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Extensive evidence indicates that the basolateral amygdala (BLA)
interacts with other brain regions in mediating stress hormone and
emotional arousal effects on memory consolidation. Brain activation
studies have shown that arousing conditions lead to the activation of
large-scale neural networks and several functional connections
between brain regions beyond the BLA. Whether such distal
interactions on memory consolidation also depend on BLA activity
is not as yet known. We investigated, in male Sprague-Dawley rats,
whether BLA activity enables prelimbic cortex (PrL) interactions with
the anterior insular cortex (alC) and dorsal hippocampus (dHPC) in
regulating glucocorticoid effects on different components of object
recognition memory. The glucocorticoid receptor (GR) agonist RU
28362 administered into the PrL, but not infralimbic cortex, immedi-
ately after object recognition training enhanced 24-hour memory of
both the identity and location of the object via functional interac-
tions with the alC and dHPC, respectively. Importantly, posttraining
inactivation of the BLA by the noradrenergic antagonist propranolol
abolished the effect of GR agonist administration into the PrL on
memory enhancement of both the identity and location of the ob-
ject. BLA inactivation by propranolol also blocked the effect of GR
agonist administration into the PrL on inducing changes in neuronal
activity within the alC and dHPC during the postlearning consolida-
tion period as well as on structural changes in spine morphology
assessed 24 hours later. These findings provide evidence that BLA
noradrenergic activity enables functional interactions between the
PrL and the alC and dHPC in regulating stress hormone and emo-
tional arousal effects on memory.

basolateral amygdala | medial prefrontal cortex | anterior insular cortex |
dorsal hippocampus | norepinephrine

tressful and emotional experiences activate hormonal and

brain systems that create strong memories (1, 2). Extensive
evidence indicates that noradrenergic activation of the baso-
lateral amygdala (BLA), induced by emotional arousal, is cru-
cially involved in strengthening the consolidation of long-term
memory (2). We have reported extensive evidence indicating
that noradrenergic activation of the BLA also plays a critical role
in enabling the enhancing effects of adrenal stress hormones,
that is, epinephrine and glucocorticoids, on memory consolida-
tion (3-5). Many previous studies have investigated how such
BLA activation enhances the consolidation of memory by
influencing neural plasticity and information storage processes
within specific target regions, such as the hippocampus (2, 6-10).
Accumulating evidence from brain activation studies indicates
that arousing conditions increase activation of large-scale neural
networks (11-13) and also affect numerous functional interactions
between brain regions beyond the amygdala (14, 15). However,
it is not known whether BLA activity is required for regulating
emotional arousal effects on functional interactions between such
distal brain regions.

www.pnas.org/cgi/doi/10.1073/pnas. 1901513116

We investigated whether BLA noradrenergic activity enables
functional interactions between the medial prefrontal cortex
(mPFC) and the anterior insular cortex (alC) and dorsal hippo-
campus (dHPC) in mediating glucocorticoid hormone enhance-
ment of recognition memory for objects and their location.
Previous findings indicate that the mPFC contributes to memory
through cognitive or strategic control over memory processes
within other brain areas (16, 17) and that the aIC is involved in
memory for the identity of an object (18). Functional interactions
between the mPFC and alC might occur when emotionally salient
information, including novel objects, is detected (19, 20). Previous
findings also indicate that the dHPC is involved in associating an
object with its context or place (21-23) and that the processing of
contextual information engages a functional cross talk between the
mPFC and dHPC (24-26). Importantly, the mPFC (27), aIC (28),
and dHPC (29) all receive strong inputs from the BLA. We show
that a glucocorticoid receptor (GR) agonist administered into the
prelimbic cortex (PrL) but not the infralimbic cortex (IL) of the
mPFC after an object recognition training experience enhances
the consolidation of memory of both the identity and location of an
object via functional cross talk with the aIC and dHPC, respectively.
Most importantly, we show that BLA noradrenergic activity drives
functional interactions between these distal brain regions. These
findings indicate that the BLA influences large-scale brain networks
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in regulating stress hormone and emotional arousal effects on
memory (13).

