces a period
of vulnerability during which they are susceptible to modification or erasure. The prevailing view is that if these memories
are not re-stabilized via the protein synthesis-dependent mechanism of reconsolidation, the memories are lost (1-4). This
transient labilization is thought to allow new information to be effectively integrated into the existing memory trace (5, 6).
These alterations may weaken or strengthen (i.e., modify) the original memory (7). Pharmacologically blocking the
reconsolidation process is a potentially powerful treatment for attenuating memories associated with pathologies such as
PTSD and drug addiction (8-11). Recent clinical evidence, however, indicates that the effectiveness of this approach may
be limited because some memories are particularly resistant to retrieval-dependent memory destabilization (12). In these
cases, memory retrieval does not initiate the reconsolidation process, rendering pharmacotherapies designed to disrupt
reconsolidation ineffective (13, 14). This indicates that reconsolidation consists of two distinct phases. The first phase,
memory “destabilization,” is the initiation or induction of reconsolidation and represents the cellular and molecular events
during memory retrieval that produce lability, or instability, in the memory trace. The second phase of reconsolidation is
the protein synthesis-dependent re-stabilization, or re-storage phase, which can be targeted by blockers of reconsolidation
(i.e., anisomycin, propranolol, mifepristone, etc.). It is now known that a number of variables, including the age of the
memory, the strength of the memory, and the conditions under which memory retrieval occur, present important factors that
may contribute to the effectiveness of memory retrieval to initiate memory destabilization and induce reconsolidation
updating. Typically, strong or remote memories have been shown to be difficult to disrupt via reconsolidation blockade.
This appears to be due to the resistance of these memories to undergo retrieval-dependent memory destabilization (13-16).
Therefore, targeting the reconsolidation process will likely never be an effective treatment to attenuate pathological
memories unless methods are devised to enhance the induction of their reconsolidation.

A number of studies currently indicate that there are at least three major cellular events that are critical for retrieval-
induced destabilization of auditory fear memories: N-methyl D-aspartate receptor (NMDAR) activation (17, 18), ubiquitin
proteasome-dependent protein degradation (19), and alterations in a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor (AMPAR) subunit trafficking/endocytosis (20). NMDAR activation is critical to initiate ubiquitin proteasome-
dependent protein degradation and alterations in AMPAR subunit trafficking/endocytosis (19). NMDARs are heteromeric
glutamate receptors composed of two obligatory GIuN1 subunits and two GIuN2 subunits (21-23). In the hippocampus and
amygdala, the GIUN2A and GIuN2B subtypes are the predominantly expressed GIuN2 subtypes (24, 25). NMDAR subunit
composition alters the properties of the NMDAR due to inherent differences between the GIuUN2A and GIuN2B subunits.
GIuN1:GIuN2A receptors have a higher open probability, faster decay time, and lower sensitivity to glutamate and glycine
than GIUN1:GIuN2B containing receptors. GIUN2A and GIuN2B also differ considerably in their ability to bind to
postsynaptic scaffolding proteins that regulate the induction of plasticity (26, 27).

In an effort to understand the molecular basis of the differential requirements for retrieval-dependent memory
destabilization between weak and strong fear memories, our laboratory recently determined that auditory Pavlovian fear
memories created with 10 tone-shock pairings (10 TSP) are resistant to retrieval-dependent memory destabilization, and are
associated with an increase in the synaptic GIUN2A/GIUN2B ratio in neurons of the BLA when compared to weaker fear
memories created via 1 or 3 tone-shock pairings (1-3 TSP) (16). This switch could explain why strong fear memories are
resistant to retrieval-dependent memory destabilization and modification via reconsolidation. Prior to this study, it was
unknown whether increasing synaptic GIuN2B levels within the BLA is sufficient to render strong fear memories modifiable
via reconsolidation. Our findings indicate that manipulations that lead to an increase in synaptic GIuN2B may be viable
strategies to render pathological memories modifiable via reconsolidation updating.

Methods
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Subjects: Two to three-month-old male and female C57BL/6 aCaMKII-tTA mice (Jackson Laboratories; cat #
003010 B6) (28) were used for experiments described in this study. Male and female mice were used in all experiments,
and were equally distributed across the experimental groups. Animals were individually housed in polycarbonate cages on
a 12-hour light/dark cycle. Food and water were provided ad libitum. Animal use procedures were conducted according to
the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the University
of Texas at Dallas Animal Care and Use Committee.

