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It is well established that arousal-induced memory enhancement requires noradrenergic
activation of the basolateral complex of the amygdala (BLA) and modulatory influences
on information storage processes in its many target regions. While this concept
is well accepted, the molecular basis of such BLA effects on neural plasticity
changes within other brain regions remains to be elucidated. The present study
investigated whether noradrenergic activation of the BLA after object recognition training
induces chromatin remodeling through histone post-translational modifications in the
insular cortex (IC), a brain region that is importantly involved in object recognition
memory. Male Sprague—Dawley rats were trained on an object recognition task,
followed immediately by bilateral microinfusions of norepinephrine (1.0 wg) or saline
administered into the BLA. Saline-treated control rats exhibited poor 24-h retention,
whereas norepinephrine treatment induced robust 24-h object recognition memory.
Most importantly, this memory-enhancing dose of norepinephrine induced a global
reduction in the acetylation levels of histone H3 at lysine 14, H2B and H4 in the IC
1 h later, whereas it had no effect on the phosphorylation of histone H3 at serine
10 or tri-methylation of histone H3 at lysine 27. Norepinephrine administered into the
BLA of non-trained control rats did not induce any changes in the histone marks
investigated in this study. These findings indicate that noradrenergic activation of the BLA
induces training-specific effects on chromatin remodeling mechanisms, and presumably
gene transcription, in its target regions, which may contribute to the understanding
of the molecular mechanisms of stress and emotional arousal effects on memory
consolidation.

Keywords: norepinephrine, emotional arousal, memory consolidation, epigenetics, histone acetylation

Introduction

Enhanced memory for emotionally arousing events is a well-recognized phenomenon,
which has obvious adaptive value in evolutionary terms, as it is vital to remember both
dangerous and favorable situations (Roozendaal and McGaugh, 2011). Extensive evidence
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indicates that noradrenergic activation of the basolateral
complex of the amygdala (BLA) is critically involved in
mediating emotional arousal effects on memory enhancement
by influencing synaptic plasticity and information storage
processes in other brain regions (Introini-Collison et al., 1991;
Ferry et al, 1999; Hatfield and McGaugh, 1999; Roozendaal
et al,, 2002, 2009; LaLumiere et al., 2003; Huff et al., 2005;
Barsegyan et al., 2014). Noradrenergic activation of the BLA also
enhances the consolidation of low-arousing object recognition
memory (Roozendaal et al., 2008), a naturalistic task based
on the spontaneous tendency of rodents to explore a novel
object more than a familiar one (Ennaceur and Delacour,
1988). Memory for object recognition training is known to
depend on synaptic plasticity changes within the perirhinal
cortex (Albasser et al., 2009; Barker and Warburton, 2011)
and insular cortex (IC; Bermudez-Rattoni et al., 2005; Balderas
et al.,, 2008; Roozendaal et al., 2010; Bermudez-Rattoni, 2014).
For example, long-term memory of an object, but not of the
location of the object, is impaired when the protein-synthesis
blocker anisomycin is applied into either the perirhinal cortex
or IC, whereas short-term memory is not affected (Balderas
et al., 2008). Considerable evidence indicates that the IC,
which has traditionally been investigated mostly with respect
to its involvement in taste memory (Berman et al, 2000;
Bermudez-Rattoni, 2004; Shema et al., 2007; Nufiez-Jaramillo
et al,, 2010; Stehberg et al, 2011), is an important node of
the rodent brain network involved in emotional regulation
of learning and memory (Bermudez-Rattoni and McGaugh,
1991; Bermudez-Rattoni et al., 1991; Nerad et al., 1996; Fornari
et al., 2012b). The IC is also densely interconnected with
the BLA (McDonald and Jackson, 1987; Paré et al., 1995;
Shi and Cassell, 1998) and several studies indicated functional
interactions between these two brain regions (Escobar et al., 1998;
Rodriguez-Duran et al,, 2011; Moraga-Amaro and Stehberg,
2012). Critically, the finding that noradrenergic blockade of the
BLA prevents the effect of drug administration into the IC
on conditioned taste aversion as well as inhibitory avoidance
memory (Miranda and McGaugh, 2004), provides important
support for the view that noradrenergic activity of the BLA
regulates neural plasticity and memory consolidation processes
within this brain region.

