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Several studies have shown that the isolated retrieval of a consolidated fear memory can induce a labile phase, during which extinction training can prevent the reinstatement, a form of relapse in which fear response to a fear-provoking context returns when a mild shock is presented. However, fear memory retrieval may also have another opposing result: the enhancement of fear memory. This implies that the fear memory trace can be modified by a brief retrieval. Unclear is whether the fear-impairing effect of retrieval-extinction (RE) is altered by a prior brief retrieval. The present study investigated the responses of recent and remote fear memories to the RE procedure after the presentation of an additional prior retrieval (priRet). We found that a single RE procedure effectively blocked the reinstatement of 2-day recent contextual fear memory. The memory-impairing effect of the RE procedure on recent fear was not observed when priRet was presented 6 or 24 h before the RE procedure. In contrast to the 2-day recent memory, the RE procedure failed to block the reinstatement of 36-day remote fear memory but successfully disrupted the return of remote fear memory after priRet. This memory-disruptive effect on remote memory did not occur when priRet was performed in a novel context. Nimodipine administration revealed that the blockade of priRet-induced processes recovered the effects of the RE procedure on both recent and remote fear memories. Our findings suggest that the susceptibility of recent and remote fear memories to RE procedures can be altered by an additional retrieval.
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INTRODUCTION

In fear conditioning, an individual learns to associate a neutral conditioned stimulus (CS) with an aversive unconditioned stimulus (US). Forming associations between a CS and US allows us to avoid dangerous environments. However, overly consolidated fear memories that are formed in traumatic situations may become resistant to disruption and are thus potentially associated with fear-related disorders, such as post-traumatic stress disorder (PTSD; Vanelzakker et al., 2014). Fortunately, the brief retrieval of a consolidated fear memory induces a labile and sensitive state, in which a pharmacological intervention can prevent memory restabilization and produce amnesia (Nader et al., 2000). This restabilization process is referred to as memory reconsolidation. Previous studies have shown that the reconsolidation window persists for several hours after retrieval, and memories that develop only within this unstable time window are susceptible to disruption by protein synthesis inhibitors and other amnesia-inducing drugs (Nader et al., 2000; Debiec and Ledoux, 2004; Alberini, 2005; Parsons et al., 2006; Kindt et al., 2014). Kindt and Emmerik (2016) found that disrupting reconsolidation with the noradrenergic β-blocker, propranolol hydrochloride, successfully decreased symptoms of fear in some PTSD patients. This implies that basic research on the disruption of reconsolidation can be translated into clinical practice. However, most reconsolidation-blocking drugs are toxic, and this pharmacological strategy has not yet to be fully developed in humans (Quirk and Milad, 2010).

Monfils et al. (2009) proposed a behavioral design in which 24-h-old fear memories are destabilized and permanently attenuated by an extinction procedure that is applied immediately after memory retrieval (i.e., within the reconsolidation time window). Some studies do not support the disruptive effects of this retrieval-extinction(RE) procedure (Ishii et al., 2012, 2015; Stafford et al., 2013; Klucken et al., 2016; Goode et al., 2017), but other studies in both animals and humans have observed disruptive effects of persistently disrupting the initial memory in such situations as fear conditioning (Monfils et al., 2009; Clem and Huganir, 2010; Schiller et al., 2010; Baker et al., 2013; Steinfurth et al., 2014; Warren et al., 2014; Ravikumar et al., 2016), drug seeking (Xue et al., 2012; Hutton-bedbrook and Mcnally, 2013; Millan et al., 2013), and appetitive conditioning (Olshavsky et al., 2013). However, almost all of these studies exclusively focused on memories that are not reactivated. Therefore, remaining unclear is whether the RE procedure can also effectively disrupt memories that are modified by reactivation.

Memory reconsolidation has been suggested to occur when a specific memory is reactivated by brief exposure to the fear-provoking stimulus (Nader et al., 2000). Reconsolidation provides an opportunity to blunt a reactivated memory and allows memory reinforcement (Sara, 2000). Using fear conditioning or the inhibitory avoidance learning paradigm, a brief retrieval was shown to strengthen the original memory trace through reconsolidation mechanisms (De Oliveira Alvares et al., 2013; Forcato et al., 2014; Fukushima et al., 2014). Moreover, the administration of a protein synthesis inhibitor during the reconsolidation time window failed to disrupt fear memory, which was reconsolidated after multiple retrievals (Inda et al., 2011). These results suggest that additional prior retrieval could prevent the forgetting of fear memory. However, few studies have investigated fear memories that are modified by retrieval. Still unknown is whether the responses of fear memory to RE are altered after an additional retrieval. Traumatic memories can be retrieved whenever individuals are exposed to particular traumatic cues or contexts. Therefore, there is a need to investigate the effects of the RE procedure on fear memory that is reactivated and modified by an additional retrieval.

The present study performed contextual fear conditioning in rats and tested the effects of the RE procedure on fear memory when an additional retrieval was used. Remote and recent fear memories are different in terms of their stability and responses to disruption (Milekic and Alberini, 2002; Suzuki et al., 2004; Frankland et al., 2006; Clem and Huganir, 2010; Costanzi et al., 2011; Gräff et al., 2014). We evaluated conditioned contextual fear memory at two different time points (2 days vs. 36 days) that are more relevant to fear-related disorders, which can last for months or even years.