Results

Effect of GR Agonist Administration into the PrL and IL on the
Consolidation of Object Recognition Memory and Object Location
Memory. We investigated whether GR agonist administration
into the PrL and IL, two subregions of the mPFC, enhances the
consolidation of memory of different components of object
recognition training. Male Sprague—Dawley rats were trained on
a 3-min object recognition trial during which they could freely
explore two identical objects, immediately followed by bilateral
microinfusions of the GR agonist RU 28362 (3 or 10 ng in 0.5 puL)
or vehicle administered into either the PrL or IL (Fig. 1/ and SI
Appendix, Fig. S1 for infusion sites). Other groups of rats were
trained on a 10-min training trial, which induces robust long-
term memory (23, 30), and we examined whether a blockade
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Fig. 1. Posttraining GR agonist and GR antagonist administration into the
PrL but not the IL modulate ORM and OLM. (A) Experimental design of the
ORM task (SI Appendix, Supplementary Methods). (B) The GR agonist RU
28362 (3 or 10 ng in 0.5 pL) administered into the PrL after a 3-min training
trial enhanced 24-h ORM. Data are presented as discrimination index
(mean + SEM; see Methods). n = 11-13 rats/group. (C) No effect of GR ag-
onist administration into the IL after a 3-min training trial on 24-h ORM. n =
12 rats/group. (D) The GR antagonist RU 38486 (3 or 10 ng in 0.5 pL) ad-
ministered into the PrL after a 10-min training trial impaired 24-h ORM. n =
10-13 rats/group. (E) Experimental design of the OLM task. (F) The GR ag-
onist administered into the PrL after a 3-min training trial enhanced 24-h
OLM. n = 9-11 rats/group. (G) No effect of GR agonist administration into
the IL after a 3-min training trial on 24-h OLM. n = 10-12 rats/group. (H) The
GR antagonist administered into the PrL after a 10-min training trial im-
paired 24-h OLM. n = 11-13 rats/group. *P < 0.05; **P < 0.01. (/) Infusion
sites in the PrL (solid circles) and IL (open circles) of rats included in Fig. 1 B
and C. (J) Fluorescence photomicrograph showing similar GR expression
levels within the PrL and IL. Cl, claustrum; fmi, forceps minor of the corpus
callosum. (Scale bar, 300 um.) (K) Detailed picture showing coexpression of
GR (green) and the neuron marker NeuN (red) in the PrL. (Scale bar, 100 pm.)
(L) Detailed picture showing GR (green) and NeuN (red) coexpression in the
IL. (Scale bar, 100 um.)
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of GR activity with posttraining infusions of the GR antagonist RU
38486 (3 or 10 ng in 0.5 pL) impairs memory of that training. To
determine whether animals exhibit a memory for the identity of the
object (object recognition memory, ORM), some rats were given a
24-h retention test in which one object was familiar and the other
object was novel. This protocol is depicted in Fig. 14. To determine
whether animals exhibit a memory for the location of the object
(object location memory, OLM), other rats were given a 24-h re-
tention test in which both objects were familiar but one was placed in
a novel location (Fig. 1E).

ORM task. GR agonist administration into the PrL. immediately
after a 3-min training trial enhanced 24-h memory for the identity
of the object (one-way ANOVA for discrimination index: F, 33 =
10.02, P = 0.0004). As shown in Fig. 1B, vehicle-treated control rats
did not express 24-h retention of the object (one-sample ¢ test: t1; =
0.40, P = 0.69), and both doses of the GR agonist significantly
enhanced retention (3 ng: P < 0.05; 10 ng: P < 0.01 vs. vehicle). In
contrast, GR agonist infusions administered into the IL did not
affect 24-h retention (F,33 = 0.25, P = 0.78; Fig. 1C). As shown in
Fig. 1D, GR antagonist administration into the PrL after a 10-min
training session significantly impaired 24-h memory for the identity
of the object (Fo3 = 13.14, P < 0.0001). Vehicle-treated rats
expressed significant retention (#;, = 12.08, P < 0.0001), and both
doses of the GR antagonist impaired retention performance (3
and 10 ng: P < 0.01). The treatment groups did not differ in total
exploration time of the two objects during either training or 24-h
retention test (SI Appendix, Fig. S2).

OLM task. GR agonist administration into the PrL also enhanced
24-h memory for the location of the object (F,.5 = 9.69, P =
0.0006). As shown in Fig. 1F, vehicle-treated control rats did not
express significant memory of the 3-min training trial (one-
sample ¢ test: t;9 = —0.80, P = 0.44), and both doses of the GR
agonist enhanced retention (3 and 10 ng: P < 0.01). GR agonist
administration into the IL did not affect 24-h retention (F,39 =
0.17, P = 0.84; Fig. 1G). As shown in Fig. 1H, the GR antagonist
administered into the PrL after a 10-min training session sig-
nificantly impaired memory for the location of the object (F, 3, =
4.30, P = 0.02). Vehicle-treated rats expressed significant 24-h
retention (¢, = 4.57, P = 0.0006), and the higher dose of the GR
antagonist impaired retention performance (10 ng: P < 0.01).
The treatment groups did not differ in total exploration time of
the two objects during either training or 24-h retention test (SI
Appendix, Fig. S2). These findings thus indicate that GR agonist
administration into the PrL but not the IL, despite similar GR
expression levels (Fig. 1J), enhances the consolidation of memory
of both the “what” (object identity) and “where” (object location)
components of object recognition memory.

