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INTRODUCTION

Glucocorticoids are known to enhance the consolidation of memory of emotionally
arousing experiences by acting upon a network of interconnected brain regions. Although
animal studies typically do not consider the insular cortex (IC) to be part of this network,
the present findings indicate that the IC is importantly involved in regulating glucocorticoid
effects on memory consolidation of emotionally arousing inhibitory avoidance training.
The specific glucocorticoid receptor (GR) agonist RU 28362 (3 or 10ng in 0.5ul)
infused bilaterally into the IC of male Sprague-Dawley rats immediately after one-trial
inhibitory avoidance training dose-dependently enhanced 48h retention performance.
Moreover, training on the inhibitory avoidance task increased neuronal activity of the
IC, as assessed by an increased number of cells expressing immunoreactivity for
phosphorylated extracellular signal-regulated kinase 1/2 (pERK1/2). However, systemic
administration of a memory-enhancing dose of corticosterone (1 mg/kg) after inhibitory
avoidance training rapidly reduced the number of pERK1/2-positive cells in the IC,
suggesting that glucocorticoid administration reduces overall neuronal activity of the IC.
To investigate which components of the inhibitory avoidance training experience were
influenced by the intra-IC glucocorticoid administration, in the last experiment rats were
trained on a modified inhibitory avoidance task in which context exposure and footshock
training occur on two sequential days. RU 28362 administration into the IC enhanced later
retention when infused immediately after either the context or footshock training. Thus,
these findings indicate that the IC mediates glucocorticoid effects on the consolidation
of memory of different components of inhibitory avoidance training and suggest that
the IC might be an important element of the rodent brain network involved in emotional
regulation of learning and memory.
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insular cortex (IC) (Craig, 2009; Menon and Uddin, 2010; Shin

Glucocorticoid hormones—stress hormones released from the
adrenal cortex—are known to strengthen the consolidation of
memory of emotionally arousing experiences (de Kloet et al.,
1999; Roozendaal, 2000; Joéls et al., 2006; Sandi and Pinelo-
Nava, 2007; de Quervain et al., 2009; Roozendaal and McGaugh,
2011; Schwabe et al., 2012). Most animal studies investigating
glucocorticoid-induced enhancement of memory consolidation
examined their effects on a network of interacting brain regions
involved in emotional regulation of memory, including the baso-
lateral amygdala (BLA), prefrontal cortex and hippocampus
(Micheau et al., 1984; Roozendaal and McGaugh, 1997a,b, 2011;
Roozendaal et al., 2008, 2009b; Miranda et al., 2008b). Although
human neuroimaging studies generally support an involvement
of these brain regions, as well as their functional interaction,
in emotionally influenced learning and memory (Buchel et al,,
1998; Richardson et al., 2004; Marschner et al., 2008; Shin and
Liberzon, 2010), they also consistently point to a key role for the

and Liberzon, 2010; Hartley et al., 2011; Ille et al., 2011). Extensive
evidence indicates that the IC, which receives autonomic, vis-
ceral, and somatosensory inputs (Saper, 1982; Augustine, 1996),
might be part of a “salience network” involved in the detection of
novel and salient information (Downar et al., 2002; Seeley et al.,
2007; Menon and Uddin, 2010) that is collectively upregulated in
response to an acute stressful event and after highly stressful expe-
riences (van Marle et al., 2010; Hermans et al., 2011; van Wingen
et al., 2011). Accordingly, increased anterior insula activity has
been reported during the subjective awareness of both positive
and negative emotions (Craig, 2009; Menon and Uddin, 2010)
as well as during the encoding and recall of a broad spectrum
of emotionally salient learning tasks (Buchel et al., 1998; Alvarez
et al., 2008, 2011; Marschner et al., 2008; King et al., 2009; Rasch
et al., 2009).

Contrasting the human literature, the IC never received
a prominent position in animal research investigating stress
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hormone or emotional arousal effects on learning and memory.
Although Bermudez-Rattoni and colleagues have reported sev-
eral findings supporting the view that the IC might be involved
herein (Bermudez-Rattoni et al., 1991, 1997, 2005; Bermudez-
Rattoni and McGaugh, 1991; Nerad et al., 1996; Gutierrez et al.,
1999; Miranda and Bermudez-Rattoni, 2007), most animal stud-
ies have been limited to investigating its involvement in the for-
mation and maintenance of taste memory (Berman and Dudai,
2001; Bermudez-Rattoni et al., 2004; Shema et al., 2007; Nunez-
Jaramillo et al., 2010; Stehberg et al., 2011). The present study
investigated whether the IC is implicated in regulating gluco-
corticoid effects on the consolidation of memory of emotionally
arousing inhibitory avoidance training. In the first experiment,
we investigated whether the specific glucocorticoid receptor (GR)
agonist RU 28362 administered into the IC immediately after
one-trial inhibitory avoidance training enhances long-term reten-
tion of the training experience. Next, we examined whether a
systemic injection of corticosterone, the major endogenous gluco-
corticoid in rodents, given immediately after inhibitory avoidance
training recruits the IC and induces changes in cellular activity
within this brain region. Cellular activity was assessed by deter-
mining phosphorylation levels of extracellular signal-regulated
kinase 1/2 (pERK1/2), a signaling cascade implicated in neu-
ronal activity and synaptic plasticity (Thomas and Huganir, 2004;
Peng et al., 2010). To gain a better understanding of the precise
role of the IC in regulating glucocorticoid effects on inhibitory
avoidance memory, in the last experiment we employed a modi-
fied inhibitory avoidance procedure (Malin and McGaugh, 2006;
Medina et al., 2007; Roozendaal et al., 2009b) that allows investi-
gating which components of the inhibitory avoidance experience
(i.e., memory of the context or the footshock) were influenced by
the glucocorticoid infusion.