Whereas the behavioral consequences of noradrenergic
activity of the BLA on memory consolidation are well established,
the molecular mechanism(s) underlying this BLA influence
on information storage processes in efferent brain regions
are yet to be determined. During the last decade new
investigations concerning the mechanism of gene expression
have shed light on different forms of epigenetic modifications,
i.e., histone post-translational modifications (PTMs), DNA
methylation and non-coding RNAs, that are involved in learning
and memory (Levenson et al, 2004; Miller et al., 2008,
2010; Stefanko et al., 2009; Gupta et al., 2010; Roozendaal
et al, 2010; Reolon et al, 2011). An impressive body of
literature indicates that the chromatin state through histone
PTMs, such as acetylation, phosphorylation or methylation
of histone tails, must be altered to allow for changes in
gene expression related to memory consolidation (Levenson

et al, 2004; Chwang et al, 2006; Koshibu et al, 2009;
Stefanko et al., 2009; Gupta et al., 2010; Roozendaal et al,
2010; Haettig et al, 2011; Kye et al, 2011; Gréff et al,
2012; Griggs et al, 2013). In a prior study, we reported
that inducing a histone hyperacetylated state within the IC
with local posttraining infusions of the histone deacetylase
(HDAC) inhibitor sodium butyrate (NaB) enhanced memory
of object recognition training (Roozendaal et al, 2010).
Here, we investigated whether a memory-enhancing dose
of norepinephrine administered into the BLA after object
recognition training triggers chromatin modifications within
the IC. We examined different histone PTM marks that
have been reported to be involved in learning and memory
and/or stress adaptation such as acetylation of histone H3
at lysine 14 (acH3K14), acetylation of histone H2B (acH2B),
acetylation of histone H4 (acH4), phosphorylation of histone
H3 at serine 10 (pH3S10) and tri-methylation of histone
H3 at lysine 27 (3meH3K27) (Chwang et al,, 2006; Fischer
et al,, 2007; Hunter et al., 2009; Koshibu et al., 2009, 2011;
Bousiges et al., 2010; Graff et al., 2012). To determine whether
the norepinephrine effect on histone PTMs depends on the
object recognition training experience, changes in these histone
marks were also assessed after norepinephrine administration
into the BLA of non-trained control rats. Furthermore, as
some findings indicated an important role for extracellular
signal-regulated kinase 1/2 (ERK1/2) protein in regulating
histone PTMs in memory formation (Levenson et al., 2004;
Chwang et al, 2006; Chandramohan et al., 2008; Gutiérrez-
Mecinas et al., 2011; Mifsud et al., 2011), we also investigated
whether noradrenergic activation of the BLA after object
recognition training changes the phosphorylation status of
ERK1/2 in the IC.

Materials and Methods

Subjects

Male adult Sprague-Dawley rats (280-320 g at time of surgery)
from Charles River Breeding Laboratories (Kisslegg, Germany)
were housed individually in a temperature-controlled (22°C)
vivarijum room and maintained on a 12-h:12-h light:dark
cycle (lights on: 7:00-19:00 h) with ad libitum access to
food and water. Training and testing were performed during
the light phase of the cycle between 10:00 and 15:00 h. All
experimental procedures were in compliance with the European
Communities Council Directive on the use of laboratory
animals of November 24, 1986 (86/609/EEC) and approved
by the Institutional Animal Care and Use Committees of the
University of Groningen and Radboud University Nijmegen,
Netherlands.

Surgery

Rats, adapted to the vivarium for 1 week, were anesthetized
with a subcutaneous injection of ketamine (37.5 mg/kg of
body weight; Alfasan) and dexmedetomidine (0.25 mg/kg;
Orion) and received the non-steroidal analgesic carprofen
(4 mg/kg; Pfizer). Oxygen (35%) mixed with ambient air was
administered during surgery such that blood oxygenation levels
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would not drop below 90% (Fornari et al, 2012a). The rats
were positioned in a stereotaxic frame (Kopf Instruments,
Tujunga, CA), and two stainless-steel guide cannulae (15 mm;
23 gauge; Component Supply Co/SKU Solutions, Fort Meade,
FL) were implanted bilaterally with the cannula tips 2.0 mm
above the BLA. The coordinates were based on the atlas of
Paxinos and Watson (2007): anteroposterior (AP), —2.8 mm
from Bregma; mediolateral (ML), +5.0 mm from the midline;
dorsoventral (DV), —6.5 mm from skull surface; incisor bar:
—3.3 mm from interaural. The cannulae were affixed to the
skull with two anchoring screws and dental cement. Stylets
(15-mm-long 00 insect dissection pins) were inserted into
each cannula to maintain patency. After surgery, the rats
were administered atipamezole hydrochloride (0.25 mg/kg sc;
Orion) to reverse anesthesia and were subsequently injected
with 3 ml of sterile saline to facilitate clearance of drugs
and prevent dehydration. The rats were allowed to recover
for a minimum of 10 days prior to training and were
handled for 1-2 min per day for 5 days preceding the
training day.