MATERIALS AND METHODS

Animals

Naive male Sprague-Dawley rats (240–310 g; Jiangsu University Laboratory Animal Center, Zhenjiang, China) were housed in groups of three or four. The animals were kept in standard cages under a 12 h/12 h light/dark cycle (lights on at 7:00 AM) at a temperature of 22°C, and had free access to food and water. The experiments were performed during the light phase of the light/dark cycle. This study was performed in accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals of the Chinese National Institutes of Health and was approved by the Institutional Animal Care and Use Committee of Yangzhou University.

Apparatus

Contextual fear conditioning assays were conducted in one of three distinct contexts (A, B, and C). Context A was a 30 cm width × 25 cm depth × 30 cm height rectangular chamber with a metal grid floor that was connected to a shock generator that delivered scrambled footshocks. Context A was illuminated by a yellow incandescent light and cleaned with 75% ethanol. Context B was a 28 cm diameter cylinder that was illuminated by a white fluorescent light and was cleaned with a lemon scent solution. Context C (which was only used in the remote memory experiment) was an unscented 30 cm height triangular chamber with a 28 cm side length. Context C had a removable black cardboard floor and was illuminated by a red incandescent light. An infrared activity monitor was affixed to the top of each chamber and recorded freezing (Coulbourn Instruments). All of the chambers were housed in sound- and light-attenuating shells. The stimulus presentation was controlled using Freezeframe software (ACT-100, Coulbourn Instruments).

Contextual Fear Conditioning

Training

The rats were placed in Context A. After a 119 s acclimation period, they received three unsignaled 1 s, 1.0 mA footshocks at 30 s intervals. Thirty seconds after the last footshock, the rats were returned to their homecages. In each experiment, the animals were divided into groups according to their levels of freezing during the training session to ensure that the groups were balanced. Conditioned fear was measured as freezing behavior, defined as the complete absence of movement except for breathing-related motion.

Prior Retrieval

Prior retrieval (priRet) consisted of 3-min exposure to the conditioned context A or a novel Context C before the RE procedure. In this session, footshock was not presented. The priRet was used to modify the original memory trace because brief exposure to a fear-provoking context can induce fear memory reconsolidation and extinction (Lee et al., 2008; Inda et al., 2011). For the recent fear memory, priRet was performed 0 min, 10 min, 1 h, 6 h, or 24 h before the RE procedure. For remote fear memory, based on the results of the recent fear memory in the present study, priRet was conducted 0 min, 1 h, 24 h, or 35 days before the RE procedure. In the 0 min groups, the rats were exposed to the conditioned context for 6 min without being returned to their homecages. In cases in which the animals received only a single RE treatment, priRet was not present.

Retrieval-Extinction Procedure

The RE procedure was performed 2 or 36 days after fear conditioning. In this procedure, the rats were exposed to conditioned context A for 3 min without receiving footshocks to retrieve the fear memory. They were then returned to their homecages. One hour later, fear extinction was performed. In this session, the animals were exposed to the conditioned context again without footshocks for 30 min to extinguish fear.

Testing and Reinstatement Shock

Twenty-four hours after the RE procedure, memory retention was assessed (test 1, T1), in which the animals were placed in the original conditioned context A for 5 min without footshocks. Twenty-four hours following T1, the rats were placed in Context B and received a 1 s, 0.45 mA footshock to reinstate fear. The footshock-induced reinstatement test (test 2, T2) was also performed in Context A 24 h after the reinstatement shock.

Drug Treatment

The L-type voltage-gated calcium channel (LVGCC) antagonist nimodipine (NIMO; CAS no. 66085-59-4, Sigma, St. Louis, MO, USA) was dissolved in saline that contained three drops of Tween 80 per 2.5 ml. The final concentration of NIMO was 8 mg/ml. Nimodipine (16 mg/2 ml/kg, i.p.) was injected immediately or 6 h after priRet. The other two groups were injected with vehicle (VEH) immediately after priRet. The drug solutions were freshly prepared and protected from light before the experiment.

Statistical Analyses

Data for priRet, retrieval, T1, and T2 are presented as a percentage of freezing responses that were recorded during context exposure in these sessions. Data for each extinction block represent the percentage of freezing that was recorded every 2 min during context exposure. The training and extinction data were analyzed using mixed factorial two-way analysis of variance (ANOVA), with Trial and Block as the within-subjects factors and Group as the between-subjects factor. Differences in the levels of freezing between T1 and T2 were analyzed using paired t-test. Freezing during priRet and the retrieval of RE procedure was assessed using unpaired t-test or one-way ANOVAwith Group as the between-subjects factor. Differences in the levels of fear reinstatementof recent fear memories (i.e., subtractingT1 from T2) were assessed using one-way ANOVA with Group as the between-subjects factor. When appropriate, Holm-Sidak's multiple-comparison test was performed. Values of P < 0.05 were considered statistically significant.

RESULTS

Effects of the RE Procedure on Recent and Remote Fear Memories

To examine whether the effects of the RE procedure on recent and remote fear memories were altered by priRet, we first confirmed the levels of fear expression and reinstatement after a single RE procedure. The experimental schedule is presented in Figure 1A. Two groups of animals underwent fear conditioning on day 1. Figure 1B shows that all of the rats acquired significant contextual fear, with no group differences detected across conditioned fear training sessions [Trial effect: F(3, 45) = 31.570, P < 0.0001].
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FIGURE 1. Effects of the RE procedure on recent and remote fear memories. (A) Schema of the experimental protocol. Animals were trained for contextual fear conditioning. They were then divided into two groups: one was for recent fear memory (n = 10) and the other for remote fear memory (n = 7). Two or 36 days later, the animals were subjected to the RE procedure. One day after RE, they received the extinction memory test (T1), reinstatement shock (RS), and the reinstatement test (T2) 24 h apart. (B) Freezing during the fear training session was comparable between the two groups. All rats acquired conditioned contextual fear as they received three footshocks. (C) Freezing during RE procedure. All rats showed significant fear attenuation within the extinction session. There were no significant freezing differences between the two groups during retrieval and extinction. (D) Fear levels for T1 and T2. The recent memory group showed similar freezing between T1 and T2, suggesting no reinstatement of fear. The remote memory group showed significant reinstatement of fear. Data are expressed as mean ± SEM. n.s., not significant, **P < 0.01.



