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Abstract: The pivotal role of the basolateral amygdala (BLA) in the emotional modulation of hippo- 14 

campal plasticity and memory consolidation is well established. Specifically, multiple studies have 15 

demonstrated that the activation of the noradrenergic (NA) system within BLA governs these mod- 16 

ulatory effects. However, most of the current evidence has been obtained by direct infusion of syn- 17 

thetic NA or beta-adrenergic agonists. In the present study, we aimed to investigate the effect of 18 

endogenous NA release in the BLA, induced by a natural aversive stimulus (coyote urine), on 19 

memory consolidation for a neutral hippocampal-dependent task. We combined a weak version of 20 

the object location task (OLT) with mild predator odor exposure (POE) for our experiments. To in- 21 

vestigate the role of the BLA in memory modulation, a subset of the animals (Wistar rats) were 22 

treated with the non-selective beta-blocker propranolol at the end of the behavioral procedures. 23 

Hippocampal tissue was collected either 90 minutes after drug infusion or 24 hours after the OLT 24 

test. The samples were used to determine the levels of phosphorylated CREB (pCREB) and activity- 25 

regulated cytoskeleton-associated protein (Arc) - two molecular markers of experience-dependent 26 

changes in neuronal activity. The result suggests that POE is a behavioral paradigm suitable for 27 

studying the interaction between BLA and the hippocampus in memory prioritization and selectiv- 28 

ity. 29 

Keywords: basolateral amygdala; noradrenaline; memory consolidation; object location task; pred- 30 

ator odor exposure; pCREB; Arc 31 

 32 

1. Introduction 33 

Episodic memory is the ability to store information about events that have transpired 34 

in the surrounding environment [1,2]. By enabling animals to make memory-based pre- 35 

dictions, avoid potential threats and find the most efficient ways to obtain vital resources, 36 

this unique cognitive faculty supports adaptability to the ever-changing environmental 37 

conditions [2]. Episodic memories requires the binding of information about the spa- 38 

tial/environmental context (“where”), the objects/landmarks encountered within the en- 39 

vironment (“what”), the temporal order of appearance of the stimuli within the environ- 40 

ment (“when”) and in most occasions, the presence of familiar and/or unknown conspe- 41 

cifics (“who”) [1,2]. The formation of associations between the different aspects of an 42 
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event is highly-dependent on the hippocampus, specifically the dorsal section of the struc- 43 

ture [1-4]. Newly formed memories are labile at first and their long-term storage requires 44 

the synthesis of specific plasticity-related proteins (PRPs) [5]. The protein-dependent pro- 45 

cess that governs the transition of a memory from its short-term form into its stable long- 46 

term one is collectively known as cellular (or initial) memory consolidation [5]. Im- 47 

portantly, hippocampal glutamatergic transmission, while indispensable for memory for- 48 

mation, could not alone trigger the expression of PRPs that characterizes initial memory 49 

consolidation. The catecholaminergic neurotransmitters, noradrenaline (NA) and dopa- 50 

mine (DA), as well as the glucocorticoid hormone cortisol (corticosterone in laboratory 51 

rodents) are essential for the long-term storage of memories [6-8]. Emotional salience and 52 

environmental novelty are two of the main conditions capable of evoking the physiologi- 53 

cal state required for the prioritization of information in the hippocampus [9-11]. During 54 

emotionally arousing and/or distinctly novel situations the pontine nucleus locus co- 55 

eruleus rearranges the firing patterns of its neurons to increase the secretion of NA and 56 

DA in dorsal hippocampus [12-14]. Thus, events lacking emotional relevance or other sa- 57 

lient characteristics (like novelty) may not activate catecholaminergic release in the dorsal 58 

hippocampus to a degree that will allow their long-term stabilization and availability for 59 

later retrieval [11].  60 

Nevertheless, neutral stimuli encountered close to a salient event may also be signif- 61 

icant since they could be used as predictors for particular aversive or rewarding outcomes 62 

in the future [11]. The behavioral equivalent of the “Synaptic tagging and capture hypoth- 63 

esis” [15], the “Behavioral tagging hypothesis”, is a learning and memory model that of- 64 

fers reliable evidence of how emotional or distinctly novel experiences could modulate 65 

the consolidation of closely occurring low-arousing or neutral events [16]. According to 66 

this hypothesis, the encoding of a weak event (memory about neutral or low-emotional 67 

behavioral tasks) closely before or after the encoding of a second, strong event (emotion- 68 

ally arousing behavioral task), will induce structural and functional modifications in sets 69 

of synapses belonging to the cellular assembly that constitutes the trace of the memory 70 