PrL Interactions with the alC in Regulating GR Agonist Effects on
ORM. We investigated interactions between the PrL and alC in
mediating GR agonist effects on memory in the ORM and OLM
tasks. The PrL, but not the IL, sends direct anatomical projections
to the alC (31), and the aIC is implicated in memory for the identity
but not location of an object (22, 23). We examined whether a
functional blockade of the alC by inhibition of phosphorylated
extracellular signal-regulated kinasel/2 (pERK1/2), a signaling
cascade critically implicated in neuronal activity and synaptic plas-
ticity (32), prevents the effect of intra-Prl. GR agonist adminis-
tration on memory enhancement in both the ORM and OLM tasks.
As shown in Fig. 24, posttraining GR agonist (3 or 10 ng in 0.5 pL)
administration into the left PrL (see SI Appendix, Fig. S3A4 for in-
fusion sites) enhanced 24-h memory for the identity of the object in
the ORM task (3 ng: P < 0.05; 10 ng: P < 0.01). The MEK inhibitor
PD98059 (50 ng in 0.5 pL) administered into the ipsilateral alC
after the training blocked the GR agonist effect on memory en-
hancement for the identity of the object (3 ng: P < 0.05; 10 ng: P <
0.01). In contrast, functional blockade of the aIC with this dose of
the MEK inhibitor did not prevent the modulatory effect of GR
agonist administration into the PrL. on memory for the location of
the object in the OLM task. As shown in Fig. 2B, MEK inhibitor
administration into the alC alone enhanced 24-h retention of the

Barsegyan et al.
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Fig. 2. Inhibition of alC activity with a MEK inhibitor selectively blocks the
effect of GR agonist treatment into the PrL on enhancement of ORM. Rats
were given a 3-min training trial followed by MEK inhibitor (PD98059, 50 ng
in 0.5 pL) or vehicle administration into the left alC together with the GR
agonist (RU 28362, 3 or 10 ng in 0.5 pL) or vehicle into the ipsilateral PrL.
ORM or OLM was tested 24 h later. (A) PD98059 administration into the alC
blocked enhancement of ORM induced by GR agonist administration into
the PrL (n = 8-11 rats/group, two-way ANOVA: RU 28362 F,5; = 3.44, P =
0.04; PD98059 F; 51 = 16.45, P = 0.0002; interaction F, 51 = 5.03, P = 0.01). (B)
PD98059 administration into the alC alone enhanced OLM, but this did not
prevent memory modulation induced by GR agonist administration into the
PrL (n = 9-14 rats/group, two-way ANOVA: RU 28362 F, ¢, = 0.13, P = 0.88;
PD98059 F1,60 = 0.02, P = 0.88; interaction F,0 = 5.38, P = 0.007). *P < 0.05,
**P < 0.01 vs. vehicle; ®P < 0.05, ®®P < 0.01 vs. vehicle or RU 28362 alone.

location of the object (P < 0.01), and, in this condition, GR agonist
administration into the PrL induced significant memory impair-
ment (10 ng: P < 0.05 vs. vehicle). The treatment groups did not
differ in total exploration time of the two objects during either
training or 24-h retention test (SI Appendix, Fig. S3 B and C). These
findings indicate that the PrL interacts with the alC in regulating
GR agonist effects on memory for the identity but not location of
the object.

