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A B S T R A C T


According to the reconsolidation theory, memories can be modified through the destabilization-reconsolidation process. The rodent perirhinal cortex (PER; Brodmann areas 35 and 36) critically participates in the process of fear conditioning. Previous studies showed that some of the parahippocampal regions are critical for contextual fear memory reconsolidation. In our research, through a three-day paradigm of CFC, we showed that protein synthesis in PER of rats is required for memory reconsolidation, and activation of CB1 pathway is necessary but not sufficient in inducing memory destabilization. This result underlines parahippocampal regions in destabili-zation and reconsolidation process of fear memory besides amygdala and hippocampus.




1. Introduction

According to the reconsolidation theory, consolidated memory can be destabilized (return to a transient labile state susceptible to change) upon retrieval, and then be re-stabilized by reconsolidation. The destabilization-reconsolidation process provides an opportunity to modify maladaptive memories through behavioral or pharmacological interventions [1].
The rodent perirhinal cortex (PER; Brodmann areas 35 and 36) is homolog to that in primates. It has extensive connections with neocortex, subcortical structures, and hippo-parahippocampal struc-tures, contributing to the process of perception, learning and memory [2]. Besides its role in object recognition memory, which is more extensively studied, PER also critically participates in the process of fear conditioning [3–6]. Specifically, PER may have two functions termed as “stimulus unitization” and “transient memory” [7]. Additionally, in contextual fear conditioning (CFC), PER is suggested to play a role in storing memory or long-lasting consolidation and retrieval of memory after initial fear acquisition [8].

Recently, researchers showed that the lateral neocortex, which in-cludes the temporal association cortex, the auditory areas and PER, is critical for contextual fear memory reconsolidation [9]. Another study found that the entorhinal cortex, which is functionally connected with PER, contributes to the contextual fear memory reconsolidation [10].
The	endocannabinoid  (eCB)  system  is  implicated  in	various



physiological processes, including the modulation of memory [11] and fear [12,13]. In the central nervous system, CB1 receptors are ubiquitous in the affective memory neural circuitry [11,14], and it is the main target of eCBs [15]. Previous studies showed that in CFC, destabilization of a contextual fear memory requires activation of CB1 receptors [16], and more importantly, it can be potentiated by promoting CB1 pathway in hippocampus or systemically, under behavioral conditions that by themselves do not result in destabilization [17].

Thus, we hypothesized that PER may play a crucial role in the destabilization-reconsolidation process of contextual fear memory in rats, and the eCB system may be a potential mechanism in destabiliza-tion. In this research, through a three-day paradigm of CFC, we showed that protein synthesis in PER is required for memory reconsolidation, and the activation of CB1 pathway is necessary but may not be sufficient to induce memory destabilization. Previous studies have shown that some key molecular pathways in amygdala [18] and hippocampus [17] are sufficient to induce destabilization. Whether this is the case with PER or PER is just a necessary condition deserves further study.

2. Materials and methods

2.1. Subjects

The procedures were approved by the animal ethic committee of our hospital in compliance with the US National Institutes of Health Guide
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Fig. 1. Cannula placements in PER. Schematic of the infusion tip placements from a representative group of rats (Experiment 1).

Brain section illustrations modified from Paxinos and Watson [19].

for the Care and Use of Laboratory Animals. Male Sprague-Dawley rats (280–320 g) were purchased from the Experimental Animal Center of our hospital. They were singly housed on a 12-hr light (day)/dark (night) schedule at 23 ℃ with free access to food and water. All behavioral experiments were performed between 09:00 a.m. and 15: 00 p.m.
[image: ]
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2.2. Surgery

Rats were anaesthetized with sodium pentobarbital (50 mg/kg, i.p) and placed in a stereotaxic apparatus (Yuyan Instruments, Shanghai, China). An incision was made in the scalp and the connective tissue was retracted. Two stainless steel guide cannulas (OD: 0.56 mm) were implanted bilaterally in PER [coordinates: anteroposterior (AP), 3.6 mm from bregma; mediolateral (ML), ±6.5 mm from midline; dorso-ventral (DV), 6.3 mm from skull surface], with the incisor bar located 3.3 mm below the interaural line, according to the atlas of Paxinos and Watson [19]. The cannulas were secured with two anchoring screws affixed to the skull with dental cement. Stylets extending 1.0 mm beyond the guide cannulas, were inserted into the guides and remained except during infusions. Following surgery, the skin was sutured, and animals recovered with heat for 2 h before returning to their home cages. Behavioral protocols started after a 7d recovery period. During this re-covery period, the rats were handled daily for 1 min to habituate them to the infusion procedure and examine healing.