MATERIALS AND METHODS

SUBJECTS

Male adult Sprague-Dawley rats (280-320 g at time of surgery)
from Charles River Breeding Laboratories (Kisslegg, Germany)
were kept individually in a temperature-controlled (22°C) colony
room and maintained on a standard 12 h light: 12 h dark cycle
(07:00-19:00 h lights on) 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 procedures were in
compliance with the European Community’s Council Directive
(86/609/EEC) and approved by the Institutional Animal Care and
Use Committee of the University of Groningen, The Netherlands.

SURGERY FOR CANNULA IMPLANTATION

Animals, adapted to the vivarium for at least 1 week, were anes-
thetized 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, s.c.; Pfizer). Oxygen (35%) mixed with ambient air was
administered during surgery such that blood oxygenation levels
would not drop below 90% (Fornari et al., 2012). The skull was
positioned in a stereotaxic frame (Kopf Instruments), and two
stainless-steel guide cannulae (15 mm; 23 gauge; Small Parts, Inc.)
were implanted bilaterally with the cannula tips 2.0 mm above the

anterior IC. The coordinates were based on the atlas of Paxinos
and Watson (2007): anteroposterior: +1.0 mm from Bregma;
mediolateral: £5.5mm from midline; dorsoventral: —4.8 mm
from Bregma; incisor bar: —3.3 mm from interaural. The can-
nulae were affixed to the skull with two anchoring screws and
dental cement. Stylets (15mm long 00 insect dissection pins),
inserted into each cannula to maintain patency, were removed
only for the infusion of drugs. After surgery, the rats received a
subcutaneous injection of 3 ml of saline to facilitate clearance of
drugs and prevent dehydration, and were subsequently admin-
istered atipamezole hydrochloride (Antisedan, 0.25mg/kg, s.c;
Orion) to reverse anesthesia. The rats were allowed to recover
for a minimum of 7 days before initiation of training and were
handled three times for 1 min each during this recovery period to
accustom them to the infusion procedure.

INHIBITORY AVOIDANCE APPARATUS AND PROCEDURES

For all experiments, rats were trained and tested in an inhibitory
avoidance apparatus, consisting of a trough-shaped alley (91 cm
long, 15 cm deep, 20 cm wide at the top, and 6.4 cm wide at the
bottom) divided into two compartments, separated by a sliding
door that opened by retracting into the floor (McGaugh et al.,
1988). The starting compartment (30 cm) was made of opaque
white plastic and was well lit; the shock compartment (60 cm)
was made of dark, electrifiable metal plates and was not illu-
minated. Training and testing were conducted in a sound- and
light-attenuated room.

For one-trial inhibitory avoidance training, the rats were
placed in the starting compartment of the apparatus, facing away
from the door, and were allowed to enter the dark (shock) com-
partment. After the rat stepped completely into the dark com-
partment, the sliding door was closed and a single inescapable
footshock (0.35mA; 1s) was delivered. The rats were removed
from the shock compartment 15s later and, after drug treat-
ment, returned to their home cages. For the modified, two-phase
inhibitory avoidance procedure (Malin and McGaugh, 2006;
Roozendaal et al., 2009b), on the first day (context training),
the rat was placed into the starting compartment, facing away
from the door, and allowed to freely explore the inhibitory avoid-
ance apparatus for 3 min. On day 2 (shock training), each rat
was placed directly into the dark compartment, facing away from
the starting compartment, with the retractable door closed. The
rat then received an inescapable footshock (0.75mA; 1s) and
immediately afterward was removed from the training apparatus.
For both one-trial and two-phase inhibitory avoidance, retention
was tested 48 h after training by placing the rat into the starting
compartment of the inhibitory avoidance apparatus and mea-
suring the latency to re-enter the former shock compartment
with all four paws (maximum latency of 600s). Longer laten-
cies were interpreted as indicating better retention. Shock was not
administered on the retention test trial.

LOCAL DRUG INFUSION INTO THE INSULAR CORTEX

The specific GR agonist RU 28362 (11f,17B-dihydroxy-6,21-
dimethyl-17a-pregna-4,6-trien-20yn-3-one, 3 or 10 ng; a gener-
ous gift of Aventis, Frankfurt, Germany) was first dissolved in
100% ethanol and subsequently diluted in 0.9% saline to reach
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a final ethanol concentration of 0.5%. Receptor binding studies
have shown that this compound has selective and high affinity
for GRs (Teutsch et al., 1981). Bilateral infusions of RU 28362
or an equivalent volume of vehicle (0.5% ethanol in saline) into
the IC were given immediately after one-trial inhibitory avoid-
ance training or after either the context or footshock components
of the modified, two-phase inhibitory avoidance task by using 30
gauge injection needles connected to a 10 .l Hamilton microsy-
ringe with polyethylene (PE-20) tubing. The injection needle
protruded 2.0 mm beyond the tip of the cannula and a 0.5l
injection volume was infused over a period of 50s by an auto-
mated syringe pump (Stoelting Co). The injection needles were
retained within the cannulae for an additional 20 s after drug infu-
sion to maximize diffusion and to prevent backflow of drug into
the cannulae. The infusion volume was based on previous find-
ings indicating that infusion of this volume into the IC (Miranda
et al., 2008a; Roozendaal et al., 2010), but not the cortex dorsal
to the IC (Bermudez-Rattoni et al., 2005), modulates memory
consolidation. To control for time- and site-specificity, additional
groups of rats received delayed infusions of RU 28362 or vehicle
into the IC 3 h after the training trial or immediate post-training
infusions into the somatosensory cortex, located approximately
1 mm dorsal to the IC. The use of post-training drug adminis-
tration provides direct support for the view that the treatment
affects memory consolidation processes and that retention perfor-
mance is, thus, not confounded by possible effects on attentional,
motivational, or sensory-perceptual mechanisms at the time of
training or test (McGaugh, 1966).