PrL Interactions with the dHPC in Regulating GR Agonist Effects on
OLM. Next, we examined functional interactions between the PrL
and dHPC in mediating GR agonist effects on memory in the
ORM and OLM tasks. Although a role of the dHPC in famil-
iarity discrimination remains controversial (33), several findings
indicate that an object’s association with its context or place does
require the dHPC (22, 23). As shown in Fig. 34, GR agonist (3
or 10 ng in 0.5 pL) administration into the left PrL after the
training trial enhanced 24-h memory for the identity of the object
in the ORM task (10 ng: P < 0.01), and concomitant blockade of
the ipsilateral dHPC with the MEK inhibitor PD98059 (50 ng in
0.5 pL) (see SI Appendix, Fig. S4A4 for infusion sites) did not
prevent this GR agonist effect (3 and 10 ng: P < 0.01 vs. vehicle).
In contrast, dHPC inactivation completely blocked the GR agonist
effect on memory enhancement for the location of the object in the
OLM task. As shown in Fig. 3B, GR agonist administration into the
PrL enhanced 24-h retention of the location of the object (10 ng:
P < 0.01), and this effect was blocked following MEK inhibitor
administration into the dHPC (3 ng: P < 0.05; 10 ng: P < 0.01 vs.
GR agonist). The treatment groups did not differ in total explo-
ration time of the two objects during training or 24-h retention test
(SI Appendix, Fig. S4 B and C). Thus, these findings indicate that
the PrL interacts with the dHPC in regulating GR agonist effects
on memory for the location but not the identity of the object.

Impact of BLA Noradrenergic Activity on the Effect of GR Agonist
Administration into the PrL on ORM and OLM. To determine whether
BLA noradrenergic activity is critically involved in regulating the
effect of GR agonist administration into the PrL. on memory in the
ORM and OLM tasks, the GR agonist (3 or 10 ng in 0.5 pL) was
administered into the left PrL, and the B-adrenoceptor antagonist
propranolol (0.3 pg in 0.2 pL) was administered into the ipsilateral
BLA (see SI Appendix, Fig. S5A4, for infusion sites) immediately after
the training trial. As shown in Fig. 44, GR agonist administration

Barsegyan et al.

into the PrL enhanced 24-h memory for the identity of the object
in the ORM task (3 and 10 ng: P < 0.01), and propranolol ad-
ministration into the BLA blocked this GR agonist effect (3 ng: P <
0.05; 10 ng: P < 0.01 vs. GR agonist alone). As shown in Fig. 4B,
GR agonist administration into the PrL also enhanced 24-h mem-
ory for the location of the object in the OLM task (3 and 10 ng: P <
0.01), and propranolol administration into the BLA also blocked
this GR agonist effect (10 ng: P < 0.01 vs. GR agonist alone). The
treatment groups did not differ in total exploration time of the two
objects during either training or 24-h retention test (SI Appendix,
Fig. S5 B and C). Thus, these findings indicate that BLA norad-
renergic activity is required for enabling the effect of GR agonist
administration into the PrL. on memory enhancement of both alC-
dependent ORM and dHPC-dependent OLM.

Impact of BLA Noradrenergic Activity on the Effect of GR Agonist
Administration into the PrL on Neuronal Activity Changes Within
the alC and dHPC. To further examine whether BLA noradren-
ergic activity enables functional interactions between the PrL
and the alC and dHPC, we investigated whether GR agonist
administration into the PrL after object recognition training in-
duces activity-dependent neuronal activity changes within the
alC and dHPC during the postlearning consolidation period (34)
and, most importantly, whether these effects are dependent on
BLA noradrenergic activity. Neuronal activity was assessed, 1 h
after training and drug treatment, by immunofluorescence for c-Fos
(35), an immediate early gene product that is a well-established
molecular marker for identifying recently activated cells (36) and
the mapping of neuronal ensembles that underwent increased task-
related activity (37).