(behavioral tag) [11,16,17]. Subsequently, the elevated levels of catecholamines (or other 71 

neuromodulators like corticosterone) triggered by the strong event would activate the ex- 72 

pression of PRPs needed to stabilize the induced alterations in the synapses and to con- 73 

solidate the memory for the weak event. So far, the validity of the Behavioral tagging hy- 74 

pothesis has been confirmed by a plethora of studies combining weak protocols of various 75 

behavioral tasks (e.g. contextual fear conditioning, inhibitory avoidance, spatial object 76 

recognition, novel object recognition) with novel environment exposure (a session of open 77 

field (OF) exploration) [18-21]. Pairing exposure to OF with weak inhibitory avoidance 78 

protocol (wIA), Moncada and colleagues (2011) [20] demonstrated the importance of NA 79 

for the stabilization of the behavioral tag after memory encoding. By infusing beta adre- 80 

noreceptor antagonist (propranolol) in the dentate gyrus (DG), the researchers were able 81 

to disrupt the beneficial effect of OF on the consolidation of the memory for the wIA task. 82 

Moreover, the same study was able to establish that blocking the catecholaminergic trans- 83 

mission did not interfere with the formation of short-term IA memory, thus highlighting 84 

the role of NA in PRPs provision. A different set of studies established acute stress as 85 

another emotional state capable of modulating the consolidation of otherwise forgetful 86 

experiences [22,23]. The study by da Cunha et al. (2022) [23] provided evidence that mild 87 

stressful experiences like placing Wistar rats on an elevated platform (EP) one hour before 88 

learning is sufficient to induce a long-term memory for wIA. The observed effects were 89 

dependent on the activation of the glucocorticoid receptors (GRs), since the infusion of 90 

the GRs antagonist mifepristone in the CA1 field of the dorsal hippocampus abolished the 91 

storage of the memory for wIA. Another significant finding reported by the research team 92 

was that when EP exposure was combined with strong IA (sIA), the formation of a long- 93 

term memory for the behavioral task was impaired. This raises the possibility that inten- 94 

sity of the emotional states established by two events determines the dynamics of their 95 
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interaction on the molecular level - two temporarily proximal salient events may compete 96 

for PRPs, leading to insufficient consolidation and fragmented memory. 97 

Beside the hippocampus, emotionally charged or stressful events activate the amyg- 98 

dala - a heterogenous group of interconnected nuclei located in the temporal lobe and 99 

involved in the regulation of emotional behaviors [24]. The amygdala is necessary for the 100 

encoding emotional valence, emotional learning and regulation of the stress responses 101 

[24-27]. Substantial evidence has been provided that during emotional events one partic- 102 

ular subregion of the structure -  the basolateral complex of the amygdala (BLA) - incor- 103 

porates the arousal signals originating from inside the brain (greater NA release from the 104 

LC) and from the peripheral hormone systems (heighten corticosterone level) to foster a 105 

positive modulatory effect on the processes required for the initial consolidation of mem- 106 

ories [9,28-32]. Therefore, the BLA could also influence the prioritization of information 107 

in the hippocampus [33]. Since the BLA does not project directly to the dorsal hippocam- 108 

pus, the effect it exhibits on memory processes is reliant on its known anatomical connec- 109 

tions with the entorhinal cortex, a cortical area that functions as a gateway and provides 110 

the hippocampus with sensory information originating from other specialized circuits 111 

[34,35]. Most studies that have established the modulatory role of the BLA on memory 112 

consolidation combined behavioral training of the experimental animals with pharmaco- 113 

logical manipulations, mainly direct post-encoding infusions of different pharmacological 114 

agents [9]. However, evidence has also been provided by experiments using electrophys- 115 

iological and optogenetic stimulation of the BLA, either during training or immediately 116 

after [36-38]. Importantly, post-training stimulation of the BLA affects the consolidation 117 

of various behavioral tasks regardless of the emotional valence of the training [38-44]. 118 

These findings allow for comparison with the protocols used by the behavioral tagging 119 

studies, since the stimulation of the BLA may mimic the effects on memory consolidation 120 

produced by a strong modulatory event. On the contrary, it has been reported that the 121 

memory modulation capacities of BLA stimulation depend on the levels of emotional 122 

arousal induced by the learning event [39,42]. For example, Roozendaal et al. (2006) [39] 123 

provided evidence that system injection of corticosterone immediately after the training 124 

trial of object recognition task (ORT) improved the performance of the animals during the 125 

test session 24h later. This effect was not observed in the animals that were substantially 126 

habituated to the training context before the beginning of the experiments, showing that 127 

habituation may reduce novelty-induced emotional arousal in the brain. Moreover, the 128 

same study reveals that infusion of propranolol in the BLA immediately after training 129 

blocks the corticosterone enhancement of memory consolidation, which demonstrates the 130 