Two or 36 days later, the RE procedure was performed without priRet. Freezing during retrieval and extinction is shown in Figure 1C. Unpaired t-tests showed that freezing levels of retrieval did not differ between the two groups. The extinction session resulted in a significant reduction of fear without marked group differences [Block effect: F(14, 210) = 5.690, P < 0.0001; no significant main effect of Group and no Group × Block interaction.].

Twenty-four hours after the RE procedure, all of the rats were again placed in the training context for 5 min to assess their levels of fear (T1). Reinstatement shock and T2 were performed 24 and 48 h after T1, respectively. As shown in Figure 1D, although RE appeared to facilitate reduction of fear in rats that had remote fear memories, the group difference for T1 was not significant [t(15) = 0.299]. However, the two groups exhibited different levels of fear return. The reinstatement of recent fear memory was blocked by RE. In contrast, the extinguished remote fear memory presented a significant return after a mild shock (P < 0.001, difference between T1 and T2). These results suggest that the RE procedure effectively impaired recent but not remote fear memory. These data are generally consistent with a previous study that reported the success of the RE procedure for recent memories (i.e., 1-day old memories) but failed to attenuate remote memories (i.e., 1-month old memories, Gräff et al., 2014). The results also suggest that, with the presentation of priRet before the RE procedure, the return of recent fear in subsequent experiments was not caused by a single RE procedure that was incapable of disrupting recent fear reinstatement. Moreover, the impairment of remote fear in subsequent experiments was not attributable to vulnerability to the RE intervention.

Effects of priRet Followed by the RE Procedure on Recent Fear Memory

In this experiment, we investigated whether contextual fear memory can be disrupted by the RE procedure after an additional retrieval. The experimental schedule is shown in Figure 2A. Forty-nine rats underwent fear conditioning on day 1. All of the animals were then assigned to five groups. Figure 2B shows that all of the rats acquired significant contextual fear, with no group differences across conditioned fear training session [Trial effect: F(3, 132) = 57.830, P < 0.0001; no significant main effect of Group and no Group × Trial interaction], suggesting that all of the groups had comparable levels of freezing in this session.
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FIGURE 2. Effects of priRet followed by the RE procedure on recent fear memory. (A) Schema of the experimental protocol. Animals were trained for contextual fear conditioning. They were then divided into five groups. After fear training, priRet and RE were performed. The RE procedure was performed 2 days after fear training, and priRet was presented 0 min (n = 8), 10 min (n = 10), 1 h (n = 10), 6 h (n = 11), or 24 h (n = 10) before the RE procedure. One day after RE, T1, RS, and T2 were performed 24 h apart. (B) All rats acquired comparable conditioned contextual fear as they received three footshocks. (C) All groups expressed similar fear levels during priRet. (D) There were no significant group differences of freezing during retrieval. But freezing during the extinction sessions was different among groups. Compared with the 0 h group, rats in the 24 h group showed significant less freezing during the first block but not the latter blocks of extinction sessions. All rats showed significant fear attenuation within extinction sessions. (E) Comparisons between T1 and T2 showed that the extinguished recent fear significantly returned after a mild reinstatement shock when the RE procedure was performed 6 or 24 h but not at 0 min, 10 min, or 1 h after the priRet. (F) Fear recovery levels obtained by subtracting T1 from T2 in all groups. The fear recovery levels were significantly different among groups. The data are expressed as mean ± SEM. n.s., not significant, *P < 0.05, **P < 0.01.



After fear training, priRet and RE were performed. To ensure that all of the groups had the same memory age when the RE treatment was performed, we fixed the timing between RE and fear training and varied the timing between RE and priRet. The RE procedure was performed 48 h after fear training in all of the groups. PriRet was presented 0 min, 10 min, 1 h, 6 h, or 24 h before the RE procedure. In the 0 min group, the rats were placed in the conditioned context for 6 min to simultaneously undergo priRet and retrieval of the RE procedure without being returned to their homecages. The one-way ANOVA showed that all of the groups had comparable levels of freezing during priRet and retrieval (Figures 2C,D). However, as shown in Figure 2D, the timing between priRet and RE affected the levels of freezing during extinction. The two-way ANOVA revealed significant main effects of extinction block [F(14, 616) = 18.00, P < 0.0001] and Group [F (4, 44) = 2.647, P < 0.05], but no Group × Block interaction. Holm-Sidak's multiple-comparison tests showed that rats in the 24 h group exhibited significantly less fear during the first block of extinction sessions (P < 0.01). No significant differences were found among groups during the final block of extinction sessions (see details in Table S1).