Object Recognition Training and Testing
Procedures

The experimental apparatus was a gray open-field box (in cm:
40 w x 40 d x 40 h) with the floor covered with sawdust
and placed in a dimly illuminated room. The objects to be
discriminated were transparent glass vials (5.5 cm diameter and
5 cm height) and white glass light bulbs (6 cm diameter and
11 cm length). The rats were not habituated to the experimental
context prior to the training trial. Previously, we have shown
that this produces novelty-induced arousal during the training
(Okuda et al., 2004). On the training trial, each rat was placed
individually in the training apparatus at the opposite end from
the objects and was allowed to explore two identical objects
(Al and A2) for 3 min, which by itself is insufficient to
induce long-lasting memory of the objects (Okuda et al., 2004;
Bermudez-Rattoni et al., 2005; Roozendaal et al., 2006, 2008).
Rats’ behavior was recorded with a video camera positioned
above the experimental apparatus. Videos were analyzed off-
line by a trained observer blind to treatment condition. The
total time spent exploring the two objects during the training
trial was taken as a measure of object exploration. Rats showing
a total exploration time of <10 s on the training trial were
removed from analyses, because previous findings indicated that
such rats do not acquire the task (Okuda et al, 2004). To
avoid the presence of olfactory cues, the sawdust was stirred
and the objects were cleaned with 70% ethanol after each
animal.

Some rats were sacrificed for tissue collection 1 h after
training and immediate posttraining drug treatment. Other
rats were tested for retention 24 h after the training trial.
During the retention test, one copy of the familiar object
(A3) and a new object (B) were placed in the same location
as stimuli during the training trial. All combinations and
locations of objects were used in a balanced manner to reduce
potential biases due to preference for particular locations or
objects. The rat was placed in the experimental apparatus

for 3 min and the time spent exploring each object and
the total time spent exploring both objects were recorded.
Exploration of an object was defined as pointing the nose to
the object at a distance of <1 ¢cm and/or touching it with the
nose. Turning around, climbing or sitting on an object was
not considered as exploration. In order to analyze cognitive
performance, a discrimination index was calculated as the
difference in time exploring the novel and familiar object,
expressed as the ratio of the total time spent exploring both
objects (i.e., [Time Novel — Time Familiar/Time Novel + Time
Familiar] x 100%).

Drug Administration

Norepinephrine (1.0 pg; Sigma-Aldrich) was dissolved in saline
and administered into the BLA immediately after the object
recognition training trial (Roozendaal et al., 2008). Bilateral
infusions of drug or an equivalent volume of saline were
administered into the BLA via 30-gauge injection needles
connected to 10-pl Hamilton microsyringes by polyethylene
(PE-20) tubing. The injection needles protruded 2.0 mm
beyond the cannula tips and a 0.2-pl injection volume
per hemisphere was infused over a period of 30 s by an
automated syringe pump (Stoelting Co., Dublin, Ireland).
The injection needles were retained within the cannulae for
an additional 20 s to maximize diffusion and to prevent
backflow of drug into the cannulae. The infusion volume was
based on previous findings from our laboratory indicating
that drug infusions into the adjacent central amygdala do
not affect memory consolidation (Roozendaal and McGaugh,
1996, 1997). Drug solutions were freshly prepared before each
experiment.

Cannula Placement Verification

After object recognition memory testing, rats were deeply
anesthetized with sodium pentobarbital (100 mg/kg, ip) and
perfused transcardially with 0.9% saline followed by 4%
formaldehyde. After decapitation, the brains were removed and
immersed in fresh 4% formaldehyde. At least 24 h before
sectioning, the brains were transferred to a 30% sucrose solution
in saline for cryoprotection. Coronal sections of 50 wm were
cut on a cryostat, mounted on gelatin-coated slides, and stained
with cresyl violet. The sections were examined under a light
microscope and determination of the location of injection
needle tips in the BLA was made according to the atlas
plates of Paxinos and Watson (2007) by an observer blind to
drug treatment condition. Ten rats with injection needle tip
placements outside the BLA or with extensive tissue damage
at the injection needle site were removed from behavioral
analyses.

Insular Cortex Tissue Collection and Histone
Preparation

Rats for the molecular investigations were deeply anesthetized
with an overdose of pentobarbital (100 mg/kg, ip) 1 h after
training and drug treatment. Within 90 s after the pentobarbital
injection, the rats were decapitated, the brains rapidly removed
and flash frozen by submersion for 2 min in a beaker filled
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with pre-cooled isopentane on dry ice. Flash-frozen brains were
stored at —80°C until tissue processing. The anterior part of the
brain was cut on a cryostat into 350-pm-thick coronal slices
for IC tissue collection. The rest of the brain, containing the
BLA, was immersed in 4% formaldehyde for at least 3 days, and
then transferred to a 30% sucrose solution for cryoprotection.
Coronal sections of 50 um were cut on a cryostat, collected on
gelatin-coated slides, and fixed in 100% acetone before staining
with cresyl violet. Determination of injection needle placement
within the BLA was performed as previously described. Fifteen
rats for the molecular experiments were removed from analyses
on histological grounds.