role of BLA for the integration of arousal signals and the need for NA activation of the 131 

structure for the emotional modulation of memory formation. In a similar study, McReyn- 132 

olds et al. (2010) [40] have provided further evidence about the interaction between corti- 133 

costerone and NA in the BLA. They observed that a systemic injection of corticosterone 134 

immediately after an IA training session increased the levels of NA in the BLA after 15 135 

minutes, which was estimated through in vivo microdialysis. Furthermore, the admin- 136 

istration of corticosterone elevated the synaptic levels of the activity-regulated cytoskele- 137 

tal-associated protein (Arc) and enhanced memory consolidation for the IA task. How- 138 

ever, when propranolol was infused in the BLA immediately after IA training and corti- 139 

costerone administration, both the effect on memory and Arc expression were attenuated. 140 

Arc is an immediate early gene, the product of which is highly important for the stabili- 141 

zation of the synaptic modifications inducted by learning [45-47]. Several other publica- 142 

tions have demonstrated that intra-BLA administration of the beta-adrenergic receptor 143 

agonist clenbuterol enhances memories for different tasks and increases the expression of 144 

Arc in the dorsal hippocampus [41,42,44]. In a series of experiments, McReynolds and 145 

colleagues (2014) [42] revealed that post-encoding infusion of clenbuterol in the BLA of 146 

rats had a positive effect on the consolidation of memories for both IA and ORT tasks. 147 

This was accompanied by an increase in the synaptic expression of Arc. Remarkably, the 148 

effects of clenbuterol on memory performance and Arc expression in the ORT experiment 149 
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were noticeable only in the animals that were not subjected to habituation prior to the 150 

training. This once again illustrates that a certain degree of arousal must be induced dur- 151 

ing training in order for BLA to exhibit its modulatory function. Experiments examining 152 

BLA-induced augmentation of memory consolidation in the hippocampus like the ones 153 

described here have led to the proposal of the “Emotional tagging hypothesis” [29]. This 154 

hypothetical account is concerned with the role of the various aspects of an emotional 155 

event - intensity, controllability, duration - in facilitating of the interaction between the 156 

BLA on one side and memory-related plasticity in the hippocampus on the other. Despite 157 

the great number of studies examining the emotional modulation of memory consolida- 158 

tion, a thorough behavioral protocol to study interactions mentioned above, like those 159 

implemented by the behavioral tagging studies, is still lacking. 160 

In light of the research reviewed above, our present experimental work intends to 161 

establish a novel behavioral protocol that could provide further evidence for the role of 162 

BLA in memory modulation by taking advantage of the natural changes in homeostatic 163 

conditions induced by an emotionally charged event. That is to say, we aimed to demon- 164 

strate that endogenous activation of the BLA by a stimulus with innate emotional valence 165 

promotes the stabilization of the behavioral tag set by a previous weak event. To do this, 166 

we decided to couple OLT with predatory odor exposure (POE) in a novel cage two 167 

minutes after the training trial. The presence of predatory cues has been proven to evoke 168 

neuronal responses in the BLA [48]. For the purpose of our experiments we used urine 169 

from the predatory species Canis latrans (coyote). Urine from predatory species is a highly 170 

aversive stimulus for rodents as it contains kairomones - natural chemical substances that 171 

serve as ecological signals informing the animal of the presence of potential predatory 172 

threat [49,50]. Previous studies have used coyote urine as unconditioned stimuli in hip- 173 

pocampus-dependent contextual fear conditioning paradigm [51,52]. Recent publication 174 

has also provided a detailed analysis of the repertoire of defensive behaviors of rats ex- 175 

posed to coyote urine [53]. Considering all these factors, we hypothesized that POE may 176 

be a potent modulatory event capable of inducing strong effect on the memory consolida- 177 

tion for a weaker behavioral task. Moreover, we predicted that memory enhancement 178 

prompt by POE may be dependent on NA transmission in BLA. To test these ideas, our 179 

group conducted two separate experiments. In Experiment #1, rats were assigned to three 180 

groups depending on the behavioral procedures and pharmacological treatment. Animals 181 

from the control group received a bilateral infusion of the vehicle in the BLA upon the 182 

compilation of the sample phase of the OLT. The other two groups were subjected to OLT 183 

training and exposed to coyote urine, followed by infusion of either vehicle or propranolol 184 

in the BLA. Rats from all the groups were sacrificed 90 minutes following pharmacological 185 

treatment and both of their hippocampi were extracted to examine the outcomes of BLA 186 

manipulation on experience-dependent plasticity. Experiment #2 followed the same proto- 187 

col, but to establish possible retroactive enhancement of memory induced by POE, the 188 

animals from the three groups were submitted to a test 24 hours later. As in the first ex- 189 

periment, animals were sacrificed 90 minutes after the test and both hippocampi were 190 

collected to assess the retrieval-related changes. The selected tissue samples were used to 191 

assess the levels of the phosphorylated form of cAMP response element-binding protein 192 