Lentiviral plasmids: Viral plasmids were created using standard recombinant cloning techniques. The
development and testing of lentiviral plasmids encoding TRE3G-Flag-GluN2B and TRE3G-GFP are described in a previous
study from our laboratory (29). The lentiviral plasmid encoding TRE3G-Flag-GluN2B(E1479Q) was created by excising a
~1200 bp Sbfl-Sacll DNA fragment from the lentiviral plasmid encoding TRE3G-Flag-GIuN2B and exchanging it with a
similar DNA fragment (gBlock; Integrated DNA Technologies), which contained a codon mutation resulting in the E1479Q
change. The single Flag tag in the lentiviral plasmids encoding TRE3G-Flag-GluN2B and TRE3G-Flag-GIuN2B(E1479Q)
was converted to a 4X Myc tag by excising a ~240 bp BamHI-Xmal DNA fragment out of these plasmids and exchanging
it for an ~360 bp DNA fragment which replaced DNA coding for the Flag tag for DNA coding for a 4X Myc tag (gBlock;
Integrated DNA Technologies). All plasmids were verified by DNA sequencing.

Viral production, purification, and titering: Large-scale viral production, purification, and titering were
performed as described previously (29).

Fear Conditioning: Animals were fear conditioned and tested using a standard auditory fear conditioning system
equipped with video monitoring (Coulbourn Instruments), as previously described (16). Habituation: Two days post-viral
infusion, mice were handled for 2-3 min for two days. Mice were habituated to both the training context and retrieval context
for 10 min per day for four days. For reconsolidation experiments, two days before training, mice were habituated to infuser
placement. Training: Weak fear conditioning (3 TSP) consisted of exposure to 3 tones (30 sec, 5 kHz, 75 dB), each co-
terminating with a 2 sec, 0.75 mA foot shock, with an inter-trial interval (ITI) of 110 sec. For strong fear conditioning (10
TSP), animals received 10 similar TSPs; however, the ITI of the 10 TSP was pseudorandom (3-7 min average ITI over 45
min). Forty-eight hours after fear conditioning, animals were exposed to a single 30 sec tone in an alternate context (i.e., a
modified chamber and the absence of light, with distinct olfactory and tactile cues). Post-reactivation LTM (PR-LTM) was
examined 24 hr after reactivation and consisted of 5 tones in the same context as reactivation. For consolidation experiments,
short-term memory (STM) was examined 3 hours after training by exposing the mice to 3 tones (2 min ITI; 30 sec, 5 kHz,
75 dB) in an altered context. The long-term memory (LTM) test consisted of five 30 sec tones 24 hr following training in
the same altered context as STM. Videos were saved to a hard drive and freezing to the tone was scored by individuals
blinded to experimental conditions.

Viral infusion and Cannula Implantation: Viral infusions targeted the BLA [AP -1.6, ML 3.3, -DV *4.97] of
aCaMKII-tTA mice. Mice were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg). Infusion cannula
(C315G; PlasticsOne) were inserted into tubing (1.D. 0.0150 in, O.D. 0.043 in, wall thickness 0.0140 in; A-M Systems, Inc.)
which was fit securely to a syringe [Hamilton Company; 2 uL, 23-gauge (88500)]. Prior to surgery, the tubes were backfilled
with sterile 1X PBS, followed by sesame oil, where only 1X PBS was present in the ~5 cm region closest to the infusers.
The virus was drawn up into the infusion cannula, infusers were lowered to the BLA of mice, and virus was infused (1
uL/side at a titer of 1E+9 GC/mL) at a rate of 0.07 puL/min for 15 min using an infusion pump (New Era Pump Systems
Inc.; NE-300). For reconsolidation experiments, guide cannula (PlasticsOne; infuser projection, 1 mm; dummy cannula
projection, 0.5mm) targeting the mouse BLA were implanted at the time of viral infusion and secured with dental acrylic
(Ketac; Henry Schein Animal Health). To suppress the expression of the lentiviral transgene, animals were placed on a diet
of 200 mg/kg Dox feed (BioServ) 2 days before surgery. All BLA lentiviral infusions contained a small amount of adeno-
associated virus (AAV; 1E+8 viral particles) designed to express GFP from a cytomegalovirus (CMV) promoter to aid in
viral placement analysis. Successful viral infusion and cannula placement were assessed by post-experimental perfusion of
the animals with 10% phosphate-buffered formalin (110 mM, NaH.PO4, 150 mM NaCl) and observing GFP expression
across the BLA (Bregma 2.3 to -0.58) in perfused sections. Sections were then stained with a 0.5% cresyl violet solution to
aid in the identification of the loci of drug infusions. Only animals with bilateral BLA virus and cannula placement were
used in the analyses.