2.3. Apparatus

Contextual fear conditioning was conducted in an automated rodent fear conditioning system (Xinruan Informatlon Technology, China). The conditioning chamber consisted of an illuminated Plexiglas box (30 cm long × 30 cm wide × 60 cm high with opaque walls, the floor consisted of 18 parallel stainless-steel bars connected to a precision-regulated shocker). The chamber was encased in a sound-attenuated box equip-ped with a video camera on the ceiling used to record and quantify freezing behavior automatically.

2.4. Drugs and administration

Anisomycin (ANI; Target Molecules, USA) was solubilized fresh































Fig. 2. (A) Experimental design. Twenty-two hours after CFC, animals were re-exposed to the training context for 1, 2 or 4 min without shock. ANI or SAL were injected to bilateral PER immediately after the reactivation session. Bars are mean ± standard error of the mean (SEM) of percentage time spent freezing during reactivation (B) and test (C). Individual data is shown by black dot. The asterisks denote a significant statistical difference between the 4 min+ANI group and the rest groups. *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 3. Twenty-two hours after CFC, animals were injected with ANI or SAL without being re-exposed to the training context. Twenty-two hours after in-jection, animals were tested. Bars are mean ± standard error of the mean (SEM) of percentage time spent freezing during test. Individual data is shown by black dot. No significant difference of freezing was found between the two groups.

before every behavior experiment at a concentration of 125 μg/μl in 1 M HCl and adjusted to pH 7.4 using 1 M NaOH [20]. This dose of aniso-mycin has previously been shown to disrupt memory reconsolidation [21].

CB1 antagonist, SR141716A (Axon, NL), was dissolved in a vehicle solution containing 3 drops (~100 μl) of Tween 80 in 2.5 mL of 7.5% dimethylsulfoxide in PBS to a concentration of 8 μg/μl [22].

CB1 receptor agonist, ACEA (Arachidonyl-2-chloroethylamide; ENZO, USA), was dissolved in sterile PBS with 0.1% DMSO to a con-centration of 5 pg/μl [17].
For microinfusion, stylets were removed and infusion cannulas (OD:0.36 mm), cut to extend 1 mm beyond the tip of the guide cannulas, were inserted. Bilateral infusions were conducted simultaneously using two 1.0 μl Hamilton syringes connected to the infusion cannulas with propylene tubing. The syringes were driven by a syringe pump. During 2 min, 1.0 μl/side of either drugs or an equivalent amount of saline (SAL) was injected. The displacement of an air bubble inside the polyethylene was used to monitor drug flow. The infusion cannulas were left in place for an additional 1 min to maximize diffusion and to prevent backflow of drug into the cannulas.

2.5. Behavioral procedures

Conditioning: rats were individually placed in the conditioning chamber, after 180 s acclimation received 2 unsignaled footshocks (1.0
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A, 2.0 s duration and 30 s intershock interval), and were kept in the chamber for an additional 30 s (post-shock period).

Reactivation: one day after training, rats were returned to the training context for 1,2 or 4 min without shock delivery in different experiments. Injections took place 15 min before (SR141716A or ACEA or SAL) and immediately after (ANI or SAL) the reactivation session. Animals in the no reactivation group were not re-exposed to the training context, but only received infusions and were returned to their home cages.

According to previous studies, re-exposure duration that could stably destabilize CFC fear memory ranges from 3 to 5 min across different regions of drug administration (e.g. amygdala [18,22–25], hippocampus [22], and systemically [26,27]), while 1 min’s re-exposure duration could not destabilize fear memory [28]. When re-exposure period is 1.5 or 2 min, there were contrary results as whether memory could be destabilized [10,29,30] or not [17,25], which possibly due to different protocols applied. So, in our study, we choose 1, 2 or 4 min’ re-exposure duration for reactivation.

Test: one day after the reactivation session, animals were reintro-duced into the training context for 5 min without shock delivery. All test sessions were video-recorded and automatically quantified for freezing behavior using video tracking software (Xinruan Informatlon Technol-ogy, China).

2.6. Histology

After behavioral testing, rats were anaesthetized by intraperitoneal injection of an overdose of sodium pentobarbital and transcardially perfused with physiological saline, followed by 4% neutral buffered formalin. Brains were removed from the skulls, postfixed with 4% paraformaldehyde at a low temperature for at least 24 h. Brains were coronally paraffin sectioned at a thickness of 40 µm. Brain sections were mounted on gelatine-coated glass slides and stained with hematoxylin-eosin to evaluate the cannula placements.