(pCREB) and the expression of Arc through ELISA and western blotting (WB), respec- 193 

tively. We selected these molecular markers based on existing evidence for their experi- 194 

ence-dependent activation and role in different memory processes [45,54-56]. 195 

2. Results 196 

The experimental procedure is shown in Scheme 1. Details concerning the steps in 197 

Experiment #1 and Experiment #2 are shown in Section 4.  198 
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 200 

Scheme 1. Experimental timeline. 201 

2.1. Experiment #1 202 

2.1.1. Post-training propranolol infusion suppresses the effect of the exposure to a natu- 203 

ral aversive stimulus (coyote urine) on hippocampal pCREB expression. 204 

To investigate the role of endogenous NA released from the BLA as a result of POE 205 

on the expression of plasticity marker (pCREB) in the hippocampus, the rats were trained 206 

in an OLT, which involved the exploration of two identical stimulus objects located in 207 

different positions in the sample and the test sessions, respectively. Immediately after the 208 

sample session, each rat from the two stressed groups was exposed to a stressful stimulus 209 

(coyote urine) for 5 minutes. The matched control group (C + veh) was placed under the 210 

same conditions except for the delivery of the Petri dish. Immediately thereafter, the rats 211 
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were infused with a vehicle into the BLA (C + veh) and (POE + veh) or propanonol (POE 212 

+ prop). At the 90 min after the sample test, the hippocampus was isolated from all groups. 213 

One-way ANOVA revealed a significant difference between groups [F2,20 = 3.809, p = 0. 214 

0418] for the expression of activated CREB (pCREB) in the hippocampus at the sample 215 

phase. The post-hoc test showed that pCREB expression in the hippocampus was signifi- 216 

cantly increased in the stress + veh group compared to the C + veh group (p = 0.0011) (Fig. 217 

1). At the same time, post-training infusion of propranolol after training suppressed the 218 

expression of this transcription factor in the hippocampus (p = 0.0013 compared to the 219 

POE + veh group). 220 

 221 

Figure 1. Hippocampal pCREB levels (pg/mg protein), measured by ELISA test, was significantly 222 
increased after a predator odor exposure (POE) immediately after the sample phase of the object 223 
location task and infusion of vehicle in the basolateral amygdala (BLA). **p = 0.001, POE + veh group 224 
vs. C + veh group; **p = 0.0013, POE + prop group compared to the POE + veh group. n = 5-7. 225 

2.1.2. The Arc expression in the hippocampus showed a tendency for elevation as a se- 226 

quence of post-training exposure to a natural aversive stimulus (coyote urine).  227 

To ascertain whether the Arc protein expression in the hippocampus is involved in 228 

the effect of endogenous NA released from the BLA on the consolidation process, the three 229 

groups (C + veh; POE + veh and POE + prop) were decapitated 90 min after the sample 230 

test. The Arc expression was explored with the Western blot (WB) test. A tendency for 231 

increased Arc expression in the hippocampus was detected in the stress + veh group com- 232 

pared to the C + veh group in homogenates tested by WB test (Fig. 2).  233 

 234 
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Figure 2. Hippocampal Arc expression (OD/mg protein), measured by Western blot test, showed a 236 
tendency for increase after POE immediately after the sample phase of the object location task and 237 
vehicle infusion in the basolateral amygdala (BLA). n = 6. 238 

2.2. Experiment # 2  239 

2.2.1. Acute post-training exposure to a natural aversive stimulus (coyote urine) did not 240 

affect the performance of rats on the object location task. 241 

The procedure for infusing vehicle/propranolol into the BLA of rats in Experiment #2 242 

was the same as in Experiment #1. Twenty-four hours after training, each rat from the 243 

three groups was re-exposed to two identical objects placed in a different location (Figure 244 

3). One-way ANOVA analysis revealed no significant difference between groups [F2,25 = 245 

1.402, p > 0.05]. Although there was a tendency for impaired retention in the stress + prop 246 

group, the results suggest a lack of memory-enhancing effect of acute stress-induced re- 247 

lease of NA from the BLA. 248 
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 249 

Figure 3. No significant difference was found between the three groups tested, c + veh, POE + veh 250 
and POE + prop, in the object location task. n = 7-9. 251 