SYSTEMIC CORTICOSTERONE TREATMENT

Corticosterone (1 mg/kg, Sigma-Aldrich) or vehicle, in a vol-
ume of 2 ml/kg body weight, was given subcutaneously immedi-
ately after the training trial. Corticosterone was dissolved in 5%
ethanol in saline. This dose of corticosterone is known to enhance
memory consolidation of different types of training (Hui et al,,
2004; Okuda et al., 2004; Miranda et al., 2008a).

CANNULA PLACEMENT VERIFICATION

Rats were deeply anesthetized with an overdose of sodium pen-
tobarbital (~100 mg/kg, i.p.) and perfused transcardially with a
0.9% saline solution followed by 4% formaldehyde. Following
decapitation, the brains were removed and immersed in fresh
4% formaldehyde. At least 24 h before sectioning, the brains were
submerged in a 25% sucrose (wt/vol) solution in water for cryo-
protection. Coronal sections of 50 um were cut on a cryostat,
mounted on gelatin-coated slides, and stained with cresyl vio-
let. The sections were examined under a light microscope and
determination of the location of injection needle tips in the IC
was made according to the atlas plates of Paxinos and Watson
(2007), by an observer blind to drug treatment condition. Rats
with injection needle placements outside the IC or with exten-
sive tissue damage at the injection needle tips were excluded
from analysis.

IMMUNOHISTOCHEMISTRY
Thirty minutes after training and systemic corticosterone treat-
ment, rats were perfused transcardially with ice-cold 0.01M

phosphate-buffered saline (PBS), pH 7.4, followed by ice-cold 4%
paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. The
brains were removed, post-fixed overnight at 4°C, and then trans-
ferred to a 25% sucrose solution in 0.1 M PB for 3—6 days at 4°C.
Frozen coronal sections at the level of the anterior IC (0.2-2.5 mm
anterior to Bregma) were cut at a thickness of 20 um on a cryo-
stat and collected in Tris-buffered saline (TBS) with 0.1% sodium
azide and phosphatase inhibitors (20 mM sodium fluoride and
2 mM sodium orthovanadate).

Every eighth section was used for quantification. Free-floating
sections were rinsed in 0.3% Triton X-100 in TBS with phos-
phatase inhibitors. To block non-specific binding, sections were
incubated with TBS containing phosphatase inhibitors, 0.3%
Triton X-100 and 5% normal donkey serum (nds, Jackson
ImmunoResearch) for 1 h. Subsequently, sections were incubated
with a cocktail of primary antibodies for pERK1/2 (rabbit anti-
phospho-p44/42 MAP kinase, 1:1000; cell signaling #9101) and
NeuN (mouse anti-NeuN, 1:100; Millipore Mab 377) or pERK1/2
and CaMK II (mouse anti-calcium/calmodulin-dependent pro-
tein kinase II, 1:400; Millipore #05-532) in TBS containing phos-
phatase inhibitors, 0.3% Triton X-100 and 1% nds for 48 h at 4°C.
Sections were then rinsed several times with TBS and incubated
with a cocktail of specific fluorochrome-conjugated antibodies
(Alexa Fluor 488 donkey anti-rabbit 1:500 and Alexa Fluor 594
donkey anti-mouse 1:1000 or Alexa Fluor 633 goat anti-rabbit
1:500 and Alexa 488 donkey anti-mouse 1:500; Invitrogen) for
2 hin the dark. Sections were rinsed again in TBS, incubated with
Hoechst dye (0.1 pg/ml, Invitrogen) for 30 min and mounted on
gelatin-coated slides, using non-fading mounting medium for
coverslipping and stored in the dark for further analysis.

Images of each section were acquired with TissueFaxs®, Zeiss
AxioObserver Z1 Microscope System (Tissue-Gnostics GmbH,
Vienna, Austria). The number of pERK1/2 immunopositive
nuclei was quantified with ImageJ 1.43 m software (Girish and
Vijayalakshmi, 2004; Papadopulos et al., 2007). Cell counts were
determined at two levels within the anterior IC (2.5-1.7 mm
and 1.6-0.7 mm anterior to Bregma), according to the standard
atlas plates of Paxinos and Watson (2007), and expressed as
number of pERK1/2-positive nuclei per mm?. Quantitative anal-
ysis of cell counts was performed blind to treatment condition.
Double-labeling was examined with a Leica SP2 AOBS confocal
microscope.