After the RE procedure, T1, reinstatement shock, and T2 were conducted similarly to the previous experiments. The paired t-tests showed that the 0 min, 10 min, and 1 h groups did not exhibit significant reinstatement (all P > 0.05, difference between T1 and T2, Figure 2E). In contrast, fear memory in the 6 and 24 h groups significantly returned after a mild shock (both P < 0.001, differences between T1 and T2). We then subtracted T1 from T2 to indicate levels of reinstatement. One-way ANOVA was used to compare these values among groups. Figure 2F shows that as the timing of RE relative to priRet increased, the levels of fear reinstatement increased [F(4, 44) = 4.944, P < 0.01, Figure 2F]. Reinstatement levels in the 6 and 24 h groups were significantly higher than in the 0 min group (both P < 0.05). These results indicate that an additional prior retrieval altered the susceptibility of the recent fear memory to the subsequent RE procedure that was conducted more than 6 h later.

Effects of priRet Followed by the RE Procedure on Remote Fear Memory

We found that the RE procedure failed to block the reinstatement of recent fear when priRet was conducted more than 6 h before the procedure. We then evaluated the effects of this additional retrieval on remote fear memory. As shown in Figure 3A, a total of 34 rats were assigned to four groups that received fear training on day 1. All of the animals acquired significant contextual fear, with nooup differences across conditioned fear training sessions [Trial effect: F(3, 90) = 72.850, P < 0.0001; no significant main effect of Group and no Group × Trial interaction, Figure 3B]. Thirty-six days after fear training, the RE procedure was performed in all of the groups and the 3-min priRet was performed 0 min, 1 h, 24 h, or 35 days before RE. Figures 3C,D show that all of the groups exhibited similar priRet and retrieval levels of fear. The subsequent extinction session resulted in a significant reduction of fear [Trial effect: F(14, 420) = 7.370, P < 0.0001, Figure 3D]. The main effect of Group and Group × Block interaction were not significant, suggesting that all of the groups had similar levels of freezing during the extinction learning process.
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FIGURE 3. Effects of priRet followed by the RE procedure on remote fear memory. (A) Schema of the experimental protocol. Animals were trained for contextual fear conditioning and then were divided into four groups. The RE procedure was performed 36 days after fear training, and priRet was presented 0 min (n = 11), 1 h (n = 7), 24 h (n = 7), or 35 D (n = 9) before the RE procedure. One day after RE, T1, RS, and T2 were performed 24 h apart. (B) All rats acquired comparable conditioned contextual fear as they received three footshocks. (C) Fear levels during priRet were similar among groups. (D) There were no significant group differences of freezing during retrieval and extinction sessions. All rats showed significant fear attenuation within extinction sessions. (E) The extinguished fear of rats in the 0 min, 1 h, and 24 h groups did not exhibit any return, but the 35 D group showed significant reinstatement. The data are expressed as mean ± SEM. n.s., not significant, **P < 0.01.



Twenty-four hours after the RE procedure, T1, reinstatement shock, and T2 were conducted similarly to the previous experiments. The paired t-tests showed that the 0 min, 1 h and 24 h groups did not exhibit a significant return of fear after a mild shock (all P > 0.05 compared between T1 and T2). In contrast, fear memory of animals in the 35 D group exhibited significant reinstatement (P < 0.01, difference between T1 and T2, Figure 3E). These data suggest that the expression of remote fear memory, regardless of the timing from priRet to RE procedure, was impaired by the RE procedure that was performed after an additional retrieval. Given that the priRet was performed the second day after training in the 35-day group, meaning that this group had a recent memory when priRet was performed, these results also indicate that the retrieval (PriRet) of a recent fear memory did not result in vulnerability of the memory to the RE procedure. Therefore, instead of becoming more resistant to disruption, remote fear memory was more vulnerable to the RE procedure after an additional retrieval.

Effects of priRet That Was Performed in a Novel Context on Remote Fear Memory

As shown above, significant impairment of remote fear memory was observed after the priRet and RE treatments. A previous study found that multiple-session extinction triggers an erasure mechanism at synapses in the amygdala (An et al., 2017), and brief reactivation can facilitate the extinction of a remote memory (Inda et al., 2011). Thus, we sought to determine whether priRet and subsequent retrieval trigger extinction and then evoke multiple-session extinction and induce the erasure of remote memory when they are used together with the extinction procedure. We compared fear responses following priRet exposure in the fear training context vs. a novel context. The rats were divided into four groups. Figure 4A showed that they received priRet either 1 or 24 h before the RE procedure in Context A (1 h-Cond or 24 h-Cond) or in Context C (1 h-Novel or 24 h-Novel). The RE procedure was performed 36 days after fear training. In this experiment, the training, RE, test, and reinstatement shock conditions were same as in the previous experiments. As shown in Figure 4B, all of the animals acquired significant contextual fear, with no group differences across conditioned fear training sessions. The animals that were exposed to priRet in Context C had significantly lower levels of freezing compared with the Cond groups [F(3, 26) = 4.496, P < 0.05; Figure 4C], suggesting that exposure to a novel unconditioned context triggered less fear memory reactivation. This low level of memory reactivation may induce less fear extinction. The extinction data at least partially confirmed this hypothesis. As shown in Figure 4D, although the extinction session significantly reduced fear in all of the groups [Trial effect: F(14, 364) = 11.850, P < 0.0001], the extinction learning process was different between groups [Group × Block interaction: F(42, 364) = 1.683, P < 0.01]. Holm-Sidak's multiple-comparison test showed that the 1 h-Novel group exhibited a significant increase in freezing during the first four blocks compared with the other groups (p < 0.05; Table S2), suggesting that brief reactivation may can induce the extinction of remote fear memory.
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FIGURE 4. Effects of priRet that was performed in a novel context on remote fear memory. (A) Schema of the experimental protocol. Animals were trained and divided into four groups. Two groups received the priRet in the conditioning context and the other two groups received the priRet in a novel context at 1 h (1 h-Cond: n = 8, 1 h-Novel: n = 7) or 24 h (24 h-Cond: n = 8, 24 h-Novel: n = 7) before RE. The RE procedure was performed 36 days after training. One day after RE, T1, RS, and T2 were performed 24 h apart. (B) All rats acquired comparable conditioned contextual fear as they received three footshocks. (C) Rats in the Novel groups exhibited significantly lower fear levels than the Cond groups in the priRet session. (D) There were no significant group differences of freezing during retrieval. But freezing during the extinction sessions was different among groups. Compared with other groups, rats in the 1h-Novel group showed significantly higher freezing during the first four blocks of extinction sessions. (E,F) Fear levels for T1 and T2. The extinguished fear of rats in the two Cond groups did not exhibit significant return. Fear of the two Novel groups was difficult to extinguish, as shown that freezing levels of these groups in the T1 session were significantly higher than their corresponding groups. The data are expressed as mean ± SEM. n.s., not significant, *P < 0.05, **P < 0.01.