2.2.2. Acute post-training exposure to a natural aversive stimulus (coyote urine) and pro- 252 

pranolol infusion did not change the pCREB expression in the hippocampus in the reten- 253 

tion phase. 254 

No significant difference was found between the three groups after the test session 255 

for the pCREB expression in the hippocampus [F2,24 = 0.824, p > 0.05] (Fig. 4), suggesting 256 

a lack of effect of endogenous NA released from the BLA after acute stress on this marker 257 

of plasticity. 258 
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 259 

Figure 4. Hippocampal pCREB levels (pg/mg protein), measured by ELISA test, were not signifi- 260 
cantly different between the three groups in the test phase. n = 6-9. 261 

2.2.3. Acute post-training exposure to predator odor and propranolol infusion did 262 

not change the Arc expression in the hippocampus in the retention phase. 263 

There was no significant difference between the three groups (C + veh; POE + veh 264 

and stress + prop) in Arc expression in the hippocampus, measured by the WB test, in the 265 

retention phase (Fig. 5). 266 
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Figure 5. Hippocampal Arc expression (OD/mg protein), measured by Western blot test, was not 268 
different between the three groups, C + veh, POE + veh and POE + prop. n = 6. 269 

3. Discussion 270 
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The experiments presented here were designed to demonstrate that NA activation of 271 

the BLA during emotionally arousing situations is critical for any retrograde enhancement 272 

effect on memory consolidation. As our protocol relied on exposing animals to a stimulus 273 

with an innate negative valence to induce emotional arousal rather than a pharmacologi- 274 

cal intervention, we aimed to provide direct evidence for the emotional aspects of the be- 275 

havioral tagging. Our study is conceptually close to those by da Cunha and colleagues 276 

(2019) [22] and da Cunha and collaborators (2021) [23]. Specifically, the design of the 2019 277 

study [22] paired weak OLT (4 minutes sample session) with EP session 1 hour after the 278 

initial training and discovered that the induced state of acute stress was able to save the 279 

memory for OLT from forgetting. The observed effects were dependent on elevated levels 280 

of corticosterone in the dorsal hippocampus, since infusion of antagonists for both miner- 281 

alocorticoid (MRs) and glucocorticoid receptors (GRs) in the CA1 field disrupted the ef- 282 

fects induced by the stressful experience. Furthermore, they showed that when EP was 283 

coupled with the strong version of OLT (10 minutes long training trial), the formation of 284 

a memory for the task was impaired, highlighting once again the observation that two 285 

temporarily proximal strong events may compete for PRPs. Although this was not the 286 

focus of their experiment, the results obtained by the researchers regarding the contribu- 287 

tion of hippocampal MRs and GRs to memory enhancement could be interpreted from 288 

the perspective of a BLA-dependent process. As mentioned above, both the studies by 289 

Roozendaal et al. (2006) [39] and McReynolds at al. (2010) [40] have the demonstrated that 290 

the beneficial effect of a systemic corticosterone injection on memory could be prevented 291 

by infusion of propranolol in the BLA. These observations further motivated us to inves- 292 

tigate how endogenous NA release in BLA during emotionally arousing situations influ- 293 

ences the dynamics of memory formation in the hippocampus. 294 

The main finding of our study is that the animals that were exposed to the predator 295 

odor and infused with vehicle immediately immediately after the end  of the OLT sample 296 

session showed a significant upregulation in their pCREB levels and a trend toward in- 297 

creased Arc expression in the hippocampus compared to those infused with propranolol. 298 

Most importantly, this effect was mediated by the BLA. This is evident by the results ob- 299 

tained from our first experiment, where the animals that were infused with vehicle imme- 300 

diately after completion of the sample session of the OLT and the exposure to the preda- 301 

tory odor showed notably higher availability of both markers compared to those infused 302 

with propranolol. Furthermore, the substantial elevation in pCREB levels and the ten- 303 

dency for higher Arc expression in the rats from the POE/veh group compared to the con- 304 

trol group, highlights the influence of the emotional event on hippocampal plasticity. A 305 

previous study by Kabitzke, Silva and  Wiedenmayer (2011) [57] reported that using cat 306 

odor as an unconditioned stimulus in a contextual fear conditioning paradigm signifi- 307 

cantly increased pCREB levels in both dorsal and ventral hippocampus of juvenile rats. 308 

However, when an intraperitoneal injection of propranolol was administered after the ex- 309 

posure to the predatory cue, this experience-dependent effect was not observed and the 310 

animals showed no conditioned  response when they were re-exposed to the training 311 

context 24 hours later, suggesting that the antagonist may have blocked the activation of 312 