STATISTICS

Data are expressed as mean £ SEM. Inhibitory avoidance train-
ing and retention test latencies were analyzed with One-Way
ANOVAs. Further analysis used Fisher’s post-hoc tests to deter-
mine the source of the detected significances. To determine
whether learning had occurred, paired ¢-tests were used to com-
pare the training and retention latencies. Quantitative measures
of pERK1/2 immunoreactivity in the IC were analyzed with
Two-Way-ANOVAs, using Training (training vs. no training) and
Corticosterone treatment (vehicle vs. corticosterone) as indepen-
dent factors. The analyses were followed by Fisher’s post-hoc tests,
when appropriate. Individual comparisons with home-cage con-
trol groups were performed with Student ¢-tests for independent
samples. For all comparisons, a probability level of < 0.05 was
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accepted as statistical significance. The number of rats per group
is indicated in the figure legends.

RESULTS

GR AGONIST ADMINISTRATION INTO THE INSULAR CORTEX
ENHANCES MEMORY CONSOLIDATION OF INHIBITORY

AVOIDANCE TRAINING

This experiment examined whether the GR agonist RU 28362
infused into the IC enhances the consolidation of memory of
inhibitory avoidance training. For that, bilateral infusions of RU
28362 (3 or 10ng in 0.5 ul) or vehicle were administered into
the IC immediately after one-trial inhibitory avoidance training
and retention of the training was tested 48 h later. Control groups
received delayed infusions of the GR agonist into the IC 3 h after
the training trial to determine whether the GR agonist enhances
retention by influencing time-dependent processes underlying
memory consolidation.

Average step-through latencies for all groups during training,
before footshock or drug treatment, were 9.9 £+ 0.8s (mean =+
SEM). One-Way ANOVA for training latencies revealed no sig-
nificant differences between groups [F(2,31) = 0.17, p = 0.84,
data not shown]. Forty-eight hour retention latencies of rats
administered vehicle into the IC immediately after training were
significantly longer than their latencies during the training trial
(paired t-test: p < 0.05), indicating that the rats retained memory
of the inhibitory avoidance experience. As is shown in Figure 1A,
rats treated with the GR agonist immediately after training had
significantly longer retention test latencies as compared with rats
that received vehicle [F(2, 31) = 3.59, p < 0.05]. Fisher’s post-hoc
tests revealed that the lower dose of RU 28362 (3 ng) enhanced
retention (p < 0.05, compared with vehicle), whereas retention
latencies of animals given the higher dose (10 ng) approached, but
failed to reach, significance (p = 0.07). As is shown in Figure 1B,
the GR agonist administered into the IC 3 h after the training did
not significantly alter retention latencies [F(2, 16) = 0.26, p =
0.78], indicating a time-limited involvement of the IC in medi-
ating glucocorticoid effects on the consolidation of inhibitory
avoidance memory.

Figures 1C,D show cannula placement within the IC. All
injection needle tips of rats included in the analysis were local-
ized within the granular and dysgranular subdivisions of the
IC. To control for site specificity, other groups of rats received
immediate post-training infusions of vehicle or the GR agonist
(3 or 10ng in 0.5pl) into the somatosensory cortex, approxi-
mately 1 mm above the IC (see, Figure 1C). One-Way ANOVA
for 48 h retention latencies revealed no significant GR agonist
effect [F(2, 12) = 0.29, p = 0.75, Figure 1E], indicating that the
memory-modulatory effects of RU 28362 are localized within
the IC.

SYSTEMIC CORTICOSTERONE ADMINISTRATION IMMEDIATELY

AFTER ONE-TRIAL INHIBITORY AVOIDANCE TRAINING REDUCES
pERK1/2-IMMUNOREACTIVITY IN THE INSULAR CORTEX

The findings described above indicate that direct pharmacologi-
cal activation of GRs in the IC after inhibitory avoidance training
enhances the consolidation of memory of this experience in a
dose-, time- and site-specific manner. However, these findings

do not indicate whether circulating glucocorticoids normally act
upon the IC in regulating memory consolidation. Therefore,
the next experiment examined whether a systemic injection of
corticosterone after inhibitory avoidance training changes neu-
ronal activity of the IC. Rats received a subcutaneous injection
of corticosterone (1 mg/kg) or vehicle immediately after one-trial
inhibitory avoidance training (or without training) and were sac-
rificed 30 min later. Brains were processed to investigate training-
and drug-induced changes in the number of pERK1/2-positive
cells at two locations within the anterior IC. ERK1/2, a member
of the mitogen-activated protein (MAP) kinase family, is con-
sidered to be phosphorylated by elevated neuronal activity and
synaptic plasticity (Thomas and Huganir, 2004; Peng et al., 2010).
Home-cage control groups did not receive any training or drug
treatment. Other rats received the same post-training injection of
corticosterone or vehicle and their retention was tested 48 h later.