IC tissue was dissected from frozen 350-pm-thick coronal
slices using a 1.25-mm brain puncher (Stoelting Co., Dublin,
Ireland). Bilateral punches from the anterior IC were collected
from three consecutive slices to a total of six punches,
approximate range of coordinates: AP, +2.7 to —0.3 mm; ML,
+4.0 — 6.0 mm; DV, —5.0 to —7.0 mm. Histones were isolated
according to the Levenson et al. (2004) protocol with some
modifications. All procedures were performed on ice and all
solutions and centrifugations were chilled to 4°C prior to use.
Tissue was homogenized in 100 pl of hypotonic lysis buffer [250
mM sucrose, 50 mM Tris, 25 mM KCI, 1 Complete protease
inhibitor cocktail tablet (Roche), 1 phosphatase inhibitor tablet
(Roche), 0.9 mM NaB, pH 7.5] and grinded for 10 s. The
homogenate was centrifuged at 7,800 x g for 1 min. The
supernatant (cytoplasmic fraction) was removed and stored at
—20°C for determination of pERK1/2 levels. The pellet (nuclear
fraction) was resuspended in 100 pl of 0.2 M HCI (Rodriguez-
Collazo et al., 2009) for 1 h on ice and vortexed every 10 min,
and then centrifuged at 16,000 x g for 15 min. The supernatant
was transferred into a fresh tube and 30 1 of trichloroacetic acid
containing 4 mg/ml deoxycholic acid was added to precipitate
the proteins for 15 min and then centrifuged at 16,000 x g
for 15 min. The supernatant was discarded and the pellet was
washed with 100 pl of ice-cold acidified acetone (0.1% HCI) for
5 min and then centrifuged at 16,000 x g for 5 min, washed
again with 100 pl of ice-cold 100% acetone for 5 min, and
centrifuged at 16,000 x g for 5 min. Finally, the supernatant
was removed and the remaining histone pellet was dried for
15 min for the remaining acetone to evaporate. The pellet was
resuspended in 30 pl of 50 mM Tris (pH 8.0) and sample buffer
(5%) was added to prevent over-dilution of the samples. The
samples were then boiled and 10-pl aliquots were stored at
—80°C to protect histones from degradation (Rumbaugh and
Miller, 2011).

Western Blotting

Histone samples (10 pul) or equal protein concentrations of
cytoplasmic samples (5 pg) for pERK1/2 identification were
resolved on a discontinuous polyacrylamide gel consisting
of a 20% acrylamide resolving gel for histone proteins,
or 10% acrylamide resolving gel for ERK1/2 protein, and
4% acrylamide stacking gel. The gel was then blotted
onto a polyvinylidene difluoride (PVDF) membrane for
immunoblotting (Millipore, Amsterdam, Netherlands). The
membranes were blocked for 1 h in blocking buffer

(LI-COR Biosciences, Bad Homburg, Germany), diluted 1:1
in phosphate-buffered saline (PBS) [or Tris-buffered saline
(TBS) for phospho-antibodies], then incubated with primary
antibody overnight at 4°C, followed by incubation with the
appropriate secondary antibody for 2 h at room temperature.
Primary and secondary antibodies were dissolved in the same
blocking buffer. Band intensity was determined and quantified
using an Odyssey IR scanner (LI-COR Biosciences). The blot
was then stripped and re-probed with antibody against total
histone H3 (Levenson et al., 2004) or total mitogen-activated
protein kinase (MAPK). Levels of acH3K14, acH2B, acH4,
pH3S10 and 3meH3K27 were normalized to total histone H3
levels and pERK1/2 levels were normalized to total MAPK
levels for each sample (Patterson et al., 2001; Chwang et al.,
2006).

Antibodies

The primary antibodies and their dilutions are: acetylated
histone H3 at lysine 14 (acH3K14; 1:1,000; Millipore), acetylated
histone H2B (acH2B; 1:2,000; Millipore), acetylated histone H4
(acH4; 1:1,000; Millipore), phosphorylated histone H3 at serine
10 (pH3S10; 1:1,000; Millipore), tri-methylated histone H3 at
lysine 27 (3meH3K27; 1:2,000; Millipore), total H3 (1:2,000;
Millipore), phospho-p44/42 MAPK (1:2,000; Cell Signaling
Technology, Leiden, Netherlands) and p44/42 MAPK (1:2,000;
Cell Signaling Technology). The secondary antibodies were goat
anti-rabbit (1:25,000; LI-COR Biosciences) and donkey anti-
mouse (1:20,000; LI-COR Biosciences).

Statistics

Data are expressed as mean + SEM. The discrimination index
and total object exploration time were analyzed with unpaired
t-tests. One-sample t-tests were used to determine whether
the discrimination index was different from zero (i.e., chance
level) and thus whether memory was expressed. Normalized
histone PTM and pERK1/2 data are expressed as the percentage
of the mean of the saline-treated home cage control group
and analyzed with two-way ANOVAs with training condition
and drug treatment as between-subject variables, followed by
post hoc comparison tests, when appropriate. A probability
level of <0.05 was accepted as statistical significance for all
tests. The number of rats per group is indicated in the figure
legends.