CREB by NA and hindered the cellular mechanism of memory consolidation. Finally, 313 

post-training systemic injection of the non-selective beta-adrenergic blocker nadolol, 314 

which cannot cross the blood-brain barrier, had no effects on pCREB levels or the studied 315 

behavioral responses, suggesting that the effect on memory consolidation was facilitated 316 

by the endogenous release of NA in the brain. Our findings regarding pCREB extend the 317 

evidence described above, revealing that the effects of predatory cues on hippocampus- 318 

dependent memory and memory-induced behavioral responses are also influenced by the 319 

activation of the noradrenergic neurotransmission in the BLA. Importantly, in the experi- 320 

ment of Kabitzke, Silva and Wiedenmayer (2011) [57], the hippocampal tissue was col- 321 

lected 60 minutes after odor exposure. In our study, both hippocampi were extracted 90 322 

minutes after the completion of all experimental procedures. This time point was selected 323 

because we wanted to establish the possible existence of a prolonged window for CREB 324 
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activation. Since CREB is one of the main transcription factors involved in memory con- 325 

solidation [55,56], a prolonged activation of CREB can be interpreted as an indication for 326 

increased transcriptional activity of the genes responsible for PRPs. With regard to Arc, 327 

our results showed a tendency for increased expression of the protein in the animals from 328 

the POE/veh group. This further emphasizes the role of BLA in modulating memory-re- 329 

lated plasticity in the hippocampus during emotionally charged events. The studies that 330 

have provided evidence for BLA-modulated Arc expression have used synaptoneuro- 331 

some preparation to determine synaptic levels of the protein in the dorsal hippocampus 332 

[40,42,44]. In addition, these studies have collected the samples at different timepoints and 333 

have shown that the peak concentration may be approximately 1 hour after training 334 

[40,44]. In our experiment we homogenized the entire hippocampus. This, together with 335 

the time point of tissue collection, may have limited our ability to obtain more detailed 336 

results. Nevertheless, we still were able to demonstrate the presence of an emotional 337 

arousal-dependent effect on Arc expression regulated by BLA.  338 

Unfortunately, the second experiment was unable to provide firm evidence for a 339 

POE-induced modulatory influence on memory consolidation. This is evident by the lack 340 

of pronounced effect in the performance of the POE/veh group during the test session of 341 

the memory task. In line with the collected behavioral data, Arc expression in the test 342 

groups also showed no significant recognition-induced differences. Regarding the pCREB 343 

levels of the test groups, the results confirm the notion established by Moncada and Viola 344 

(2006) [58] that a familiar spatial environment can reduce the phosphorylation of the pro- 345 

tein. As this is a pilot study, the behavioral protocol we used may have had some draw- 346 

backs that  must be carefully evaluated and eliminated in the future. These drawbacks 347 

may partially explain the lack of behavioral effect observed in Experiment #2. Considering 348 

the behavioral procedures, animals in both experiments were habituated to the experi- 349 

mental context for 10 minutes, one day before the sample session of OLT and POE. This 350 

was done in order to limit the presence of possible anxiety-related and neophobic behav- 351 

iors during the training. However, the studies by Roozendaal et al. (2006) [39] and 352 

McReynolds et al. [42] reported that habituation may neutralize the influence of post-en- 353 

coding BLA activation on memory consolidation. In their paper, McReynolds et al. (2014) 354 

[42] suggest that there may be a requirement for parallel arousal-induced activation of 355 

both the BLA and the efferent memory-related structures for the modulatory effect to oc- 356 

cur and promote greater synaptic expression of Arc. Thus, by familiarizing the animals 357 

with the experimental context, the habituation session of the current experiments may 358 

have limited the modulatory influences of the BLA by reducing novelty-induced activa- 359 

tion of the dorsal hippocampus. Notably, in a study by Ballarini and colleagues (2009) [18] 360 

- that coupled weak spatial object recognition task with OF - animals were subjected to 361 

two habituation sessions, but the presence of an enhancing effect on memory consolida- 362 

tion was still observed. This suggests that the modulatory events characterized either by 363 

environmental novelty or the presence of emotionally arousing stimuli may promote 364 

memory consolidation through the activation of different neural circuits. Confirmation or 365 

rejection of this notion requires more behavioral tagging studies that include emotionally 366 

valenced stimuli in their modulatory events. Another factor that may have influenced the 367 

lack of noticeable modulatory effect on memory consolidation in our second experiment 368 

is the temporal window between the weak and the modulatory events. The rats under- 369 

went POE only two minutes after the end of the OLT sample session. This interval was 370 

chosen, because we wanted to design a more naturalistic behavioral paradigm. In natural 371 

environmental conditions emotional stimuli may appear surprisingly and influence the 372 

consolidation of the memories for the most proximal neutral stimuli or contextual features 373 

that could be used to optimize future memory-based predictions. Most behavioral tagging 374 

experiments that reported positive modulation on memory consolidation have exposed 375 

the animals to the strong event at different time points - ranging from 15 minutes to 1 hour 376 