Drug Administration/Infusion: Following reactivation of the fear memory, mice were immediately removed from
the behavior chambers and bilaterally infused with either anisomycin (125 ug/uL) or vehicle (0.9% sterile saline) to the
BLA. Anisomycin or vehicle was infused at a volume of 0.3 uL/side at a rate of 0.15 pL/min. Anisomycin was prepared as
we have previously (16).
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Post-synaptic Density lIsolation: This procedure was performed as previously described (16). Mouse BLA
transduced with lentivirus were dissected. To accomplish this, three 200 um coronal sections containing the BLA were
taken using a cryostat. BLA tissue was subsequently collected using a 0.5 mm punch tool. This tissue was Dounce
homogenized in a Tris-HCI buffer (30 mM Tris-HCI, 4 mM EDTA, 1 mM EGTA). A protease inhibitor cocktail (Roche;
cOmplete ULTRA Tablets) was used per manufacturer’s instructions in all PSD preparation buffers. The homogenate was
centrifuged for 10 min at 800 G. The supernatant was collected and centrifuged for 1 hr at 100,000 G. The resulting pellet
was resuspended in Tris-HCI buffer containing 0.5% Triton X-100 and incubated on ice for 20 min. Samples were then
layered over 100 pL 1 M sucrose and centrifuged for 1 hr at 100,000 G. The resulting pellet was resuspended in Tris-HCI
buffer containing 1% SDS. The concentrations of the samples were obtained by comparison to BCA standards (Pierce BCA
Protein Assay Kit; 23227).

Immunocytochemistry (ICC), Immunohistochemistry (IHC), and Western Blot: Immunostaining for Flag in
293FT cells and the mouse brain was carried out as previously published (29). Samples stained using ICC and IHC were
imaged at 200X magnification (Olympus BX51 microscope, Olympus DP71 Digital Camera, and DP manager software).
Western blot was performed on post-synaptic densities (PSDs) isolated from the mouse BLA. Conditions for GIUN2B and
PSD-95 were as described previously (16). Myc was detected using an anti-Myc monoclonal antibody (ThermoFisher;
MAZ1-980). PVDF membranes containing the samples were blocked for 1 hr at RT using 5% BSA in TTBS. Samples were
incubated overnight at 4° C with the anti-Myc antibody (1:1000) in 5% BSA in TTBS. Samples were washed 3 times in
TTBS and incubated with anti-mouse-HRP (Cell Signaling, 7076S; 1:10,000) in 5% BSA for 1 hr at RT.

Statistics: Analysis of western blot data was performed using a One-way ANOVA and a One-tailed t-test. One-way
ANOVA was used to measure differences across groups during reactivation. One-way ANOVA with repeated measures
was used to measure differences across groups during extinction and consolidation experiments. Two-way ANOVA with
repeated measures was utilized to detect virus X treatment (anisomycin or vehicle) interaction effects in tests of PR-LTM.
Fisher’s LSD was used for post hoc analysis of data analyzed with ANOVA.

Results

Lentiviruses designed to express GIuN2B, GIuN2B(E1479Q), or GFP do so in vitro and in vivo, and this
expression can be suppressed using doxycycline

The goal of these experiments was to determine if increasing the level of GIUN2B at BLA excitatory synapses at
the time of reactivation of a strong fear memory is sufficient to enhance the retrieval-dependent initiation of reconsolidation.
To accomplish this, it was necessary to genetically engineer recombinant viruses capable delivering GIUN2B transgenes
and to restrict expression of these transgenes to BLA excitatory neurons. We previously determined that GIuUN2B transgenes
are difficult to express. Therefore, we developed an optimal method to increase GIUN2B levels in aCaMKII positive BLA
excitatory neurons by the infusion of lenti viruses into the BLA of aCaMKII-tTA mice. These viruses are designed to
express GIUN2B from a TRE3G promoter which restricts expression to aCaMKII-positive BLA excitatory neurons (when
used within aCaMKII-tTA mice). These vectors allow sufficient expression of the transgene, and allow the transgene
expression to be suppressed by feeding the animals doxycycline (Dox) containing chow (29).