Results

Posttraining Norepinephrine Administration into
the BLA Enhances the Consolidation of Object
Recognition Memory

We first examined the effect of norepinephrine administration
into the BLA after object recognition training on memory
consolidation. For this, rats were trained on the object
recognition task for 3 min and immediately after the training
trial given bilateral infusions of norepinephrine (1.0 jLg in 0.2 1)
or saline into the BLA. To determine whether animals exhibit
a long-term memory for the object seen during the training
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trial, rats were given a 24-h retention test in which one object
was familiar and the other object was novel. If the animal
generates a long-term memory for the familiar object, it will
spend significantly more time exploring the novel object during
the retention test. Figure 1A shows a schematic diagram of the
experimental design.

Norepinephrine treatment immediately after the training
trial enhanced long-term memory for the familiar object. As
shown in Figure 1B, the total time spent exploring the two
identical objects during the 3-min training trial, before drug
treatment, did not differ between groups (p = 0.65). Figure 1C
shows the discrimination index during the 24 h retention test
trial. One-sample ¢-test revealed that the discrimination index
of saline-treated control rats did not differ significantly from
zero (i.e., chance level, t; = —0.16; p = 0.88), indicating that
they did not show any evidence of retention of the training.
Norepinephrine administration into the BLA immediately
after object recognition training significantly enhanced the
discrimination index (p < 0.01). Moreover, one-sample t-
test indicated that norepinephine-treated rats exhibited a
significant exploration preference for the novel object (tg = 10.78;
P < 0.0001). The total time spent exploring the two objects during
the retention test trial did not differ between groups (p = 0.31;
Figure 1D), indicating that the drug infusion did not induce a
general change in the rats’ incentive to explore the objects.

Figure 2 shows a representative photomicrograph of an
infusion needle tip terminating within the BLA as well as the
histological analyses of the infusion needle tip placements of all
rats included in the analysis.

Drug administration

Day 1 — iio BLA

Day 2
TRAINING TESTING

(OFY a2 @ @as L]
N/ N1/
&2 &2

A 4

w
(9]
o

20 - 60 x

45 -
30
15

-15

>
1
Discrimination index (%)

Object exploration at test (s)

Object exploration at training (s)
o
1

Sal NE Sal NE Sal NE

FIGURE 1 | Norepinephrine administration into the BLA enhances the
consolidation of object recognition memory. (A) Diagram of the
experimental procedure. Rats were trained for 3 min on an object recognition
task followed immediately by bilateral intra-BLA infusions of norepinephrine
(NE; 1.0 pgin 0.2 pul; n = 9) or saline (Sal; n = 8). (B) Total exploration time
during the 3-min training trial, before drug treatment, did not differ between
groups. (C) Norepinephrine significantly increased the discrimination index on
the 24-h retention test. (D) Total exploration time during the retention test did
not differ between groups. Data are shown as mean + SEM. **p < 0.01.

A Memory-Enhancing Dose of Norepinephrine
Administered into the BLA After Object
Recognition Training Reduces Histone
Acetylation Levels in the IC

To determine whether this memory-enhancing dose of
norepinephrine administered into the BLA after object
recognition training triggers changes in the chromatin state
in the IC, we examined changes in the following histone
markers: acetylation of histone H3 at lysine 14 (acH3K14),
acetylation of histone H2B (acH2B) and acetylation of histone
H4 (acH4), as well as phosphorylation of histone H3 at serine
10 (pH3S10) and tri-methylation of histone H3 at lysine 27
(3meH3K27). Some rats received norepinephrine (1.0 pg in
0.2 pl) or saline into the BLA immediately after 3 min of object
recognition training. Other groups of rats received the same
drug infusions without training. For both groups, changes in
histone markers in the IC were assessed 1 h after drug treatment.
Changes in histone PTMs, normalized to total histone H3 levels,
are shown as percentage (mean £ SEM) relative to saline-treated
home cage control rats. We also investigated whether the
norepinephrine administration altered pERK1/2 levels in the IC
1 h after training. Changes in pERK1/2 levels, normalized to total
MAPK levels, are also shown as percentage of the saline-treated
home cage control rats. Figure 2C shows histological analysis
of injection needle tip placement in the BLA of all rats included
in the analysis for the molecular experiments. Total exploration
time of the two identical objects during the 3-min training trial,
before drug treatment, did not differ between groups (p = 0.19).