2.7. Statistical analyses

The results were expressed as the means ± SEM of freezing per-centage, and data were analyzed through ANOVAs or unpaired two-tailed t-tests. Levene’s test was used to evaluate variance homogenei-ty. For factorial ANOVAs, the factors analyzed were: Reactivation time (1 min vs 4 min), Pretreatment (SR141716A vs SAL; ACEA vs SAL) and Treatment (ANI vs SAL). For one-way ANOVAs，post hoc analysis of Tukey test (homogeneity of variance) or Dunnett’s T3 test (heteroge-neity of variance) was used. Effect size estimates were analyzed by η2p (ANOVAs). Statistical analysis was performed by Statistical Package for the Social Sciences (version 19.0 for Windows; SPSS, Chicago, IL, USA), and a P value of < 0.05 was considered significant.

3. Results

3.1. Histology

Bilateral guide cannula placements were confirmed, and only rats with infusion tips terminating in PRh were included in the analyses. Each group finally contains 7 rats with proper guide placements. The infusion tips ended at the border between areas 35 and 36, represented by the rhinal sulcus [31]. Placements were located between 3.36- and 3.84-mm posterior to bregma (Fig. 1).

3.2. PER permits reconsolidation of fear memory

In the first experiment, we aimed to study whether PER participates in fear memory reconsolidation. Experimental design and results are shown in Fig. 2. One-way ANOVAs (Tukey test) showed no significant difference between six groups during the reactivation session (P > 0.05
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Fig. 4. (A) Experimental design. Twenty-two hours after CFC, animals were re-exposed to the training context for 4 min without shock. Injections took place 15 min before (SR141716A or SAL) and immediately after (ANI or SAL) the reactivation session. Bars are mean ± standard error of the mean (SEM) of percentage time spent freezing during reac-tivation (B) and test (C). Individual data is shown by black dot. The asterisks denote a significant statistical difference between the SAL+ANI group and the rest groups. *P < 0.01.
[image: ]
















in all cases). A factorial ANOVA (drug × reactivation duration) analysis on the data of the test session revealed a significant effect of reactivation
duration [F (1,35) = 7.94, P = 0.001, η2p = 0.31], a significant effect of drug[F(1,35) = 6.44, P = 0.02, η2p = 0.16], and a significant effect of drug × reactivation interaction [F(1,35) = 4.00, P = 0.03, η2 p = 0.19]. One-way ANOVAs (Tukey test) showed that the 4 min + ANI group was

the only one expressing less fear at test session compared with the

remaining  five  (P = 0.006,  =0.013,  =0.004,  =0.001,  <0.001  vs

4 min+SAL,	2 min+ANI,	2 min+SAL,	1 min+ANI,	1 min+SAL,

respectively).

To ensure that the effects of anisomycin infusion were reactivation dependent, we conducted a further study including two no reactivation groups (N + ANI and N + SAL) (Fig. 3). Rats in this group received anisomycin or SAL infusion but without re-exposure on the second day. No significant difference of freezing was found between the two groups (t = 0.55, P = 0.59).

Our experiments showed that injection of ANI only affects fear memory when re-exposure duration lasts for 4 min, and the effects of anisomycin are reactivation dependent and not having non-specific ef-fects on memory storage. This result indicated when fear memory is destabilized, PER plays a role in permitting memory reconsolidation.

3.3. CB1 antagonist in PER inhibits destabilization of fear memory

Previous studies indicated that memory destabilization and recon-solidation involve the same brain area [32]. In the second experiment, we aimed to study whether PER, specifically through the CB1 pathway, also plays a role in fear memory destabilization. Experimental design is shown in Fig. 4. One-way ANOVAs (Tukey test) showed no significant difference between four groups during the reactivation session (P > 0.05 in all cases). At the test session, a factorial ANOVA (pre-treatment×-treatment) analysis revealed a significant effect of SR141716A [F(1,

24)= 8.62, P = 0.007, η2p = 0.26] and ANI [F(1,24)= 11.44, P = 0.002, η2p = 0.32], but not SR141716A× ANI interaction [F(1,24) = 4.02, P = 0.056, η2p = 0.14]. One-way ANOVAs (Tukey test) showed that the
SAL+ANI group was the only one expressing less fear at test session compared with the remaining three (P = 0.009, 0.001, 0.004 vs SR + ANI, SR + SAL, SAL + SAL, respectively).
To ensure that the effects of SR141716A + anisomycin infusion were

















reactivation dependent, we conducted a further study including two no reactivation groups (N + SR + ANI and N + SAL + ANI) (Fig. 5). Rats in these groups received SR141716A or SAL infusion, and then received anisomycin infusion but without re-exposure on the second day. No significant difference of freezing was found between the two groups (t = 0.26, P = 0.80). Thus, our experiment showed that injection of SR141716A antagonized the effect of ANI, and this effect was reac-tivation dependent. This result indicated that blocking of CB1 pathway in PER inhibits destabilization of fear memory.