Since it was previously reported that synaptic GIUN2B levels may not be significantly influenced by mere
overexpression of GIluN2B mRNA/protein (30, 31), we generated a GIuN2B viral transgene that contains a point mutation
resulting in an E to Q transition within its C-terminal tail (E1479Q). This point mutation leads to inhibition of
phosphorylation driven-endocytosis of GIuN2B, leading to higher surface levels of the receptor subunit (32). We also
generated a lentivirus to deliver green fluorescent protein (GFP) controlled from a TRE3G promoter as a control (Figure
1a).

To determine if the expression of the lentiviral transgene is inhibited by the presence of Dox, 293FT cells expressing
tetracycline-controlled transactivator (tTA) were transduced with these viruses in the presence and absence of Dox. Forty-
eight hours post-transduction, an ICC was performed to examine Flag-tagged GIUN2B(WT) and GIuN2B(E1479Q)
expression. GFP native fluorescence was also examined from the control construct. These viruses were capable of
expressing their transgenes in the absence of Dox, and expression was suppressed in the presence of Dox (Figure 1b).

To determine if the pattern of expression was the same in vivo, we infused these lentiviruses into the BLA of
aCaMKII-tTA mice while the animals were on Dox. We then removed half the animals from Dox and the animals were
euthanized 8 days later. BLA-containing coronal brain sections were processed for detection of native GFP expression and
IHC detection of the Flag-tagged GIuN2B transgenes (Figure 1c). The viruses were capable of expressing their transgenes
in the absence of Dox, and expression was suppressed in the presence of Dox in vivo (Figure 1d).
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Next, we sought to assess if the delivered GIUN2B(WT) and GIuN2B(E1479Q) transgenes lead to incorporation of
these proteins into the post-synaptic density (PSD) in vivo. For these experiments, we utilized 4X Myc-tagged GIuN2B
transgenes because we found that the Flag-tagged GIUN2B transgenes were difficult to detect using anti-Flag western
blotting in our pilot experiments (Figure 2a). We infused these viruses into the BLA of aCaMKII-tTA mice and harvested
the tissue 15 days later (Figure 2b). The BLA was micro-dissected and the PSD proteins were isolated. Western blotting
for Myc, GIuN2B, and PSD-95 was subsequently performed. Samples were analyzed relative to PSD-95 expression. A One-
way ANOVA revealed that GIUN2B levels significantly differed between the GIUN2B(WT), GIUN2B(E1479Q), and Naive
samples, [F(2,25) = 3.55, p = 0.0461], [GIUN2B(E1479Q) n = 9, GIuN2B(WT) n = 9, Naive n = 10]. Post hoc analysis
determined that synaptic GIuN2B levels were significantly higher in the GIuUN2B(E1479Q) samples compared to naive
animals (p = 0.0239). However, GIuN2B levels were not significantly higher in the GIuN2B(WT) samples compared to the
naive controls (p = 0.558), (Figure 2c). Western blotting for the Myc-tag indicated that both GIUN2B(WT) and
GIuN2B(E1479Q) successfully incorporate into synaptic NMDARs at the PSD, but GIuN2B(E1479Q) exhibited
significantly higher synaptic levels compared to GIUN2B(WT), [t(17) = 2.06, p = 0.027] (Figure 2d).

Collectively, these data are consistent with previous findings indicating that acute overexpression of GIUN2B(WT)
does not lead to significant differences in synaptic GIUN2B levels. Synaptic GIUN2B levels are regulated at the level of
synaptic trafficking more so than on transcriptional/translational levels (30, 31). Thus, we can circumvent this limitation by
utilizing GIuN2B(E1479Q) to increase synaptic GIUN2B levels.