before or after training [18,20,22]. Importantly, da Cunha and colleagues (2022) [23] found 377 

that acute stress (EP) experienced immediately after wIA did not impair the formation of 378 
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memory for the task and facilitated its long-term stabilization. However, given the differ- 379 

ent nature of the emotionally arousing events selected in ours and theirs (POE vs. EP), 380 

currently we cannot rule out the possibility that the animals in our experiment may have 381 

formed a strong association between the two events that could have influenced their per- 382 

formance during the test session of OLT. When re-exposed to the experimental context 383 

the following day, animals may have expected to encounter the aversive stimuli once 384 

again, which may explain why we did not observe the memory-related behaviors we ex- 385 

pected. In a recent review by Sazma, Shields and Yonelinas (2019) [59], which examined 386 

the effects of post-encoding stress in animal and human studies, the authors have ex- 387 

pressed similar concerns about the possible negative effect of acute stress on subsequent 388 

memory retrieval. Considering the fact that the POE was only performed for 4 minutes, 389 

we doubt that the intensity of our modulatory event could have negatively impacted the 390 

consolidation of the memory for OLT. Detailed studies on how different physiological 391 

parameters of the emotional response to different predatory odors might influence the 392 

cellular and molecular basis of memory processes are still lacking. Nevertheless, a recent 393 

report by Migliaro and colleagues (2019) [60] provides some insights into the observed 394 

behavioral changes depending on the duration of the exposure. Using various tests to as- 395 

sess anxiety-like and depressive-like behavior 24 hours after exposure of Wistar rats to 396 

bobcat urine, they found that animals exposed for 10 or 20 minutes showed clear change 397 

in their behavioral profile, while those exposed to the predatory cue for 3 minutes showed 398 

no profound alterations. Taking all these different possibilities into account, we must em- 399 

phasize that the results of our first experiment on pCREB and Arc expression directly ar- 400 

gues against the likelihood of our modulatory event being too mild to produce experience- 401 

dependent neural activity in the hippocampus. 402 

4. Materials and Methods 403 

4.1. Animals 404 

Young adult male Wistar rats purchased from the vivarium of the Institute of Neu- 405 

robiology, BAS. Upon arrival, they were acclimated for one week prior to surgery. The 406 

rats were maintained under standard environmental conditions (22-23°C, 12/12 h 407 

light/dark cycle with light on at 7 am), in groups of 3-4 in Plexiglas cages, with access to 408 

laboratory chow and tap water ad libitum. 409 

The experiments were performed in accordance with the Council Directive 410 

2010/63/EC on animal experiments and approved by the Bulgarian Food Safety Agency 411 

(research project: N◦349). 412 

4.2. Experimental design 413 

The experiments were performed in two separate protocols. Rats were randomly 414 

(blindly) allocated to experiment 1 (pCREB and Arc expression in the sampling phase) 415 

and experiment 2 (retention test, pCREB and Arc expression). Rats in one of three different 416 

conditions (n = 6-8) were as follows Group I (C + veh), Group II (stress + veh) and Group 417 

III (stress + prop). Rats were anaesthetized with ketamine (80 mg/kg, i.p.) and xylazine (20 418 

mg/kg, s.c.) and implanted bilaterally by stereotaxic surgery with two cannulas according 419 

to the atlas of Paxinos and Watson [61] at the following coordinates (AP = - 2.5 L = ± 4.8; 420 

H = 6.5). One week after recovery, animals from the three groups were habituated for 5 421 

min in the open field used for the memory task. Twenty-four hours later, the rats were 422 

trained in the OLT (a probe phase). Three minutes after training, each rat from Group II 423 

and Group III was exposed to a predator odour (coyote urine) for 5 minutes. Rats were 424 

injected with vehicle (groups I and II) or propranolol (0.75 µg) using a 30-gauge needle 425 

extended 2 mm beyond the cannula. The injection needle was connected to a 5 ml Hamil- 426 

ton syringe via a silicone tube. A volume of 0.5 µ l vehicle (saline) or propranolol (0.5 µ l/60 427 

s) was infused. The injection needle was left in place for a further 60 seconds, after which 428 

the rat was returned to its home cage. 429 
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4.3. Object localization test 430 

The object location test was conducted in an OF box (50 cm × 50 cm × 50 cm) with 431 

grey walls. The procedure consisted of three separate trials: familiarization, probe (train- 432 

ing) and retention. A video camera placed above the box was used in each trial and the 433 

video recordings were analyzed offline. During habituation, each rat was placed in the OF 434 

without an object for 3 minutes. Twenty-four hours later, the sample trial was performed 435 

and each tested rat was exposed to two identical plastic objects (A1 and A2) for 3 min, 436 

positioned as shown in (Fig. 3). The retention trial was performed 24 h later and the tested 437 

subject was placed in the same OF box where one of the objects remained in the same 438 

position as in the sample trial (A1) and the other object (A2) was placed in a novel position 439 