Within the alC, c-Fos labeling was determined within cortical
layers II/III of its three main subdivisions (SI Appendix, Fig.
S64). Vehicle-treated trained rats showed a high numerical
density of c-Fos—positive cells, which was highest within the
agranular and dysgranular subdivisions (SI Appendix, Fig. S6B).
As shown in Fig. 54, GR agonist (10 ng in 0.5 pL) administration
into the left PrL led to a significant reduction in the numerical
density of c-Fos—positive cells within the ipsilateral alC (P <
0.01) (see SI Appendix, Fig. S6B, for analysis per subdivision).
Double staining for c-Fos and for glutamic acid decarboxylase 67
(GADG67), a marker for GABAergic inhibitory neurons (38),
revealed that c-Fos was predominantly expressed in excitatory,
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Fig. 3. Inhibition of dHPC activity with a MEK inhibitor selectively blocks
the effect of GR agonist treatment into the PrL on enhancement of OLM.
Rats were given a 3-min training trial followed by MEK inhibitor (PD98059,
50 ng in 0.5 pL) or vehicle administration into the left dHPC together with
the GR agonist (RU 28362, 3 or 10 ng in 0.5 pL) or vehicle into the ipsilateral
PrL. ORM or OLM was tested 24 h later. (A) PD98059 administration into the
dHPC did not block the enhancement of ORM induced by GR agonist ad-
ministration into the PrL (n = 9-13 rats/group, two-way ANOVA: RU 28362
Faea = 12.91, P < 0.0001; PD98059 F; ¢4 = 0.20, P = 0.66; interaction Fy g4 =
0.10, P = 0.91). (B) PD98059 administration into the dHPC blocked en-
hancement of OLM induced by GR agonist administration into the PrL (n =
9-13 rats/group, two-way ANOVA: RU 28362 F, 6, = 1.33, P = 0.27; PD98059
F1,61 = 14.66, P = 0.0003; interaction F,¢1 = 3.31, P = 0.04). **P < 0.01 vs.
vehicle; ®P < 0.05, ®®P < 0.01 vs. RU 28362 alone.
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Fig. 4. Blockade of BLA noradrenergic activity prevents the effect of GR
agonist administration into the PrL on enhancement of both ORM and OLM.
Rats were given a 3-min training trial followed by p-adrenoceptor antagonist
propranolol (0.3 pg in 0.2 pL) or saline administration into the left BLA to-
gether with the GR agonist RU 28362 (3 or 10 ng in 0.5 pL) or vehicle into the
ipsilateral PrL. ORM or OLM was tested 24 h later. (A) Propranolol admin-
istration into the BLA blocked enhancement of ORM induced by GR agonist
administration into the PrL (n = 10-11 rats/group, two-way ANOVA: RU
28362 F5,59 = 6.40, P = 0.003; propranolol Fy s = 11.41, P = 0.001; interaction
Fy50 = 3.82, P = 0.03). (B) Propranolol administration into the BLA also
blocked enhancement of OLM induced by GR agonist administration into
the PrL (n = 10-13 rats/group, two-way ANOVA: RU 28362 F, 3 = 3.21, P =
0.047; propranolol Fye3 = 12.30, P = 0.0008; interaction F,¢3 = 5.51, P =
0.006). **P < 0.01 vs. vehicle; ®P < 0.05, ®®P < 0.01 vs. RU 28362 alone.

that is, GAD67-negative, neurons and that GR agonist adminis-
tration did not significantly alter the ratio of c-Fos—positive excit-
atory vs. inhibitory cells (SI Appendix, Fig. S6C). To test for changes
in GABAergic synapse numbers, we also quantified the number of
GADG67-positive puncta that were localized at the somatic cir-
cumference of excitatory neurons (SI Appendix, Fig. S6D) (39). GR
agonist administration into the PrL. did not affect the number of
GADG67-positive puncta per neuron soma (SI Appendix, Fig. SOF),
indicating that the reduced alC neuronal activity was not mediated
via an up-regulation of GABAergic inhibitory tone. Rather, these
findings suggest that GR agonist administration into the PrL re-
duces the level of excitatory input to the alC. Most importantly,
although propranolol (0.3 pg in 0.2 pL) administration into the
BLA by itself did not significantly affect the numerical density of c-
Fos—positive cells within the alC, it completely blocked the c-Fos
expression changes induced by the GR agonist (P < 0.01). These
findings thus indicate that BLA noradrenergic activity is essential
for enabling the GR agonist effect on activity-dependent neuronal
activity changes within the PrL-alC pathway during the postlearning
consolidation period.