Increasing synaptic levels of GIuUN2B in BLA aCaMKI 1 positive neurons using GIuUN2B(E1479Q) enables the
reconsolidation of strong auditory fear memories and is retrieval-dependent and resistant to spontaneous recovery

In our next experiment, we infused the GIUN2B(WT), GIUN2B(E1479Q), or GFP viruses into the BLA of
aCaMKII-tTA mice, and maintained the animals on a diet containing Dox to suppress the expression of the transgenes. The
animals were fear conditioned with 10 TSP to produce strong fear memories. Two days later, the animals were switched to
a diet that did not contain Dox to allow expression of the transgenes outside of the memory consolidation window. Eight
days later, the animals underwent a single tone retrieval trial followed by immediate intra-BLA administration of vehicle or
anisomycin. Twenty-four hours later, they were tested for PR-LTM (Figure 3a). GIuN2B(WT) and GIuN2B(E1479Q)
were tested in separate experiments and compared to a GFP control. For the GIUN2B(WT) experiment, there was no
significant difference in freezing levels to the tone during reactivation across the groups, [F(1,24) = 0.065, p = 0.8002],
[GFP/Veh n =6, GFP/Aniso n =7, GIuUN2B(WT)/Veh n =7, GIuN2B(WT)/Aniso n = 9], (Figure 3b). A Two-way ANOVA
with repeated measures did not reveal a significant difference between the groups during PR-LTM, indicating that
overexpression of GIUN2B(WT) was not sufficient to enhance retrieval-dependent destabilization for a strong fear memory,
[F(1,24) = 0.952, p = 0.3999]. For the GIuN2B(E1479Q) experiment, there was not a significant difference in freezing
levels to the tone during reactivation across the groups, [F(1,25) = 0.004, p = 0.9522], [GFP/Veh n =7, GFP/Aniso h = 7,
GIuN2B(E1479Q)/Veh n = 7, GIUN2B(E1479Q)/Aniso n = 7], (Figure 3c). However, a Two-way repeated measures
ANOVA, [F(1,25) = 7.845, p = 0.0097], revealed a virus X drug interaction effect during PR-LTM. Post hoc analysis
revealed that the GIUN2B(E1479Q)/Aniso group froze significantly less than the other groups, (p < 0.05). This indicates
that expression of GIUN2B(E1479Q) was sufficient to enhance retrieval-dependent destabilization for a strong fear memory
and render it vulnerable to reconsolidation blockade via post-retrieval intra-BLA anisomycin administration.

As a follow-up to the above findings, a similar experiment was performed to assess if the apparent influence of
GIuN2B(E1479Q) on memory destabilization depends on retrieval of the fear memory. In this experiment, all animals were
infused with GIUN2B(E1479Q) virus in the BLA and maintained on a diet containing Dox. The animals were fear
conditioned with 10 TSP 6 days after surgery. Two days later, the animals were switched to a diet that did not contain Dox.
Eight days later, half the animals underwent a single tone retrieval trial and the other half did not. Animals in the retrieval
and no-retrieval groups were then administered vehicle or anisomycin to the BLA. Twenty-four hours later, the animals
were subjected to a PR-LTM test (Figure 4a). The animals that underwent reactivation did not exhibit a significant
difference in freezing to the single tone, [F(1,15) = 0.809, p = 0.3826], (Figure 4b). A Two-way repeated measures ANOVA
revealed a treatment X drug interaction effect between the groups during PR-LTM, [F(1,26) = 7.607, p = 0.0105]. Post hoc
analysis revealed that mice that received both reactivation and anisomycin froze significantly less compared to the other
groups (p < 0.05), [Reactivation/Veh n = 8, Reactivation/Aniso n = 9, No Reactivation/VVeh n = 7, No Reactivation/Aniso
n = 6]. In addition, we tested spontaneous recovery of fear 7 days following the PR-LTM test and were able to detect a
statistically significant treatment X drug interaction effect in freezing to the tone, [F(1,26) = 8.227, p = 0.0081]. Post hoc
analysis revealed that animals that received both reactivation and anisomycin froze significantly less compared to the other
groups, (p < 0.05), indicating a lack of spontaneous recovery of freezing behavior. Collectively, these data indicate that
GIuN2B(E1479Q) mediated memory destabilization in a retrieval-dependent manner, and the reduction in freezing response
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due to the combination of GIUN2B(E1479Q), reactivation, and anisomycin was resistant to spontaneous recovery when
examined 8 days following reactivation.