Our findings indicate that this memory-enhancing dose of
norepinephrine administered into the BLA after the training
experience induced a global reduction in histone acetylation,
whereas it did not alter the phosphorylation or methylation
state of the histone molecules. pERK1/2 levels also remained
unchanged. Norepinephrine administered into the BLA of home
cage control animals did not induce any changes in histone
PTMs or pERK1/2 levels. As shown in Figure 3A, two-way
ANOVA for acH3K14 levels indicated no main norepinephrine
(F140 = 1.10; N.S.) or training effect (Fj 40 = 0.19; N.S.), but
a significant interaction between both factors (F149 = 7.38;
p < 0.01). Norepinephrine infused into the BLA of home
cage control rats did not change acH3K14 levels in the IC
1 h later when compared to non-trained saline control rats
(p = 0.67), indicating that the norepinephrine administration
alone is insufficient to alter acH3K14 levels within the IC. The
3-min object recognition training session by itself, which is not
sufficient to induce long-term memory, also did not significantly
change acH3K14 levels when compared to home cage control
rats (p = 0.14). However, norepinephrine infusions into the BLA
after object recognition training significantly reduced acH3K14
levels in the IC when compared to saline-treated trained rats
(p < 0.01) as well as when compared to norepinephrine-treated
home cage control rats (p < 0.05). Thus, these findings indicate
that norepinephrine selectively decreased acH3K14 levels in the
IC in the context of object recognition training.

As shown in Figure 3B, two-way ANOVA for acH2B levels
indicated a significant norepinephrine effect (Fy49 = 4,70;
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-2.3 mm

-2.8 mm

-3.3 mm

FIGURE 2 | Histological analyses. (A) Representative photomicrograph
illustrating placement of a cannula and needle tip terminating in the BLA
and a diagram representing the different nuclei of the BLA, the lateral
nucleus (L), basal nucleus (B), and accessory basal nucleus (AB), and

AN

-2.3 mm

central nucleus (CEA). Arrow points to needle tip. (B) The location of
needle tips within the BLA of all rats included in the analysis for the
behavioral study. (C) The location of needle tips within the BLA of all rats
included in the analysis for the molecular study.

p < 0.05), no main training effect (Fj40 = 0.01; N.S.), but
a significant interaction between both factors (F14 = 5,22;
p < 0.05). Highly comparable to the effect on acH3K14,
norepinephrine infused into the BLA of home cage control
rats did not change acH2B levels within the IC (p = 0.93). The
object recognition training alone also did not significantly
alter acH2B levels (p = 0.12). However, posttraining
administration of norepinephrine into the BLA after object
recognition training significantly reduced acH2B levels
in the IC when compared to saline-treated trained rats
(p < 0.01).

As shown in Figure 3C, two-way ANOVA for acH4
levels indicated an almost significant norepinephrine effect
(Fia1 = 3.72; p = 0.06) whereas the object recognition
training did not have any effect (F;4; = 0.08; N.S.). Most
importantly, there was a significant interaction effect
between norepinephrine treatment and training (Fy4; = 7.53;
p < 0.01). Intra-BLA norepinephrine administration to non-
trained control rats did not change acH4 levels in the IC
(p = 0.53). In contrast, norepinephrine infused into the
BLA after object recognition training significantly reduced
acH4 levels when compared to saline-treated trained rats
(p < 0.01) or norepinephrine-treated home cage control rats
(p < 0.05).

Figure 3D shows pH3S10 levels. Two-way ANOVA revealed
no norepinephrine (F4 = 0.47; N.S.), training (F; 4 = 0.02;
N.S.) or interaction effect (F} 4, = 0.10; N.S.). Thus, these findings
indicate that the norepinephrine administration did not change
pH3S10 levels in either trained or non-trained animals.

Figure 3E shows that 3meH3K27 levels also remained
unchanged. Two-way ANOVA revealed no significant
norepinephrine (Fi4; = 0.53; N.S.), training (F14 = 0.30;
N.S.) or interaction effect (F;4; = 0.67; N.S.). Thus, these
findings indicate that the norepinephrine administration did
not change 3meH3K27 levels in either trained or non-trained
animals.

As shown in Figure 3F, two-way ANOVA for pERK1/2
levels revealed no norepinephrine (Fj4; = 1.42; N.S.) or training
effect (Fy,41 = 0.05; N.S.), or interaction between the two factors
(F141 = 0.40; N.S.). Thus, these findings indicate that the
norepinephrine administration also did not change pERK1/2
levels in either trained or non-trained animals.