3.4. Activation of CB1 pathway may not be sufficient to induce destabilization of fear memory

The prior experiments showed that the activation of CB1 pathway in PER is a necessary condition for memory destabilization. Then we tested whether it is a sufficient condition, which means that activation of CB1 pathway through injection of CB1 receptor agonist (ACEA) can induce memory destabilization when reactivation itself is not enough to induce destabilization. Experimental design is shown in Fig. 6. One-way ANOVAs did not reveal a significant difference between any two of the four groups (ACEA + ANI, ACEA + SAL, SAL + ANI, and SAL + SAL group) at reactivation (P > 0.05 in all cases of) or test session (P > 0.05 in all cases).

Next, we conducted another experiment (Fig. 7). The procedure was the same as in the prior expeiment, except the reactivation session was 2 min. One-way ANOVAs did not reveal a significant difference between any two of the four groups (ACEA + ANI, ACEA + SAL, SAL + ANI, and SAL + SAL group) at reactivation (P > 0.05 in all cases) or test session (P > 0.05 in all cases).

Thus, our experiments indicated that activation of CB1 pathway in PER is not sufficient to induce destabilization of fear memory at least at this dose of ACEA injected.

4. Discussion

It is believed that consolidated memory is still dynamic and can be modified. According the reconsolidation theory, memory becomes vulnerable by some way of retrieval. After being reactivated and destabilized, the memory undergoes reconsolidation, during which
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Fig. 5. Twenty-two hours after CFC, animals were injected with drugs without being re-exposed to the training context. Bars are mean ± standard error of the mean (SEM) of percentage time spent freezing during test. Individual data is shown by black dot. No significant difference of freezing was found between the two groups.

period intervention through behaviors or drugs can strengthen or attenuate the memory. The destabilization-reconsolidation process permits the updating of memory, so it is important for individual sur-vival to adapt the changing environment [33].

Destabilization is the initial and key step in the destabilization-reconsolidation process, and it requires for some “boundary condi-tions”. How to stably trigger destabilization through retrieval for memories that varies from strong to weak, and from old to new, is of difficulty. Elucidating the underlying neural circuit and potential mo-lecular pathway may help for developing drugs that facilitate memory destabilization.

As for fear memory, contextual/cued fear conditioning is a commonly used animal model. Previous studies focused on the amyg-dala (in CFC and cued fear condition) and hippocampus (in CFC) in memory destabilization-reconsolidation process. It has been found that activation of CB1 receptors in hippocampus [16,22] and amygdala [22] are required for destabilization of reactivated contextual fear [16]. Furthermore, systemic and intra-dorsal hippocampus administration of CB1 receptor agonist, ACEA, restored contextual fear memory destabi-lization under behavioral conditions that, by themselves, did not result in destabilization [17].

In rodents’ BLA, transient exchange of AMPARs (cued fear) [34], CaMKII- proteasome pathway (CFC) [29], GluN2B expression (CFC/cued fear) [24,35], and CB1-receptor (CFC) [22] are required for fear memory destabilization. Moreover, both systemic [26] and
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intra-BLA administration of D-cycloserine (a partial agonist of the NMDA receptors) prior to reactivation restored memory destabilization in animal models that are resistant to destabilization [18,24]. PER is more extensively studied in spontaneous object recognition memory. Researchers found that cholinergic muscarinic receptor (mAChR) pathway in PER can bidirectionally regulate destabilization of object memories in rodents [36]. The facilitation effect on destabilization is mediated by stimulating the ubiquitin proteasome system (UPS) via inositol triphosphate receptor (IP3R)-mediated release of intracellular calcium stores in PER [37]. Recently, it has been found that GluN2B- and GluN2A-containing NMDA receptors in PER are also required for object memory destabilization and reconsolidation [38]. Our experiments indicated that the activation of CB1 receptors in PER is required for the destabilization of contextual fear memory, but it is not sufficient to trigger destabilization under behavioral conditions that by themselves do not result in destabilization. Whether there are some molecular pathways in PER sufficient for destabilization needs further study. Anyway, combined with these results, it is very likely that there are ‘superior’ (being both necessary and sufficient) and ‘inferior’ (being necessary but not sufficient) molecular pathways that regulate destabi-lization. Additionally, in different brain regions and in different behavioral paradigm, the ‘superior’ molecular pathways vary (e.g. NMDA receptors pathway in BLA in CFC, CB1 receptors pathway in hippocampus in CFC, and mAChR pathway in PER in object recognition memory [38]). The common downstream pathway of destabilization may be the proteolysis by UPS, and it is an interesting topic to find out whether there are ‘common superior pathways’ upstream.