Increasing synaptic levels of GluN2B in BLA aCaMKII positive neurons using GluN2B(E1479Q) does not
influence the reconsolidation of weak auditory fear memories that are capable of being modified via reconsolidation

Next, we sought to determine if increasing GIUN2B levels with GIUN2B(E1479Q) might further enhance memory
destabilization for a weak fear memory, which may lead to an enhanced attenuation of fear when reconsolidation is impaired
by post-retrieval intra-BLA anisomycin administration. To accomplish this, we performed a similar experiment to that in
Figure 3d, except animals were weak fear conditioned with 3 TSP instead of 10 TSP, (Figure 4c). During reactivation, the
groups did not significantly differ in their freezing to the tone, [F(1,26) = 0.128, p = 0.7256], [GFP/Veh n = 10, GFP/Aniso
n =7, GIuN2B(E1479Q)/Veh n = 8, GIuN2B(E1479Q)/Aniso n = 7], (Figure 4D). A PR-LTM test was performed 24 hours
following reactivation. Two-way ANOVA with repeated measures, [F(1,26) = 18.282, p = 0.0002], revealed a significant
difference between the groups. Post hoc analysis revealed that animals receiving anisomycin, regardless of the virus
administered, [GIUN2B(E1479Q) or GFP], exhibited significantly less freezing compared to saline controls, (p < 0.05).
Expression of GIuN2B(E1479Q) for a weak memory did not lead to an additional enhancement of memory destabilization,
indicating that weak fear memories may fully destabilize upon retrieval and/or GIuN2B levels are not rate-limiting for the
induction of reconsolidation of weak memories.

Increasing synaptic levels of GluN2B in BLA aCaMKII positive neurons using GluN2B(E1479Q) does not
influence the extinction or maintenance of auditory fear memories

GIuN2B has been implicated in extinction learning. Blocking the activity of GIuN2B-containing NMDARs with
ifenprodil within the BLA at the time of extinction has been shown to impair the animal’s ability to extinguish a fear memory
(33). However, prior to this study it was unknown whether selectively increasing synaptic GIUN2B at the time of extinction
learning within BLA aCaMKII positive excitatory neurons would influence extinction learning. To examine this, the BLA
of aCaMKII-tTA mice were infused with GFP, GIuN2B(WT), or GIuN2B(E1479Q) lentiviruses while the animals were on
Dox. Animals were fear conditioned with 3 TSP to create weak fear memories. Forty-eight hours later, the animals were
taken off Dox for 14 days to enable expression of the lentiviral transgenes. Animals were tested for extinction learning with
exposure to 10 tone extinction sessions for three consecutive days (Figure 5a). A repeated measures ANOVA for the tone
averages of each day did not reveal a difference between groups, [F(2,27) = 0.948, p = 0.3999], [GFP n = 10,
GIUN2B(E1479Q) n = 10, GIuN2B(WT) n = 10], (Figure 5b).

An additional experiment was conducted to determine if the expression of GIUN2B(E1479Q) within BLA neurons
interferes with the maintenance and extinction of a strong auditory fear memory over time. Animals were infused with either
the GIuUN2B(E1479Q) or GFP lentiviruses and trained in auditory fear conditioning using 10 TSP while on Dox. All animals
were removed from Dox 48 hours following fear conditioning. Five and thirteen days after fear conditioning, LTM tests (2
tones per test) were administered to the animals. Seven days later, the animals were subjected to 3 consecutive days of
extinction training (10 tones/day), (Figure 5c). There was not a significant difference between the groups during LTM 1,
[F(1,33) = 0.78, p = 0.3828], or LTM 2, [F(1,33) = 0.721, p = 0.4012], [GFP n = 17, GIuN2B(E1479Q) n = 18]. In addition,
no significant differences in freezing between the groups during the three extinction sessions were observed, [F(1,33) =
1.017, p =0.3771], (Figure 5d).

Increasing synaptic levels of GIUN2B in BLA aCaMKII positive neurons using GIuN2B(E1479Q) enhances
the consolidation of Pavlovian auditory fear memories

In our final experiment, we examined how the expression of GIUN2B(WT) or GIuN2B(E1479Q) within BLA
excitatory neurons influence the acquisition and consolidation of auditory fear memories. We infused either GFP,
GIUN2B(WT), or GIuUN2B(E1479Q) lentiviruses into the BLA of aCaMKII-tTA mice. Fifteen days following infusion,
animals were fear conditioned (3 TSP), tested for short-term memory (STM) 3 hours later, and tested for LTM 21 hours
after STM (Figure 5e). We determined that viral-mediated expression of GIUN2B(E1479Q) or GIuN2B(WT) prior to and
during fear conditioning had no influence on STM, [F(2,25) = 1.215, p = 0.3125], [GFP n =9, GIuN2B(E1479Q) n =9,
GIuN2B(WT) n = 10], (Figure 5f), however, the GIUN2B(E1479Q) group displayed statistically significantly elevated
freezing in response to the tone during the LTM test, [F(2,25) = 7.617, p = 0.0067], compared to the GFP group, (p =
0.0212) and the GIUN2B(WT) group, (p =0.002).
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Discussion