Discussion
This study was aimed at investigating whether a memory-

enhancing dose of norepinephrine administered into the BLA
after object recognition training induces chromatin modification
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FIGURE 3 | Effect of a memory-enhancing dose of norepinephrine n = 10; Sal-Training: n = 10; NE-Training: n = 11), acH2B (B, Sal-HC:
administered into the BLA on histone PTMs and pERK1/2 activity in n = 13; NE-HC: n = 10; Sal-Training: n = 10; NE-Training: n = 11), acH4
the IC. Rats were trained on an object recognition task for 3 min and (C, Sal-HC: n = 13; NE-HC: n = 11; Sal-Training: n = 10; NE-Training:
given posttraining bilateral infusions of a memory-enhancing dose of n = 11), pH3S10 (D, Sal-HC: n = 13; NE-HC: n = 11; Sal-Training: n = 10;
norepinephrine (NE; 1.0 png in 0.2 pl) or saline (Sal) control into the BLA. NE-Training: n = 12) and 3meH3K27 (E, Sal-HC: n = 12; NE-HC: n = 11;
Other groups of rats received the same dose of norepinephrine or saline Sal-Training: n = 11; NE-Training: n = 11) levels in home cage controls and
into the BLA without training (home cage; HC). Tissue was collected 1 h trained rats. Levels of total H3 remained unchanged in the different
after training and drug administration and histones were prepared from experimental conditions. (F) Cytoplasmic fractions of the IC were prepared
punches taken from the IC. Histone PTMs were revealed by immunoblotting for pERK1/2 assessment. pERK1/2 was revealed by immunoblotting and
and normalized to total histone H3 levels on the same blot. Histone PTMs normalized to total MAPK levels. Sal-HC: n = 13; NE-HC: n = 9;
(mean + SEM) are shown as percentage of the saline-treated home cage Sal-Training: n = 11; NE-Training: n = 12. **p < 0.01 vs. the trained saline
control group. Quantification of acH3K14 (A, Sal-HC: n = 13; NE-HC: group. ¢ p < 0.05 vs. the non-trained norepinephrine group.

in the IC. In this experiment we trained rats on an object
recognition task and created an “arousal-like” situation by
administering norepinephrine into the BLA after the training
trial. Consistent with earlier findings (Roozendaal et al., 2008),
this norepinephrine infusion enhanced the consolidation of
object recognition memory. To determine whether the “arousal-
like situation” triggers chromatin alterations in the IC, we
assessed a battery of histone PTMs known to be involved in

neural plasticity and memory formation (Levenson et al., 2004;
Chwang et al., 2006; Fischer et al., 2007; Koshibu et al., 2009,
2011; Bousiges et al., 2010; Graff et al., 2012). We observed
that this memory-enhancing dose of norepinephrine reduced the
acetylation levels of H3K14 as well as of H2B and H4 in the IC
1 h after object recognition training. These effects were specific
to trained rats, as norepinephrine infusions into the BLA of home
cage control animals did not induce any changes in these histone
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markers. pH3S10 and 3meH3K27 levels were not altered by
either the norepinephrine infusion or object recognition training
alone.

It has long been known that noradrenergic activation of the
BLA mediates emotional arousal effects on the consolidation
of long-term memory (McGaugh, 2000, 2004; McGaugh
and Roozendaal, 2002). Extensive evidence indicates that
such noradrenergic activation of the BLA enhances memory
consolidation of different training experiences by facilitating
time-dependent information storage processes in other brain
regions, including the hippocampus, caudate nucleus and
cortical areas (Packard et al., 1994; McGaugh, 2004; Mclntyre
et al., 2005). However, the molecular mechanism(s) underlying
this BLA influence on information storage processes in
its target regions remain to be elucidated. Our current
finding that norepinephrine administration into the BLA after
object recognition training induced a global reduction in
histone acetylation, without altering the phosphorylation and
methylation state, provides novel evidence indicating that
arousal-associated BLA activity induces training-specific changes
in histone PTMs in the IC (and likely other target areas).
However, the pattern of histone PTM changes that we observed
in the current study was rather unexpected. To date, most studies
have linked a histone hyperacetylated state and decondensed
chromatin structure with facilitated transcription, resulting in
enhanced synaptic plasticity and long-term memory (Levenson
et al, 2004; Chwang et al., 2006; Barrett and Wood, 2008;
Gupta et al, 2010; Roozendaal et al., 2010). Previously, we
found that inducing a hyperacetylated state within the IC by
local posttraining administration of the HDAC inhibitor NaB
enhanced object recognition memory (Roozendaal et al., 2010).
Findings in the literature show that the nature and extent of
specific histone PTM marks can vary considerably, depending
on the memory task, brain region as well as other experimental
parameters. For example, hyperacetylation of H3K14, but not
H4, was observed in the CA1 subregion of the hippocampus 1 h
after contextual fear conditioning (Levenson et al., 2004). On the
other hand, spatial training in a water maze increased acetylation
of H2B and H4 in the hippocampus, but did not affect the
acetylation of H3K14 (Bousiges et al., 2010). In another study, the
hyperacetylation of H3K14 after contextual fear conditioning was
associated with an increased phosphorylation of H3510 (Chwang
et al., 2006). Graff et al. (2012) have also shown the combined
acetylation of H3K14 and phosphorylation of H3S10 in the
hippocampus after object recognition training. In the present
study, we observed that the norepinephrine administration into
the BLA did not produce the expected hyperacetylation. In fact,
acetylation levels of H3K14 as well as that of H2B and H4 were
significantly reduced 1 h after the training experience and drug
administration, whereas the phosphorylation of histone H3S10
and tri-methylation of H3K27 levels were not altered. The only
case where such a decrease in histone acetylation was previously
demonstrated was in chronic stress (Ferland and Schrader,
2011). One study investigating histone acetylation changes after
chronic social defeat indicated a transient decrease, followed by a
persistent increase, in acH3K14 levels in the nucleus accumbens
(Covington et al., 2009). The persistent increase in acetylation