Within the dHPC, c-Fos immunoreactivity was assessed within
both the CAl and dorsal blade of the dentate gyrus (dDG). As
shown in Fig. 5B, posttraining GR agonist administration into
the PrL significantly increased the numerical density of c-Fos—
positive cells within the pyramidal cell layer of CA1 (P < 0.05).
c-Fos labeling within the dDG granule cell layer was not signif-
icantly affected (Fig. 5C). There are no direct monosynaptic
projections from the PrL to the dHPC, and the nucleus reuniens
(NRE) of the ventral midline thalamus is an important ana-
tomical link between the PrL and dHPC (40-42). The NRE di-
rectly innervates the CAl (stratum lacunosum-moleculare) but
not dDG (43). We found that GR agonist administration into the
PrL also increased the numerical density of c-Fos—positive cells
within the NRE (P < 0.05), supporting the view that the NRE
forms an interface between the PrL and dHPC (41, 44). Most
importantly, propranolol administration into the BLA com-
pletely abolished the effect of intra-PrL. GR agonist adminis-
tration on increased c-Fos labeling within both the CA1 (P =
0.59 vs. vehicle) and NRE (P = 0.58 vs. vehicle). These findings
show that BLA noradrenergic activity is also essential for en-
abling functional interactions between the PrL and dHPC in-
duced by object recognition training and posttraining GR agonist
administration.
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Impact of BLA Noradrenergic Activity on the Effect of GR Agonist
Administration into the PrL on Dendritic Plasticity Within the alC.
After learning, memories are created by alterations in neural
activity and synaptic transmission; in excitatory neurons, these
modifications are then actively stabilized by structural changes at
postsynaptic sites on dendritic spines (45). We investigated
whether GR agonist administration into the PrL after object
recognition training induces long-term structural changes in
dendritic morphology and spine density within the alC, and
whether this neural plasticity within the PrL-alC pathway is also
dependent on BLA noradrenergic activity. The GR agonist (10
ng in 0.5 pL) was administered into the left PrL, and propranolol
(0.3 pg in 0.2 pL) was administered into the left BLA immedi-
ately after the training. Dendritic morphology and spine density
of pyramidal neurons within cortical layers II/III of the ipsi-
lateral granular aIC were assessed 24 h later. Images of Golgi-
impregnated neurons were captured under a bright-field microscope
(Fig. 64). Three-dimensional reconstructions of their somato-
dendritic organization and dendritic branching order-dependent
quantification of spine type and spine density were produced (Fig.
6B; see SI Appendix, Supplementary Methods).

Total spine density did not differ between treatment groups (S/
Appendix, Fig. STB). To examine whether the GR agonist treatment
induced a shift in spine type, we assessed the density of four dif-
ferent spine types (46). Densities of long thin and stubby spines
were not affected. However, mushroom spine density, which has
been associated with long-term information storage and long-term
potentiation (47), was significantly decreased in both apical (P <
0.01) and basal (P < 0.01) dendrites 24 h following training and GR
agonist administration (Fig. 6 C and D). In contrast, the density of
branched spines, which emerge after the splitting of spines (48), was
significantly increased (P < 0.01). As mushroom spines in particular
exhibit a high sensitivity to glutamate and have a high number of
AMPA-sensitive glutamate receptors (49), the observed reduction
in mushroom spine density would be consistent with the decreased
c-Fos labeling and neuronal excitability within the alC after GR
agonist administration. Most importantly, propranolol administra-
tion into the BLA blocked the changes in mushroom (P < 0.01) and
branched (P < 0.01) spine densities induced by the GR agonist
infusion. Thus, these findings demonstrate that BLA noradrener-
gic activity is necessary for enabling the PrL effect on inducing
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Fig. 5. Blockade of BLA noradrenergic activity prevents the effect of
GR agonist treatment into the PrL on neuronal activity changes within
the alC and dHPC. Rats were given a 3-min training trial followed by
B-adrenoceptor antagonist propranolol (Prop) (0.3 pg in 0.2 uL) or saline (Sal)
administration into the left BLA together with the GR agonist RU 28362
(10 ng in 0.5 pL) or vehicle into the ipsilateral PrL. c-Fos immunofluorescence
was assessed 1 h later. (A) Numerical density of c-Fos—positive cells within
cortical layers II/1ll of alC. Data are presented as fold change (mean + SEM)
(n = 6-9 rats/group, two-way ANOVA: RU 28362 F; 56 = 5.10, P = 0.03; pro-
pranolol F; 56 = 1.75, P = 0.20; interaction F; 56 = 6.63, P = 0.02). (B) Numerical
density of c-Fos—positive cells within the pyramidal cell layer of CA1 (two-way
ANOVA: RU 28362 F; 5 = 5.06, P = 0.03; propranolol f; s = 0.41, P = 0.53;
interaction Fy 55 = 2.73, P = 0.11). (C) Numerical density of c-Fos—positive cells
within the granule cell layer of dDG (two-way ANOVA: RU 28362 F; »5 = 2.04,
P =0.17; propranolol F; »s = 0.28, P = 0.60; interaction F; 55 = 0.84, P = 0.37).
(D) Numerical density of c-Fos—positive cells within the NRE (two-way ANOVA:
RU 28362 Fq 3¢ = 2.32, P = 0.14; propranolol F; 56 = 6.58, P = 0.02; interaction
F1.26 = 4.24, P = 0.049). *P < 0.05, **P < 0.01 vs. vehicle; ®®P < 0.01 vs. RU
28362 alone.
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Fig. 6. Blockade of BLA noradrenergic activity prevents the effect of GR
agonist treatment into the PrL on spine morphology changes within the
alC, assessed 24 h after object recognition training. (A) Image of a Golgi-
impregnated neuron. (B) Dendrite showing different spine types (100x
magnification). (C) Spine densities for long thin, stubby, mushroom, and
branched spine types in apical dendrites. Data are presented as the number
of spines per micrometer (mean + SEM) [n = 15-20 cells (from five rats)/
group: two-way ANOVA, mushroom spines: RU 28362 Fy 69 = 7.72, P = 0.007;
propranolol F; g9 = 1.38, P = 0.24; interaction F; g9 = 4.40, P = 0.04; branched
spines: RU 28362 F; 69 = 6.40, P = 0.01; propranolol Fy g9 = 2.63, P = 0.11;
interaction Fy 69 = 9.21, P = 0.003]. (D) Spine densities in basal dendrites [n =
15-18 cells (from five rats)/group: two-way ANOVA, mushroom spines: RU
28362 16, = 1.46, P = 0.23; propranolol F e, = 1.84, P = 0.18; interaction
Fi,62 = 5.71, P = 0.02; branched spines: RU 28362 F;¢, = 5.75, P = 0.02;
propranolol F; ¢, = 2.99, P = 0.09; interaction Fy6; = 4.24, P = 0.04]. **P <
0.01 vs. vehicle; ®®P < 0.01 vs. RU 28362 alone.