Therapeutic methods designed to attenuate maladaptive emotional memories are not currently satisfactorily
effective. Disruption of the reconsolidation process has been proposed to be a powerful method to attenuate strong memories
in psychopathologies such as PTSD, but numerous studies indicate that strong memories are resistant to retrieval-dependent
memory destabilization. Because of this, viable treatments to therapeutically attenuate maladaptive memories by taking
advantage of the phenomenon of reconsolidation updating have yet to be fully developed. While others have identified
boundary conditions limiting reconsolidation mechanisms, the real challenge is identifying the molecular mechanisms by
which these boundaries express themselves in order to develop targeted manipulations to enhance the ability of these circuits
to be modified via reconsolidation. Here, we demonstrate that while overexpression of wild-type GIuN2B within BLA
excitatory neurons is not sufficient to enhance the modification of strong fear memory via reconsolidation mechanisms, the
expression of GIUN2B(E1479Q) is. These data, for the first time, indicate that increasing synaptic trafficking of GIUN2B is
likely critical for the ability to enhance reconsolidation induction mechanisms — simply increasing mRNA/protein
expression may not be sufficient. Therefore, these data refine our understanding of the molecular mechanisms of memory
destabilization, and provide evidence for a potential therapeutic target to enhance the induction of reconsolidation in
reconsolidation-resistant memories.

Our data indicate that overexpression of GIUN2B or GIUN2B(E1479Q) does not influence the acquisition of fear
memory (i.e., STM), but expression of GIuUN2B(E1479Q) enhances the consolidation of fear memory (i.e., freezing levels
during LTM). Importantly, expression of GIuUN2B and GIuUN2B(E1479Q) does not interfere with the expression of fear or
sensory perception because STM is intact and freezing levels during reactivation are normal. Notably, ectopic expression
of GIuN2B or GIuN2B(E1479Q) within the BLA does not enhance extinction. It may be that synaptic GIuN2B on BLA
excitatory neurons is not necessary for, or does not contribute significantly to auditory fear memory extinction. However,
given that intra-BLA administration of pharmacological agents that manipulate GIuN2B function influence auditory fear
memory extinction, it may be that expression of GIuUN2B on BLA interneurons is necessary for auditory fear memory
extinction.

Overexpression of GIUN2B(E1479Q), but not GIUN2B(WT), enables the retrieval-dependent induction of
reconsolidation of a strong fear memory. Our data indicate the likely reason for the failure of overexpression of wild-type
GIuN2B to enhance the initiation of reconsolidation is that this manipulation simply does not sufficiently increase synaptic
GIuN2B levels. Other groups have also demonstrated that overexpression of wild-type GIuUN2B does not significantly
increase synaptic GIUN2B levels (30, 31). This is in contrast to GIuUN2A, the overexpression of which does lead to a
significant increase in synaptic GIUN2A levels (16, 31).

In all, we were able to enhance the modifiability of synaptic connections in a brain region heavily involved in the
storage and modulation of fear memories by increasing the synaptic levels of a receptor subunit known to increase synaptic
plasticity. Expanding this research to examine agents that increase synaptic trafficking of GIUN2B, their involvement in
neural circuit stability, and the ability of these manipulations to enhance reconsolidation of modification-resistant memory
traces may lead to the development of novel therapeutic strategies to attenuate pathological symptoms and improve the
health of patients suffering from a variety of psychiatric disorders.
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Figure 1. Lentiviruses designed to express GIuN2B, GIuN2B(E1479Q), or GFP do so in vitro and in vivo, and
this expression can be suppressed using doxycycline. (a) Lentiviral genomes from 5°-3” LTR (above). Location
of mutation in the PDZ domain in GIuN2B(E1479Q) compared to the GIuN2B wild-type sequence (below). (b)
Regulation of GFP, GIuN2B(WT) and GIuN2B(E1479Q) lentiviral transgenes by Dox in vitro (HEK cells) detected
by imaging of GFP or immunocytochemistry for a Flag-tag included in each GIuN2B transgene off Dox (left) and
on Dox (right). (c) Timeline for testing Dox regulation of lentiviral transgenes in vivo in aCaMKII-tTA mice. (d)