The hypothesis that retrieval induces remote memory extinction was further confirmed by the T1. The two-way ANOVA revealed significant main effects of Group in the 1 h groups [F(1, 13) = 4.735, P < 0.05, Figure 4E] and a Test × Group interaction in the 24 h groups [F(1, 13) = 5.247, P < 0.05, Figure 4F]. The multiple-comparison tests showed that the levels of freezing in the 1 h-Novel and 24 h-Novel groups were significantly or marginally significantly higher than their corresponding groups in T1 (p < 0.05 and p = 0.051, respectively). Similar to the previous 1-h and 24-h groups in the remote memory experiment, the 1 h-Cond and 24 h-Cond groups did not exhibit the reinstatement of fear (all p > 0.05, differences between T1 and T2). These results indicate that the RE procedure following priRet exposure in the conditioned but not novel context erased the persistent remote fear memory.

Effects of Post-priRet LVGCC Blockade on Recent and Remote Fear Memories

The LVGCC antagonist NIMO was previously shown to completely prevent reconsolidation and extinction following exposure to a conditioned context or CS (Cain et al., 2002; Suzuki et al., 2008). One speculation is that if priRet-induced memory processes are blocked by a LVGCC inhibitor, then the subsequent effects of the RE procedure on recent and remote fear memories should be affected or even reversed. The experimental schedules are shown in Figures 5A, 6A. In this experiment, 53 drug-free rats were trained on day 1. All of the animals acquired significant contextual fear, with no group differences across conditioned fear training sessions [effect of Trial on recent memory, F(3, 66) = 44.540, P < 0.0001; effect of Trial on remote fear memory, F(3, 75) = 61.460, P < 0.0001; no significant main effect of Group on either recent or remote memories and no Group × Trial interaction; Figures 5B, 6B].
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FIGURE 5. Effects of post-priRet LVGCC blockade on recent fear memories. (A) Schema of the experimental protocol. Animals were trained for contextual fear conditioning on day 1. They were then divided into three groups. PriRet was performed after fear training on day 2. NIMO (0 h NIMO, n = 8) or vehicle (VEH, n = 9) was systemically injected immediately after priRet. Another group of rats were injected with NIMO 6 h after priRet (6 h NIMO, n = 8). On day 3, the RE procedure was conducted. T1, RS, and T2 were then performed 24 h apart as in previous experiments. (B) All rats acquired comparable conditioned contextual fear as they received three footshocks. (C) Fear levels during priRet were similar among groups. (D) All rats showed significant fear attenuation within extinction sessions and there were no significant group differences of freezing during retrieval and extinction sessions. (E) Rats in the 0 h NIMO groups exhibited no significant fear return, suggesting the systemic injection of NIMO immediately after priRet recovered the fear-disrupting effect of the subsequent RE procedure. This fear-disrupting effect of the RE procedure was not regained when vehicle was injected or NIMO was administrated 6 h after priRet. The data are expressed as mean ± SEM. n.s., not significant, **P < 0.01.




[image: image]

FIGURE 6. Effects of post-priRet LVGCC blockade on remote fear memory. (A) Schema of the experimental protocol. Animals were trained for contextual fear conditioning on day 1. Then they were divided into three groups. PriRet was performed after fear training on day 36. NIMO (0 h NIMO, n = 9) or vehicle (VEH, n = 10) was systemically injected immediately after priRet. Another group was injected with NIMO 6 h after priRet (6 h NIMO, n = 9). On day 37, the RE procedure was conducted. T1, RS, and T2 were then performed every 24 h as in previous experiments. (B) All rats acquired comparable conditioned contextual fear as they received three footshocks. (C) Fear levels during priRet were similar among groups. (D) All rats showed significant fear attenuation within extinction session, and there were no significant group differences of freezing during retrieval and extinction sessions.(E) Animals in VEH group exhibited no return of fear after the RE procedure. However, animals in the 0 h or 6 h NIMO groups exhibited significant fear reinstatement. The data are expressed as mean ± SEM. n.s., not significant, *P < 0.05.