was associated with a reduction in histone deacetylase 2 enzyme
activity (Covington et al., 2011). Our findings further indicate
that the norepinephrine infusion did not alter pERK1/2 activity
in the IC 1 h later. ERK1/2 activation has been demonstrated
to be critical for histone H3 acetylation and phosphorylation in
contextual fear conditioning in the CA1 region of hippocampus
(Levenson et al., 2004; Chwang et al., 2006) as well as in stress
conditions such as forced swimming that induces phospho-
acetylation of H3 (Chandramohan et al., 2008; Gutierrez-
Mecinas et al., 2011; Mifsud et al., 2011). Although we cannot
exclude that this 1-h time point may have not been optimal
to capture the peak of the pERK1/2 response (Kobayashi et al.,
2010), previous studies reported that phosphorylation of ERK1/2
was found in the IC 2-6 h after novel taste learning (Swank and
Sweatt, 2001) or 1 h after contextual fear conditioning in the CA1
area of the hippocampus (Levenson et al., 2004).

Although it is currently unknown how a more extensive
object recognition training experience, resulting in good 24-h
memory, would affect histone PTMs and gene transcription
in the IC, our observation that a memory-enhancing dose of
norepinephrine reduced histone acetylation levels, and possibly
consequent changes in transcriptional activity, within the IC is
rather puzzling and does not seem to concur with prior evidence
that direct administration of a protein-synthesis inhibitor into
the IC impairs long-term memory of object recognition training
(Balderas et al., 2008). Moreover, in a previous study we
found that systemic administration of the stress hormone
corticosterone increased acH3K14 levels in the IC 1 h following
training on an object recognition task and enhanced the
consolidation of object recognition memory. These findings
indicate that although both systemic corticosterone and intra-
BLA administration of norepinephrine have the same behavioral
outcome, i.e., an enhancement of object recognition memory,
they were associated with opposite effects on histone acetylation
within the IC. It is plausible that these differential molecular
effects may be due to the different routes of drug administration:
The systemically administered corticosterone could act directly
in the IC to induce chromatin remodeling, whereas intra-
BLA administration of norepinephrine must induce chromatin
remodeling in the IC indirectly via neural pathways and network
changes. It is not unlikely that norepinephrine administration
into the BLA induces rapid changes in network properties,
which might be associated with fast changes in histone
acetylation. As histone acetylation-deacetylation is a highly
dynamic process [e.g., NaB administration to a mammalian
non-neuronal cell culture induced a fast hyperacetylation of
core histones (t;, = 3-7 min) (Davie, 2003)], it is possible
that the norepinephrine administration after object recognition
training first induced a rapid increase in histone acetylation
within the IC followed by deacetylation at 1 h. On the other
hand, it should be noted that the exact role of the IC as part of
the broader emotional learning and memory network is largely
unknown and might be associated with decreased neural activity.
For example, we showed in a previous study that systemic
administration of a memory-enhancing dose of corticosterone
after inhibitory avoidance training resulted in a rapid decrease
in the number of pERK1/2-positive pyramidal neurons within
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the IC (Fornari et al., 2012b). Furthermore, a recent functional
magnetic resonance imaging study in humans showed that the
combined oral administration of cortisol and the noradrenergic
stimulant yohimbine shortly before the encoding of emotionally
arousing pictures shifted brain activation patterns and led to a
strong deactivation of the IC, along with the hippocampus and
orbitofrontal cortex (van Stegeren et al.,, 2010). Moreover, the
magnitude of this deactivation correlated with enhanced recall
of the material when assessed 1 week later. It is possible that
a reduced overall activity of the IC (and other frontal areas)
during these conditions could reflect either a loss of top-down
inhibition, and therefore activation (disinhibition) of other brain
regions, or an increased signal-to-noise ratio, resulting in an
increased detection of novel or relevant stimuli and enhancing
the consolidation of memory of arousing experiences (Menon
and Uddin, 2010; van Stegeren et al., 2010).

Another intriguing possibility is that the primary role of
BLA noradrenergic activation is to activate transcription factors
and coactivators, which then could interact with chromatin
modification mechanisms in its target regions. It is well
established that the consequence of changes in histone PTMs
on transcriptional activity depends on an intimate interaction
with a large number of transcription factors and coactivators
(Vecsey et al, 2007). As indicated, in a previous study
we demonstrated that direct administration of the HDAC
inhibitor NaB into the IC enhanced the consolidation of object
recognition memory (Roozendaal et al., 2010). However, co-
administration of a glucocorticoid receptor (GR) antagonist or
cAMP-dependent protein kinase (PKA) inhibitor completely
abolished the effect of the HDAC inhibitor on memory
enhancement. These findings indicate that inducing a histone
hyperacetylated state via HDAC inhibition is not sufficient
to enhance long-term memory. It is still necessary to have
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