Detection of lentiviral transgene expression in vivo off Dox (left) and on Dox. All scale bars are set to 100 pm.
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Figure 2. Overexpression of GIUN2B via GIuUN2B(E1479Q), but not GIUN2B(WT), increases levels of the
subunit at the synapse. (a) Maps of lentiviral genomes designed to express GIUN2B(WT) or GIuUN2B(E1479Q)
with a 4X Myc-tag. (b) Experimental timeline for examining synaptic GluN2B levels within the BLA of aCaMKII-
tTA mice following viral transduction with lentiviruses designed to express GIuUN2B(WT) or GIuN2B(E1479Q).
(c) Western blot of post-synaptic density proteins from amygdala neurons expressing GIUN2B(WT),
GIuN2B(E1479Q), or naive samples for Myc, GIuN2B, and PSD95. (d) GIuN2B levels quantified and compared to
naive samples reveals an increase in samples expressing GIUN2B(E1479Q) (p < 0.04), but not in those
overexpressing GIUN2B(WT). (e) Myc signal quantified across groups reveals a significant increase of GUN2B
incorporation into the post-synaptic density in samples that received GIUN2B(E1479Q) compared to GIUN2B(WT)
(p <0.03). *=p<0.05,ns = not significant. Error bars = Standard Error of the Mean (SEM).
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Figure 3. Increasing synaptic levels of GluN2B in aCaMKII positive BLA neurons using GIuN2B(E1479Q)
but not GIUN2B(WT), enables the reconsolidation of strong auditory fear memories. (a) Experimental timeline
of reconsolidation experiment. (b) Expression of GIuN2B(WT) in BLA aCaMKII positive neurons was not
sufficient to enhance retrieval-dependent destabilization for a strong fear memory. (c) Increasing synaptic levels of
GIuN2B in the BLA with GIuUN2B(E1479Q) at the time of reactivation of a strong fear memory did enhance the
induction of reconsolidation to occur. Animals that received the mutant virus and were treated with anisomycin
exhibited significantly lower freezing to the tone during a PR-LTM test (p < 0.001). * = p < 0.001, ns = not

significant. Error bars = SEM.
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dependent, and resistant to spontaneous recovery. Reconsolidation of weak memories is not affected by
the expression of GIuN2B(E1479Q). (a) Experimental timeline, which includes a second PR-LTM test
(spontaneous recovery) 8 days after the initial reactivation. (b) Animals that receive reactivation and infusion with
anisomycin displayed significant pharmacologically induced amnesia to the tone 24 hours (p < 0.01) and 8 days (p
< 0.01) following reactivation. (c) Experimental timeline for reconsolidation of weak fear memories. (d) Both the
GIuN2B(E1479Q) and control animals (GFP) displayed a similar degree of pharmacologically induced amnesia if
treated with anisomycin following reactivation. (€) Depiction of the hypothesis that initiation of reconsolidation of
strong auditory fear memories can be enabled by increasing GIuN2B levels at excitatory synapses. * = p < 0.01, ns
= not significant. Error bars = SEM.
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Figure 5. Increasing synaptic GIuN2B levels in the BLA utilizing GIuN2B(E1479Q) does not affect extinction
of strong or weak fear memories, but does enhance consolidation. (a) Experimental timeline for the extinction
of weak fear memories. (b) Increasing GIUN2B levels in the BLA during extinction training did not enhance or
inhibit the ability to extinguish fear. (c) Experimental timeline to test for spontaneous memory loss and extinction
of strong fear memories. (d) Expression of GIuUN2B(E1479Q) within the BLA does not lead to spontaneous loss of
a strong fear memory or affect the ability to extinguish fear with extinction training. (e) Experimental timeline to
test for the effects of increasing GIUN2B levels within the BLA at the time of consolidation. (f) An STM test
revealed no difference between GFP, GIUN2B(E1479Q), or GIUN2B(WT). (g) Animals that received
GIuN2B(E1479Q) before fear conditioning displayed enhanced consolidation (p < 0.01), revealed by an LTM test,
while GIUN2B(WT) showed similar freezing levels to the GFP control. * = p < 0.01, ns = not significant. Error bars
= SEM.
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