In the procedure of contextual fear memory acquisition, context in-formation is processed by PER, postrhinal cortex, and entorhinal cortex, then sent to hippocampus, and finally sent to BLA. When the hippo-campus is damaged or inactivated, there is an "alternative" neural cir-cuit, which includes PER, postrhinal cortex, and entorhinal cortex, to support context representations and functions [39,40]. If these para-hippocampal regions are damaged, then fear memory could not be ac-quired [41,42]. Thus, the function of parahippocampal regions is a necessary condition, while that of hippocampus is not in fear memory acquisition.

Additionally, PER may have two specific functions in fear condi-tioning as proposed by Kent et al. [7] One is “stimulus unitization”, which refers to the ability to treat two or more separate items or stimulus elements as a single entity. In fact, in object recognition memory, PER critically supports the object-related representation like identity, nov-elty, and object + place conjunctions through the integration of their visual and conceptual features [43,44]. In fear conditioning, temporal discontinuous tone (in auditory fear conditioning) or complex contexts (in CFC) need to be integrated as a unitary representation by PER so as to be associated with shocks (US) [45]. On the contrary, when the tone is continuous, PER is not required [7]. Another function of PER entails a type of “transient memory”. In cued fear conditioning, where there is a temporal gap or trace interval between the CS offset and the US onset, PER is required to form a transient CS representation during the trace interval so that it can be associated with shocks (US) [7,46].

As for the role of parahippocampal region, two studies revealed that the functions of lateral neocortex (including temporal association cor-tex, auditory areas and PER) [9] and the entorhinal cortex [10] are necessary for contextual fear memory reconsolidation. However, to the best of our knowledge, no study focused on fear memory destabilization. Our results showed that protein synthesis in PER is required for fear memory reconsolidation, and CB1 pathway is necessary in memory destabilization. It put forth the possibility that just as the process of acquisition, destabilization of fear memory also requires a complex neural circuit, but not just confined to some key areas like amygdala and hippocampus. Due to the important function of parahippocampal region in processing information coming from the cortex, it is reasonable to hypothesize that this neural circuit may expand to involve some sensory cortex.
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Fig. 6. (A) Experimental design. Twenty-two hours after CFC, animals were re-exposed to the training context for 1 min without shock. Injections took place 15 min before (ACEA or SAL) and immediately after (ANI or SAL) the reactivation session. Bars are mean ± standard error of the mean (SEM) of percentage time spent freezing during reactivation (B) and test (C). Individual data is shown by black dot. No significant difference of freezing was found between the four groups.
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Fig. 7. (A) Experimental design. Twenty-two hours after CFC, animals were exposed to the training context for 2 min without shock. Injections took place 15 min before (ACEA or SAL) and immediately after (ANI or SAL) the reactivation session. Bars are mean ± standard error of the mean (SEM) of percentage time spent freezing during reactivation (B) and test (C). Individual data is shown by black dot. No significant difference of freezing was found between the four groups.


There are some limitations in our study. The dose of ACEA for in-jection into PER in our study was the same with the study by Lee et al., which showed that the destabilization of a contextual fear memory is potentiated by injection of ACEA [17]. Another study showed that in-jection of 0.01 fmol/side of ACEA in to dorsal hippocampus can hamper consolidation of object recognition memory. This dose is far lower than the dose used in our study. However, we cannot rule out the possibility that a higher dose of CB1 agonist may cause destabilization with a 1or



2 min reactivation duration. The second limitation is that the site of infusion is close to dorsolateral part of lateral amygdala (Paxinos and Watson) [19]. The diffusion of drugs may potentially affect the results. However, previous studies concerning reversible inhibition of rat’s PER had injection site ranged from 2.6 mm to 6.8 mm caudal in relation to bregma [8,38,47–56]. Two studies had injection site at 3.14 to

3.60 with respect to Bregma (lateral ± 6.5) [48,49], which is similar to the site in our study. Both studies used an injection volume of 1 μl/side.


6

C. Jiang et al.

Another study using 1 μl/side injection indicated that perirhinal in-fusions has limited spread into bordering brain areas [55].

5. Conclusion

In rats’ contextual fear memory, function of PER is required in both destabilization and reconsolidation process. Additionally, CB1 receptors pathway in PER is a necessary but may not be a sufficient condition for destabilization. The function of parahippocampal region in the destabilization-reconsolidation of contextual fear memory deserves more extensive study in the future.
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