Twenty-four hours or 35 days after training, the animals were placed in the training context for 3 min to perform priRet procedure. They were then treated with NIMO immediately (0 h) or 6 h after priRet (i.e., within or outside the reconsolidation time window). Another two groups of rats were injected with vehicle immediately after priRet. Twenty-four hours after priRet, all of the rats were subjected to the RE procedure. Figures 5, 6 show that, all of the groups had comparable levels of freezing during priRet and retrieval for both recent and remote fear memories. The injection of NIMO had no effect on the within-session extinction of recent and remote fear memories [Block effect: F(14, 308) = 12.220, P < 0.0001, Figure 5D; F(14, 350) = 12.630, P < 0.0001, Figure 6D; no significant main effect of Group and no Group × Block interaction for both recent and remote fear memories].

Twenty-four hours after the RE procedure, T1, reinstatement shock, and T2 were performed. The paired t-test revealed that rats in the vehicle group expressed significant fear reinstatement (P < 0.01, difference between T1 and T2, Figure 5E). This reinstatement, however, was disrupted by immediate but not delayed post-priRet NIMO treatment (0 h NIMO, P > 0.05; 6 h NIMO, P < 0.0001, diferrence between T1 and T2), suggesting that the immediate NIMO injection recovered the fear-impairing effect of the RE procedure on recent fear memory.

The effects of the NIMO injection after priRet in the remote fear groups further demonstrated that blocking the priRet-induced memory process recovered the original effects of the RE procedure. The paired t-test revealed that rats in the vehicle group expressed no apparent fear reinstatement (P > 0.05, difference between T1 and T2, Figure 6E). However, fear reinstatement was significant in the 0 h NIMO and 6 h NIMO groups (both P < 0.05). These results suggest that blocking post-priRet memory processes by a post-priRet NIMO injection caused the remote fear memory to return to a insusceptible state that resisted to manipulation by the RE procedure.

DISCUSSION

In clinical settings, a consolidated fear memory that is caused by a traumatic event can be retrieved whenever the original traumatic cues are presented. Memories can return to a labile state and become sensitive to immediate extinction after a single brief retrieval. However, fear memories can be retrieved several times if the traumatic cues occur repeatedly. The effects of multiple memory retrievals on subsequent immediate extinction have not been investigated. In the present study, we first replicated previous studies and found results that were similar to Gräff et al. (2014), showing that recent fear memories are labile and sensitive to the disruptive effect of the RE procedure, whereas remote memories are stable and resistant. We used a priRet procedure to modify memories and examined the effect of the passage of time between priRet and the RE procedure. The effects of the RE procedure on both recent and remote fear memories were reversed by the presentation of priRet. Furthermore, this reversal effect was blocked by post-priRet pharmacological blockade of LVGCCs. LVGCCs are required for fear memory reconsolidation and extinction (Cain et al., 2002; Suzuki et al., 2008). Thus, we conclude that a prior retrieval that is presented can influence the effects of subsequent RE treatment, and this change depends on the age of the memory and may engage fear memory reconsolidation and extinction mechanisms.

RE Procedure Following priRet Fails to Disrupt the Return of Recent Fear Memory

The recent fear memory data in Figure 1 are consistent with previous studies that found that post-retrieval immediate extinction destabilized and impaired fear memory by disrupting reconsolidation (Monfils et al., 2009; Clem and Huganir, 2010; Schiller et al., 2010; Baker et al., 2013). However, recent fear memory became resistant to RE when priRet was presented more than 6 h before the RE procedure. The fear memory-impairing effect of RE was unaffected when the timing between priRet and RE was less than 6 h (i.e., 0 min, 10 min, and 1 h). These results imply that the presentation of the priRet induces in a process of memory reconsolidation and this reconsolidation prevents recent fear memory from being impaired by the subsequent RE procedure. The time-dependent reconsolidation that results in resistance to disruption has been reported in several previous studies. Nader et al. (2000) reported that the protein synthesis inhibitor anisomycin that was administered 6 h but not immediately after reactivation had no effect on recent memory. These authors suggested that reconsolidation is largely complete 6 h after retrieval. Using pharmacological agents and behavioral interventions, other studies identified a similar time window of disrupting and updating memory reconsolidation (Monfils et al., 2009; Stern et al., 2012; Olshavsky et al., 2013; Yang et al., 2013; da Silva et al., 2016; Escosteguy-Neto et al., 2016). In contrast to these studies that disrupted reconsolidation, other studies reported that recent fear memories that are reactivated by one retrieval can be enhanced and become more stable over time through reconsolidation mechanisms (Lee, 2008; Forcato et al., 2011, 2014; De Oliveira Alvares et al., 2013; Fukushima et al., 2014;). Supporting the hypothesis that reconsolidation mediates the strengthening of memory, some researchers have used a one-trial inhibitory avoidance paradigm and found that with repeated retrievals every 2 days, systemic injections of the protein synthesis inhibitor cycloheximide after the last retrieval failed to disrupt recent fear memory (Inda et al., 2011). Therefore, when priRet is presented more than 6 h before the RE procedure, it might enhance recent fear memory through reconsolidation mechanisms. Thus, for this enhanced recent fear memory, retrieval of the RE procedure may cannot cause a vulnerable state of reconsolidation. As shown in Figure 2D and Table S1, rats in the 24 h group expressed significantly lower levels of fear during the first block of extinction, suggesting that a second retrieval that is performed 24 h after priRet may induce memory extinction instead of reconsolidation. Therefore, with a longer time after priRet, recent fear memory may be enhanced by a reconsolidation mechanism and unable to enter an unstable state of reconsolidation again after a second retrieval. Weak contextual fear memory was shown to be vulnerable to the disruptive effect of protein synthesis inhibitor treatment immediately after retrieval, but strong fear memory was resistant to such a disruptive effect (Kwak et al., 2012), suggesting that the enhancement of recent fear memory by the presentation of priRet prevented subsequent retrieval-induced unstable state of reconsolidation. This conclusion is consistent with the suggestion that one function of reconsolidation that is evoked by a prior brief retrieval is to mediate memory strengthening and thus prevent forgetting (Inda et al., 2011) in the 6 h and 24 h groups.