(Nov) for 3 min. The exploration time (sec), defined as the nose approaching the object in 440 

the test trial, was scored. The discrimination index (DI) for each object was calculated as 441 

follows D = Nov/A1 + Nov. The OF box and objects were thoroughly cleaned with 70% 442 

alcohol (v/v) after each trial. Animals were sacrificed by guillotine, and left and right hip- 443 

pocampal tissue was isolated, immediately frozen in liquid nitrogen and stored in a re- 444 

frigerator at -20°C.  445 

4.4. Enzyme-linked immunosorbent assay (ELISA) test 446 

Hippocampal samples were weighed and and homogenized with HEPES buffer (20 447 

mM HEPES; 1 mM EGTA; 210 mM mannitol; 70 mM sucrose; pH 7.2) and protease inhib- 448 

itor cocktail (100mM PMSF, 100mM NaF, 35mM EDTA). The homogenates were centri- 449 

fuged at 10 000 x g for 5 min at 4 °C. The supernatants were used for the determination of 450 

total protein by the Bradford method. Thereafter, two ELISA tests were performed to de- 451 

termine the protein expression of ARC and pCREB. ELISA assay was performed accord- 452 

ing to the manufacturer's instructions for the specific kits (ELISA kit for Activity Regu- 453 

lated Cytoskeleton Associated Protein (ARC), SEJ620Ra; Rat phospho-cAMP response el- 454 

ement binding protein (p-CREB), SL1344Ra). 455 

4.5. Western blot test 456 

Homogenized hippocampal tissue samples were mixed 1:1 with glycerol loading 457 

buffer and separated by electrophoresis on 12% SDS gels. Proteins were transferred to 458 

nitrocellulose membranes by semi-dry transfer.   Non-specific binding was blocked by 459 

incubating overnight with 5% (w/v) BSA in TBS. The membranes were then incubated for 460 

two hours at 37°C with anti-ARC primary antibodies (Affinity Biosciences) at a dilution 461 

of 1:500 in TBS+5%BSA buffer. The membranes were washed with TTBS and incubated 462 

with HRP-conjugated goat anti-rabbit IgG (Elabscience, E-AB-1003) for one hour at room 463 

temperature. After washing, the bands were detected using chemiluminescent dye 464 

(Abcam ab134640). To determine the relative molecular weight of the proteins, a weight 465 

electrophoresis calibration kit (Elabscience) was run on the same slab gels. The mem- 466 

branes were dried and scanned. 467 

Statistical analysis 468 

Experimental data were presented as mean ± S.E.M. The parametric statistical test 469 

was used in case of normality data distribution (one-way ANOVA followed by Tukey's 470 

test) while Kruskal–Wallis on ranks followed by the Mann–Whitney U test was applied 471 

for non-parametric data. The significant level was set at p < 0.05. 472 

5. Conclusions 473 

Taking into account the result of Experiment #1, we are confident that with more 474 

detailed adjustments POE could become an even more suitable strategy for investigating 475 

the complex neurobiological systems behind emotional modulation of memory processes 476 

in laboratory rodents. In the future, it will be interesting to couple POE with other weak 477 

behavior protocols that have been extensively used to study hippocampal-dependent 478 
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memory processes and behavioral tagging (contextual fear conditioning, inhibitory avoid- 479 

ance). In addition, the use of methods such as immunohistochemistry and in situ hybrid- 480 

ization will allow us to better understand the interaction between POE and the learning 481 

task it modulates at the structural level. By activating the neural circuits involved in threat 482 

detection and defensive behaviors, predatory odors induce heightened emotional arousal. 483 

Studies have shown that the BLA is one of the main structures responsible for regulating 484 

the unconditioned response towards predatory odors. However, to our knowledge, no 485 

previous experiment has attempted to examine possible modulatory influences of the 486 

emotional state induced by predatory cues on the consolidation of memories for events. 487 

Thus, here we attempted to bridge two distinct and independently developing research 488 

lines. The Behavioral tagging hypothesis offers exciting opportunities to study the effects 489 

of different internal states and environmental conditions on memory formation. The result 490 

of such studies may provide valuable insights into the search for novel therapeutic strat- 491 

egies targeting the pathological alterations of episodic memory associated with Alz- 492 

heimer’s disease and affective disorders. Emotional arousal is a strong modulator of hip- 493 

pocampal plasticity and investigating how its effects on memory are regulated by the nor- 494 

adrenergic neurotransmission in the BLA will provide a more in-depth understanding of 495 

the mechanism for information prioritization. 496 
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