As is shown in Figure 2A, post-training injection of this dose
of corticosterone significantly enhanced 48 h retention latencies
(p < 0.05). Figure 2B shows the pattern of pERK1/2 expression
in the IC. Immunoreactivity for pERK1/2 was found in somata
as well as fibers (Figure 2C). Qualitative double-labeling indi-
cated that the vast majority of pERK1/2-positive cells in the IC
also showed immunoreactivity for the neuronal marker NeuN
(Figure 2C) or CaMKII (Figure 2D), a marker for glutamater-
gic pyramidal cells (McDonald et al., 2002). These observations
strongly suggest that pERK1/2 immunoreactivity within somata
was mainly expressed in glutamate-rich pyramidal cells. Because
most pERK1/2 immunoreactivity was concentrated in the super-
ficial layers (II-III) of the agranular and dysgranular IC, cell
counts were restricted to these regions, at two levels (2.5-1.7 mm
and 1.6-0.7mm anterior to Bregma), according to the stan-
dard atlas plates of Paxinos and Watson (2007). Figure 2E shows
the number of pERKI1/2-positive cells at these two levels of
the IC of rats treated with corticosterone or vehicle immedi-
ately after inhibitory avoidance training or of rats that were not
trained. Across all groups, the number of pERK1/2-positive cells
at the more rostral level appeared to be higher than that at the
more caudal level. At the rostral level, Two-Way ANOVA indi-
cated a significant training effect [F(1, 14) = 11.63,p < 0.01] but
no corticosterone effect [F(1, 14) = 1.95, p = 0.18] or interac-
tion effect between these two parameters [F(1, 14) = 0.53, p =
0.48]. Fisher’s post-hoc analyses indicated that rats that were
trained on the inhibitory avoidance task and subsequently treated
with vehicle had more pERK1/2-positive cells than non-trained
vehicle-treated rats (p < 0.05). Corticosterone administration
after inhibitory avoidance training did not significantly alter the
number of pERK1/2-positive cells as compared to vehicle-treated
rats. When compared to home-cage controls, student ¢-test anal-
yses indicated that rats treated with either vehicle (p < 0.05) or
corticosterone (p < 0.05) immediately after training had more
pERK1/2-positive cells, whereas the number of pERK1/2-positive
cells of non-trained rats administered vehicle or corticosterone
did not differ from those of home-cage controls.

On the other hand, Two-Way ANOVA for the number
of pERK1/2-positive cells at the more caudal level revealed
significant effects of training [F(1,14) = 21.66, p < 0.01],
corticosterone treatment [F(1, 14) = 10.55, p < 0.01] and the
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FIGURE 1 | Glucocorticoid receptor agonist administration into the
insular cortex enhances memory consolidation of inhibitory

avoidance training. (A) Step-through latencies (mean + SEM) in seconds
on the 48 h inhibitory avoidance retention test of rats given bilateral infusions
of the glucocorticoid receptor agonist RU 28362 (3 or 10 ng in 0.5 pl) into the
IC immediately after training. *p < 0.05 as compared with the vehicle-treated
group (n = 11-12 per group). (B) Step-through latencies (mean 4+ SEM) in
seconds on the 48 h inhibitory avoidance retention test of rats given the
glucocorticoid receptor agonist RU 28362 (3 or 10 ng in 0.5 l) into

the IC 3 h after training (n = 6-7 per group). (C) Location of injection
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needle tips within the IC of all rats included in the immediate infusions
groups (black circles) and 15 rats with infusion needle tips in the
somatosensory cortex as a control for site specificity (open circles). Adapted
from Paxinos and Watson (2007). (D) Representative photomicrograph
illustrating placement of cannulae and needle tips within the insular cortex.
(E) Step-through latencies (mean + SEM) in seconds on the 48 h inhibitory
avoidance retention test of rats given bilateral infusions of the glucocorticoid
receptor agonist RU 28362 (3 or 10ng in 0.5 ul) into the somatosensory
cortex, approximately 1 mm above the IC, immediately after training (n = 4-6
per group).

interaction between them [F(1, 14) = 6.64, p < 0.05, Figure 2E].
Fisher’s post-hoc analyses indicated that trained rats that were sub-
sequently injected with vehicle had significantly more pERK1/2-
positive cells than rats that were administered corticosterone
after training (p < 0.01) or non-trained rats treated with either
vehicle or corticosterone (p < 0.01). When compared to home-
cage controls, the group that received vehicle immediately after
training was the only one that showed increased cell counts

(p < 0.0001). These findings indicate that training on the
inhibitory avoidance task increases the number of pERK1/2-
positive cells within this area of the IC, and that post-training
administration of a memory-enhancing dose of corticosterone
resulted in a significant decrease in the number of pERK1/2-
positive cells (as compared to vehicle-treated trained rats),
which did not differ significantly from home-cage controls or
non-trained rats.
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FIGURE 2 | Systemic injection of a memory-enhancing dose of
corticosterone after one-trial inhibitory avoidance training reduces
pERK1/2-immunoreactivity in the insular cortex. (A) Step-through
latencies (mean + SEM) in seconds on a 48 h inhibitory avoidance retention
test of rats given a subcutaneous injection of corticosterone (1 mg/kg) or
vehicle immediately after training. *p < 0.05 (n = 8-9 per group). (B)
Example of a Nissl-stained coronal section depicting the region that was
acquired for the analyses of immunostaining and the distribution pattern of
pERK1/2 expression in the insular cortex. The white square indicates the
region analyzed for cell counts. (C) Triple localization of Hoechst (blue),
pERK1/2 (green) and the neuronal marker NeuN (red) in the insular cortex.
Merging the three channels demonstrates that all pERK1/2-positive cells

HC Trained Non-trained

+1.6-0.7 mm

O Vehicle
M Corticosterone (1 mg/kg)