In addition to the hypothesis that priRet evoked reconsolidation mediates memory strengthening and prevents forgetting, another possibility is that the RE procedure does not block the return of recent fear memories (Chan et al., 2010; Stafford et al., 2013). This possibility may explain why conditioned fear returned after RE treatment in the 6 and 24 h groups. Using different experimental parameters and protocols in both animals and humans, previous studies that focused on testing this possibility led to disparate conclusions from both animal and human (for review, see Auber et al., 2013). In the present study, we also found that when the RE procedure was conducted using a similar procedure but without priRet, fear reinstatement was blocked (Figure 1). Therefore, the inability of the RE procedure to block the reinstatement of fear memory after a further separate priRet may not be attributable to the ineffectiveness of a single RE procedure. Another explanation for the return of fear in the 6 h and 24 h groups may be that the rats underwent two retrievals (priRet and retrieval of RE procedure) that prolonged the total duration of retrieval, thus triggering memory extinction but not reconsolidation (Pedreira and Maldonado, 2003; Suzuki et al., 2004; Power et al., 2006). Thus, the effects of immediate extinction after two retrievals may not disrupt memory reconsolidation rather strengthen memory extinction. In this case, the immediate fear extinction that followed the two retrievals would not be within the memory plasticity time window of reconsolidation but rather within the period of extinction memory consolidation (i.e., a second extinction). If so, then with the same retrieval and extinction durations in the five groups in Figure 2, we may speculate that the RE procedure would have similar effects on fear memory in all of the groups after priRet. However, the fact that the return of recent fear was blocked in the 0 min, 10 min, and 1 h groups but not in the 6 or24 h groups suggests that the explanation that is related to multiple extinction is not the case.

Therefore, our results support the view that a prior retrieval task prevents recent fear memory from impairing which mediates by reconsolidation. It is highly reminiscent that recent fear memory develops a graded increased resistance to reconsolidation disruption over the passage time of priRet. To our knowledge, only one other study has tested the effects of multiple retrievals of fear memory on reconsolidation, leading to the resistance of recent fear memory to disruption (Inda et al., 2011). Although inconsistent results have been reported (Jarome et al., 2012), recent fear memory may undergo a post-priRet reconsolidation period during which memory can be impaired or strengthened. Recent memories may be impaired when the RE procedure is performed within the post-priRet reconsolidation time window; otherwise recent memories may be resistant to be disruption when the RE procedure is performed outside the post-priRet reconsolidation time window.

RE Procedure Following priRet Blocks the Return of Remote Fear Memory

In contrast to recent fear memory, the reinstatement of remote fear memory was not blocked by a single RE procedure (Figure 1D), but it was inhibited by the RE procedure that was conducted 0, 1, and 24 h after priRet (Figure 3). These results suggest that instead of the timing from priRet to the RE procedure, the total duration of retrieval appears to be critical for determining whether remote fear is blocked by post-retrieval immediate extinction. Our results are consistent with findings in which the protein synthesis inhibitor anisomycin blocked the expression of remote memory only with prolonged durations of exposure (Suzuki et al., 2004; Frankland et al., 2006).

A sufficient duration of retrieval was required to reactivate remote contextual fear memory. For example, using different behavioral protocols, several studies have shown that after the same duration of exposure, protein synthesis inhibitors or other reconsolidation blocking agents disrupted the expression of younger but not older fear memories (Milekic and Alberini, 2002; Eisenberg and Dudai, 2004; Suzuki et al., 2004). Frankland et al. (2006) reported that 15 min of reexposure to the original conditioning context in mice was necessary for remote contextual fear memory to be reactivated and disrupted by anisomycin. These findings may explain why the remote fear memory was resistant to the immediate extinction that was performed after 3-min retrieval as shown in Figure 1 and was vulnerable to immediate extinction that was performed after 6-min retrieval as shown in Figure 3 (i.e., the total duration of priRet and the retrieval of RE procedure when they were presented within 0 min time space). However, because no evidence reported that multiple retrievals separated with a passage of time have the same effects of prolong retrieval, the hypothesis that prolonged retrieval activates remote memory may can't be used to explain why the remote fear memory was impaired by the RE procedure performed 1 or 24 h after the priRet.

Another possible explanation for the vulnerability to the intervention in the 1 and 24 h groups is that the retrieval of remote fear memory may lead to extinction, and multiple-session extinction may trigger the erasure of remote fear memory. It has been found that the same retrievals that lead to the reconsolidation of a young memory facilitated the extinction of a 4-week-old memory (Inda et al., 2011). Therefore, we hypothesized that the brief priRet and retrieval may have extinguished remote fear memory to some extent, and the subsequent immediate extinction re-extinguished it. As shown in Figure 3D, the levels of freezing in the first block of extinction were significantly lower than in the priRet session, suggesting that priRet and retrieval lead to remote memory extinction. Such priRet- and retrieval-induced extinction, combined with the subsequent immediate extinction, may block the return of remote fear memory. Evidence suggests an erasure effect of multiple-session extinction. A recent study found that multiple-session extinction triggers an erasure mechanism at synapses in the amygdala (An et al., 2017). Molecular and structural markers of fear conditioning can also be reversed by multiple-session extinction (Hong et al., 2011; An et al., 2012; Lai et al., 2012). Repeated extinction training was also shown to result in a greater reduction of the conditioned response and a reduction of the spontaneous recovery of contextual fear memory (Cain et al., 2003; Mao et al., 2013). Altogether, these findings suggest that a brief priRet may inapparently extinguish the original remote fear memory, and this slightly extinguished fear may provide an opportunity for repeated extinction that is induced by the subsequent RE procedure to trigger the permanent depression of memory recovery.