structural plasticity changes within the alC following object recog-
nition training and memory-enhancing GR agonist treatment.

Discussion

The present study investigated whether BLA noradrenergic activity
regulates PrL interactions with the alC and dHPC in mediating
glucocorticoid effects on different components of object recognition
memory. This question stems from previous findings that BLA
activity facilitates the consolidation of memory of emotionally
arousing experiences via interactions with other brain regions (1, 2).
However, accumulating evidence, particularly from human neuro-
imaging studies, indicates that emotional arousal induces the ac-
tivation of large-scale neural networks with several functional
connections beyond the BLA (12). Whether BLA activity modu-
lates emotional arousal-associated changes in connectivity between
such distal brain regions had not been investigated.

In the present study, we found that posttraining activation of GRs
within the PrL but not the IL enhanced long-term memory of both
the identity and location of the object in the ORM and OLM tasks.
Conversely, antagonism of GRs within the PrL impaired memory
consolidation in both tasks. These findings provide additional evi-
dence that glucocorticoid administration into the mPFC facilitates
long-term storage of memory of different kinds of training experi-
ences (50, 51). Additionally, we found that by functionally blocking
alC and dHPC activity (32, 50), the GR agonist effect on memory
for the identity of the objects requires an interaction of the PrL with
the aIC and that the GR agonist effect on memory for the location
of the object depends on a PrL interaction with the dHPC. These
findings are consistent with extensive evidence that the alC and
dHPC make distinct contributions to recognition memory. To
support the full complement of memory-guided behavior, the two
systems must interact, and the PrL. may serve as a site of integration
between the two systems (17). The alC, which has been implicated
in the integration of autonomic and visceral information into
emotional, cognitive, and motivational functions (52), is involved in
recognition memory and the processing of information about items
(18, 22, 23). Our finding, however, that functional blockade of the
alC by itself induced memory enhancement for the location of the
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object suggests that the alC might also contribute to spatial and
contextual information processing (53). On the other hand, the
dHPC is involved in the association of an object with its context or
place (21-23), and the processing of contextual information is
known to crucially engage a functional cross talk between the mPFC
and dHPC (24-26). Considerable evidence indicates that the mPFC
and dHPC become coupled via oscillatory synchrony that reflects
bidirectional flow of information (54).

In further support of such functional interactions, we found that
GR agonist administration into the PrL after object recognition
training induces activity-dependent neuronal activity changes within
the alC and dHPC during the postlearning consolidation period as
well as structural changes in spine morphology assessed 24 h later.
Our finding that GR agonist-induced enhancement of recognition
memoty is associated with reduced c-Fos expression, and possibly
neuronal activity, of the alC is in agreement with previous findings
indicating reduced alC neuronal activity after systemic corticoste-
rone treatment following inhibitory avoidance training in rats (55) or
after stress-induced glucocorticoid release in human subjects (56).
Such reduced alC activity might be needed to facilitate local con-
solidation processes, possibly by temporarily increasing the thresh-
old for the detection of salient stimuli (23, 57). Alternatively, as the
alC might work as a “switch” between different neural network
systems (58), reduced alC activity could reflect a reallocation of
neural resources and therefore disinhibition of other brain systems
involved in the storage of object information and higher-order
cognitive processes (56). By contrast, the GR agonist administra-
tion increased the number of c-Fos—positive pyramidal cells within
CALl, without affecting c-Fos expression within the dDG region of
the dHPC. In support of the view that this PrL influence on the CA1
involves the indirect NRE pathway (40-42), we also found an in-
creased number of c-Fos—positive cells within the NRE. Together,
these findings provide evidence that GR agonist administration into
the PrLL enhances the consolidation of different components of
recognition memory via functional coupling with the aIC and dHPC.