DDI I

Trained Non-trained

exhibit immunoreactivity for NeuN. (D) Dual localization of pERK1/2 (red) and
CamKIl (green) immunoreactivity in the insular cortex. Merging of the red and
green channels demonstrates that pERK1/2-positive cells also showed
immunoreactivity for CamKIl. Arrows point to cells with combined pERK1/2
and CamKIl immunoreactivity. (E) Number of pERK1/2-positive cells (mean +
SEM) at two levels within the insular cortex as assessed 30 min after
inhibitory avoidance training and systemic injection of corticosterone (n = 4)
or vehicle (n = 4). Non-trained rats received an injection of corticosterone

(n = 5) or vehicle (n = 5) but were not trained on the inhibitory avoidance
task. Home-cage (HC) control rats (n = 6) did not receive any training or
systemic injection. *p < 0.05 as compared with non-trained vehicle-treated
rats. 4p < 0.01 as compared with all other groups.
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GR AGONIST INFUSIONS INTO THE INSULAR CORTEX ENHANCE
MEMORY FOR BOTH THE CONTEXT AND FOOTSHOCK COMPONENTS
OF INHIBITORY AVOIDANCE TRAINING

The findings described above indicate that the IC is an important
target structure for glucocorticoids in regulating memory consol-
idation of inhibitory avoidance training. However, with one-trial
inhibitory avoidance it is not possible to investigate the relative
involvement of a brain region in memory consolidation of the
contextual information independently from that of the footshock.
To address this issue, a modified two-phase inhibitory avoidance
training procedure had been developed in which context training
and footshock training occur on two sequential days (Malin and
McGaugh, 2006; Medina et al., 2007; Roozendaal et al., 2009b). In
the next experiment, we used this modified inhibitory avoidance
training procedure to investigate whether GR agonist administra-
tion into the IC enhances memory consolidation of contextual
information, the footshock experience, or of both components of
training.

Figure 3 shows 48 h retention latencies of rats administered
the GR agonist (3 or 10ng in 0.5pl) into the IC after either
the context or footshock component of inhibitory avoidance
training. One-Way ANOVAs for retention latencies revealed sig-
nificant group effects of rats given intra-IC infusions of RU 28362
immediately after either context [F(2,37) = 3.50, p < 0.05] or
footshock training [F(2, 37) = 4.04, p < 0.05]. Retention laten-
cies of rats given intra-IC infusions of the 3 and 10 ng doses of
RU 28362 immediately after context training (both, p < 0.05), or
infusions of the 3 ng dose of RU 28362 after footshock training
(p < 0.01) were significantly longer than those of their respec-
tive vehicle controls. Importantly, as is shown in Table 1, both
doses of RU 28362 administered into the IC after either context or
shock training to animals that did not receive the other compo-
nent of training did not enhance 48 h retention latencies [context:
F(2,15) = 0.70, p = 0.51; footshock: F(2, 15) = 0.88, p = 0.44],
indicating that the expression of the enhanced memory depends
on the learning about both context and footshock.

A250 ] * * O Vehicle
) O RU 28362 (3 ng)
8200 ~ B RU 28362 (10 ng)
[$]
150 ot
kS
5100 4
o)
‘q-'; 50 - i
= LI
04 |

Post-context Post-footshock

FIGURE 3 | Glucocorticoid receptor agonist infusions into the insular
cortex enhance memory consolidation of both the context and
footshock components of inhibitory avoidance training. Step-through
latencies (mean + SEM) in seconds on the 48 h inhibitory avoidance
retention test of rats given bilateral infusions of the glucocorticoid receptor
agonist RU 28362 (3 or 10ng in 0.5 ) into the insular cortex immediately
after either context or shock training on the two-phase modified inhibitory
avoidance task (n = 12-14 per group). *p < 0.05, **p < 0.01, as compared
with the corresponding vehicle-treated group.

Table 1| Effect of RU 28362 after context or footshock exposure alone.

Vehicle RU 28362 RU 28362 P
(3 ng) (10 ng)
Context 42+£09(0B) 314+03(7) 32+£09(1©) 0.51
exposure alone
Footshock 87+42(7) 19.0+52(6) 183.0+£83(5) 0.44

exposure alone

Data are presented as mean £ SEM. Number of animals per group is shown in
parentheses.

DISCUSSION

The aim of this study was to investigate whether the IC is
involved in regulating glucocorticoid effects on memory consol-
idation of inhibitory avoidance training. Our findings indicate
that the specific GR agonist RU 28362 infused bilaterally into the
IC after inhibitory avoidance training induced dose- and time-
dependent enhancement of the consolidation of memory of this
training experience. Moreover, training on the inhibitory avoid-
ance task increased neuronal activity of the IC, as assessed with
immunoreactivity for pERK1/2. Unexpectedly, systemic injection
of a memory-enhancing dose of corticosterone after inhibitory
avoidance training rapidly reduced pERK1/2 expression in the
IC. Lastly, we show that post-training activation of GRs in the IC
enhanced the consolidation of memory of both the footshock and
contextual components of inhibitory avoidance training. These
findings provide evidence that the IC is an important target
structure for glucocorticoids in regulating the consolidation of
different components of inhibitory avoidance memory.