The hypothesis that retrieval induces remote memory extinction was also confirmed by the data from animals that received priRet in a novel context that differed from the fearful context. We found that the prior retrieval of remote fear memory in a novel context was associated with high levels of freezing during extinction learning and T1, whereas the prior retrieval of remote fear memory in the conditioning context was associated with low levels of freezing during extinction and T1. These results are consistent with a previous study that found that post-conditioning exposure to a novel context increased long-term potentiation (Motanis and Maroun, 2010). However, other studies reported opposite results, showing that the extinction of recent contextual fear in rats is enhanced by post-conditioning exposure to a novel environment (de Carvalho Myskiw et al., 2013). The effect of exposure to a novel context may depend on the age of the memory (Motanis and Maroun, 2010). To further confirm that priRet-induced reconsolidation or extinction depends on the age of the memory of fear conditioning but not the age of the memory of “priRet exposure,” we performed priRet 1 day after fear conditioning and performed the RE procedure 35 days after priRet. Thus, the animals had a recent memory when priRet was performed compared with other animals in this study. Together with the results from animals in the recent memory experiments, we found that a prior retrieval of a recent fear could strengthen memory and induce resistance to RE procedure. In contrast, the prior retrieval of remote fear may extinguish memory and cause the memory to be susceptible to the RE procedure.

LVGCC Blockade Reverses the Effects of priRet on Both Recent and Remote Fear Memories

LVGCCs play a role in synaptic plasticity and the induction of a form of long-term potentiation (LTP) (Weisskopf et al., 1999; Thomas and Huganir, 2004). The LVGCC blocker NIMO is a drug that is licensed for neuroprotection. It was shown to block the hyperthermia-induced activity of hippocampal neurons in vitro and in an in vivo model (Radzicki et al., 2013). Previous work showed that hippocampal neurons were reactivated during memory retrieval (Tayler et al., 2013), and the immediate post-retrieval pharmacological blockade of LVGCC function with NIMO protected contextual fear memories against disruption (Suzuki et al., 2008), suggesting that the retrieval of fear memories requires the activation of LVGCCs. In the final experiment in the present study, we investigated whether blocking priRet-induced processes (i.e., reconsolidation or extinction) recovers the effects of the RE procedure on recent and remote fear memories. We found that a single RE procedure impaired recent fear memory but left remote fear memory intact (Figure 1). When fear memories were reactivated with an additional retrieval, the effects of the subsequent RE procedure were altered (Figures 2, 3). However, with NIMO treatment after priRet, the effects of the RE procedure were altered again. Similar to the data in Figure 1, recent contextual fear was impaired by the RE procedure when NIMO but not vehicle was injected immediately after priRet, suggesting that the vulnerability of recent fear memory to the amnesic effects of the RE procedure was regained by pharmacological blockade of the priRet-induced reconsolidation process. Moreover, the changes in the susceptibility of recent fear memory were not simply attributable to NIMO-induced LVGCC blockade because NIMO administration 6 h after priRet did not alter the resistance of recent memory to disruption. This time window was the same as the time during which priRet modified the effects of RE procedure (Figure 2). Additionally, the results of the NIMO experiment also showed that the RE procedure did not block the return of remote fear memory when NIMO was administered immediately or 6 h after priRet, suggesting that blockade of the priRet-induced extinction process recovered the resistance of remote fear memory to the RE procedure. The resistance of remote fear memory to the RE procedure did not occur when vehicle was injected after priRet. These results further demonstrate that the blockade of priRet-induced processes recovered the effects of the RE procedure on fear memories. The results of the NIMO experiment also imply that multiple retrievals of fear memory play an important role in altering the susceptibility of fear memory.

CONCLUSION

The present study explored the effects of a RE procedure on recent and remote fear memories after an additional retrieval. Consistent with previous reports (Gräff et al., 2014), we found that recent memory was vulnerable to the disruptive effect of the RE procedure, whereas remote memory was resistant. However, when priRet was presented, the responses of recent and remote memories to the RE procedure were reversed. This reversal may have been caused by memory reconsolidation or extinction that was initiated by priRet. Interestingly, the vulnerability of recent memory and resistance of remote memory to the RE procedure was recovered by blocking priRet-induced memory processes. These findings indicate that reconsolidation- or extinction-dependent changes in memory stability may play a critical role in the regulation of fear memory by the RE procedure. Further studies are required to examine the effects and mechanisms of multiple retrievals on changes in memory stability. Ihe molecular mechanisms of memory reconsolidation or extinction and neural circuitry that support fear memory reorganization may underlie these dynamic changes (Blundell et al., 2008; Gafford et al., 2011; Tayler et al., 2013; Patricio et al., 2017). For the clinical treatment of fear- and anxiety-related disorders, the age of the memory appears to be an important factor when using fear memory retrieval prior to therapeutic interventions to regulate conditioned fear responses.
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