Our primary finding is that a blockade of noradrenergic trans-
mission within the BLA blocked these intra-Prl. GR agonist ad-
ministration effects on memory enhancement as well as on neuronal
activity and structural plasticity changes within the alC and dHPC.
In many prior studies, we reported that arousing stimulation induces
the release of norepinephrine within the BLA (2, 59) and that ele-
vated BLA norepinephrine levels enhance the consolidation of
memory of different training experiences by influencing neural
plasticity and information storage in distinct brain regions, including
the mPFC, alC, and dHPC (2, 7, 9, 57, 60). The present findings
provide evidence that BLA noradrenergic activation is also essential
for enabling functional interactions between such other brain regions
and increase our understanding of the role of the BLA in regulating
emotional arousal effects on large-scale brain network dynamics.

Methods

Subjects. Male Sprague-Dawley rats (Charles River) were kept individually in
a temperature-controlled (22 °C) vivarium room (0700-1900 hours lights on).
Training and testing were performed during the light phase of the cycle between
1000 and 1500 hours. All experimental procedures were in compliance with
European Union Directive 2010/63/EU and approved by the Institutional Animal
Care and Use Committee of Radboud University, Nijmegen, The Netherlands.

Object Recognition Task. In the training trial, rats explored two identical
objects (A1 and A2) for either 3 or 10 min. Retention was tested 24 h later. For
ORM, one copy of the familiar object (A3) and a new object (B) were placed in
the same location as stimuli during the training trial. For OLM, one copy of the
familiar object (A3) was placed in the middle of the box (novel location); the
other familiar object (A4) was placed in the same location as during the training
trial. A discrimination index was calculated as the difference in time exploring
the novel and familiar objects (or locations), expressed as the ratio of the total
time spent exploring both objects (i.e., [(time novel — time familiar)/(time novel
+ time familiar)] x 100%) (ref. 23; S/ Appendix, Supplementary Methods).

Drug Treatment. RU 28362 (11p,17p-dihydroxy-6,21-dimethyl-17a-pregna-4,6-

trien-20yn-3-one, 3 or 10 ng in 0.5 pL) and RU 38486 [17p-hydroxy-11p-(4-
dimethylaminophenyl)-17a-(1-propynyl)-oestra-4,9-dien-3-one, 3 or 10 ng in
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0.5 pL] were dissolved in 0.5% ethanol in saline (51). Propranolol (0.3 pg in
0.2 pL) was dissolved in saline (60). PD98059 [2-(2-amino-3-methoxyphenyl)-4
H-1-benzopyran-4-one, 50 ng in 0.5 pL] was dissolved in 6% DMSO in saline
(ref. 50; SI Appendix, Supplementary Methods).

c-Fos Immunoreactivity. Brain sections were incubated with primary anti-
bodies [c-Fos (rabbit anti-c-Fos; 1:1,000; Synaptic Systems), GAD67 (mouse
anti-GAD67; 1:250; Millipore), NeuN (chicken anti-NeuN; 1:500; Millipore)],
followed by appropriate fluorophore-conjugated secondary antibodies. For
all brain regions, three sections per animal were imaged (20x or 40x; Leica
DMI 6000B). The number of immunofluorescent cells was quantified with
ImageJ 1.47v software and area corrected. For GAD67-positive puncta, images
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were acquired at 63x magnification on a confocal microscope (Olympus
FV1000), and the number of GAD67-positive puncta per NeuN-labeled excit-
atory neuron was counted manually (S/ Appendix, Supplementary Methods).

Statistics. One- or two-way ANOVAs were used, when appropriate, followed
by post hoc comparison tests. One-sample t tests determined whether the
discrimination index was different from zero and thus whether learning had
occurred. P < 0.05 was accepted as statistical significance.
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