It is well established that glucocorticoid hormones, via GR
activation, enhance memory consolidation of emotionally arous-
ing training experiences (de Kloet et al., 1999; Sandi and Pinelo-
Nava, 2007; Roozendaal et al., 2009a; Schwabe et al., 2012).
However, most studies investigating glucocorticoid effects on
the formation and stabilization of memory, and its molecular
underpinnings, examined glucocorticoid actions on a network
of interconnected brain regions such as the BLA and hippocam-
pus (Revest et al., 2005; Sandi and Pinelo-Nava, 2007; Roozendaal
et al., 2009b; Groeneweg et al., 2011). Surprisingly little is known
concerning glucocorticoid effects on the IC or other cortical
regions in regulating learning and memory. Our finding that RU
28362 infused into the IC immediately after inhibitory avoidance
training enhanced later retention is in line with other recent evi-
dence indicating that corticosterone or GR agonist administration
into the IC also enhances the consolidation of memory of condi-
tioned taste aversion (Miranda et al., 2008a) and object recogni-
tion training (Roozendaal et al., 2010). More generally, findings
from human and, to a lesser extent, animal studies indicate that
the IC is involved in memory formation of emotionally arousing
experiences. Human neuroimaging studies reported activation of
the IC during the encoding of aversive conditioning paradigms
(Buchel et al., 1998; Alvarez et al., 2008, 2011; Marschner et al.,
2008). In rats, lesions of the IC, made before training, disrupted
memory of emotionally arousing water-maze spatial (Bermudez-
Rattoni et al., 1991; Nerad et al., 1996) and inhibitory avoidance
training (Bermudez-Rattoni and McGaugh, 1991). Although such
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neuroimaging studies in humans and permanent lesion studies in
animals obviously cannot determine whether the memory effects
were attributable to specific influences on memory consolida-
tion, our findings using immediate post-training or delayed drug
delivery provide compelling evidence for the view that the IC is
involved in time-dependent processes underlying the consolida-
tion of memory (Bermudez-Rattoni et al., 1991, 2005; Gutierrez
et al., 1999; Miranda and McGaugh, 2004; Roozendaal et al,,
2010).

To investigate whether inhibitory avoidance training normally
recruits the IC, we examined the pattern of pERK1/2 expression
in this cortical region 30 min after inhibitory avoidance train-
ing. ERK is a rapidly activated protein that has been implicated
in neuronal activity as well as neuroplasticity and memory con-
solidation (Atkins et al., 1998; Schafe et al., 2000; Thomas and
Huganir, 2004). Exposure to the inhibitory avoidance training
procedure increased the number of pERK1/2-positive cells within
the IC of rats treated with vehicle. Qualitative immuno-staining
indicated that most pERK1/2-positive cells were glutamate-rich
pyramidal cells. These findings are consistent with the evidence
that ERK1/2 is activated in neurons in response to excitatory glu-
tamatergic activity (Fiore et al., 1993; Xia et al., 1996), and suggest
that the elevated pERK1/2 immunoreactivity reflects an increased
neuronal activity within this region (Fujita et al., 2010). Such
findings are in agreement with the above-mentioned human neu-
roimaging studies indicating enhanced IC activity during affective
processing and the encoding of emotionally arousing informa-
tion (Buchel et al., 1998; Alvarez et al., 2008, 2011; Marschner
et al., 2008; King et al., 2009; Rasch et al., 2009; Hermans et al.,
2011). The pattern of pERK1/2 expression in the present study
was similar to that of Kobayashi et al. (2010) reporting that
novel sucrose stimulation increased the number of pERK1/2-
positive cells in the IC, when compared to sucrose-experienced
rats. As in our study, they found that pyramidal neurons, but not
GABAergic interneurons, in the upper layers of the IC were most
susceptible to ERK1/2 phosphorylation. However, the difference
between naive and sucrose-experienced rats was only found in
the gustatory region—dysgranular and granular subdivisions—
of the IC (Kobayashi et al., 2010), whereas in the present study
most pERK1/2 immunoreactivity was concentrated in the agran-
ular and dysgranular regions, and not in the gustatory region.
Other studies also indicated increased pERK1/2 levels in the IC
in response to an unfamiliar taste stimulus (Berman et al., 1998,
2000), and that such activation is necessary for taste learning
(Berman et al., 1998). These findings suggest that ERK1/2 activa-
tion in the IC may contribute to the detection of novelty and/or
memory formation (Berman et al., 1998; Bermudez-Rattoni,
2004; Kobayashi et al., 2010).

A more puzzling observation is that a memory-enhancing
dose of corticosterone administered immediately after inhibitory
avoidance training resulted in a rapid decrease in the number of
PERK1/2-positive cells within the IC. Corticosterone administra-
tion to non-trained rats did not induce such a reduction. The
selective influence of corticosterone on trained, and not naive,
rats is consistent with prior evidence indicating that RU 28362
infused into the IC interacts with training-induced noradrener-
gic activation in enhancing memory consolidation (Roozendaal

et al., 2010). However, the direction of the corticosterone effect
on pERKI1/2 immunoreactivity appears to contrast prior evi-
dence indicating that glucocorticoid effects on memory consol-
idation involving other brain regions require an upregulation
of pERK1/2-MAP kinase activity. Previously, we reported that
a memory-enhancing dose of RU 28362 infused into either the
BLA or medial prefrontal cortex after inhibitory avoidance train-
ing rapidly elevated pERK1/2 levels in the other brain site (medial
prefrontal cortex or BLA, respectively) (Roozendaal et al., 2009Db).
Moreover, stress and corticosterone are known to interact with
training-associated glutamatergic activity within the hippocam-
pus to increase the expression and enzymatic activity of the MAP
kinase pathway (Revest et al., 2005; Gutierrez-Mecinas et al.,
2011). A blockade of pERK1/2 signaling with a MEK inhibitor
infused into any of these brain regions prevented glucocorticoid
effects on memory consolidation. Thus, although we only exam-
ined pERK1/2 immunoreactivity in somata, and not in fibers,
these findings suggest that glucocorticoids, at least at a 30 min
time interval, might exert an opposite influence on the pERK1/2-
MAP-kinase pathway, and possibly neuronal activity, in the IC as
compared to the BLA or hippocampus. Emerging evidence sup-
ports the view that glucocorticoids can activate or suppress synap-
tic plasticity and neuronal activity in a highly time-dependent and
brain region-specific manner (Joéls et al., 2011).

Our finding that corticosterone-induced enhancement of
inhibitory avoidance memory is associated with a reduced
pERK1/2 expression, and possibly neuronal activity, of the IC is
in agreement with that of a recent functional magnetic resonance
imaging study in humans showing that the combined oral admin-
istration of cortisol and the noradrenergic stimulant yohimbine
shortly before the encoding of emotionally arousing pictures 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 assessed 1 week later. Highly comparable, another
study reported that human participants who responded with a
large increase in cortisol when confronted with a psychosocial
stressor, as opposed to low-responders, also showed deactivation
of a network of limbic regions that includes the right anterior
insula (Pruessner et al., 2008). The crucial question is whether
and how such overall deactivation of the IC might contribute
to the enhanced consolidation of memory processing. Pruessner
et al. (2008) interpreted the deactivation of limbic regions in their
study as a stress-mediated regulatory influence on hypothalamic-
pituitary-adrenal (HPA) axis activity. However, no findings are
available indicating whether or not the IC per se is involved
in HPA-axis regulation. Alternatively, based on the involvement
of frontal areas, including the anterior IC, in emotional regu-
lation, attention, and focusing (Dolcos et al., 2004, 2007), van
Stegeren et al. (2010) suggested that a reduced BOLD signal in
these areas 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 a shift of attentional
processing from a peripherally to a centrally focused view. In
line with this hypothesis, others have proposed that the anterior
IC is part of a “salience network” which detects salient stim-
uli (events) and triggers appropriate control signals to regulate
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behavior and homeostatic state (Downar et al., 2002; Seeley et al.,
2007; Menon and Uddin, 2010). It is possible, therefore, that a
reduced neuronal activity of the IC after exogenous glucocorti-
coid administration induces a “reallocation of resources,” thereby
increasing the detection of the most relevant stimuli and enhanc-
ing the consolidation of memory of these experiences (Cahill and
van Stegeren, 2003; van Stegeren et al., 2010).

Such a potential role of the IC, as part of the salience net-
work, in novelty and salience detection fits well with our find-
ing that local activation of GRs with RU 28362 enhanced the
memory of exposure to both the contextual and aversive com-
ponents of inhibitory avoidance training. Similarly, findings of
human neuroimaging studies indicated activation of the IC in
fear conditioning studies during the presentation of either spe-
cific conditioned stimuli or context (Buchel et al., 1998, 1999;
Alvarez et al., 2008; Marschner et al., 2008). A broad involve-
ment of the IC in regulating the consolidation of memory of
emotionally salient experiences fits also well with other findings
of animal studies indicating that post-training pharmacological
manipulation of IC activity modulates memory consolidation of
training on many different kinds of learning tasks, including spa-
tial water-maze (Gutierrez et al., 1999), conditioned taste aversion
(Miranda and McGaugh, 2004; Miranda et al., 2008a,b; Shema
et al,, 2009) and object recognition (Bermudez-Rattoni et al.,
2005; Roozendaal et al., 2010). The extensive network of con-
nections between the IC and other cortical regions, including the
prefrontal, cingulate, perirhinal and entorhinal cortices (Mufson
et al., 1981; Augustine, 1996; Shi and Cassell, 1998b; Hoistad
and Barbas, 2008), might account for such a general modulatory
influence on memory. There are also dense reciprocal connections
between the IC and BLA (McDonald and Jackson, 1987; Shi and
Cassell, 1998a,b). Extensive evidence indicates that the BLA influ-
ences memory consolidation of emotionally arousing training

experiences by regulating neuroplasticity and information stor-
age processes in other brain regions, including the hippocampus
and dorsal striatum (McGaugh, 2002; Roozendaal and McGaugh,
2011). Therefore, it is possible that the IC and BLA share a
functional commonality and cooperate in regulating memory
consolidation. Indeed, some findings provide evidence for a nec-
essary interaction between the IC and BLA in strengthening
the consolidation of memory of emotionally arousing training.
Post-training infusion of a cAMP analog into the IC is known
to enhance memory consolidation of both conditioned taste
aversion and inhibitory avoidance training. However, concur-
rent blockade of noradrenergic transmission in the BLA with
the B-adrenoceptor antagonist propranolol prevents this memory
enhancement (Miranda and McGaugh, 2004). Findings of human
studies indicating an increased connectivity between the amyg-
dala and IC during the encoding of emotionally arousing material
(Rasch et al., 2009) support a functional interaction between the
BLA and IC in regulating memory consolidation.

In summary, the present findings provide evidence for the
view that the IC is importantly involved in regulating glucocor-
ticoid effects on memory consolidation of emotionally arousing
inhibitory avoidance training. These findings indicate that the IC
deserves a prominent position in animal research investigating the
neural basis of emotional regulation of learning and memory.
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