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Contextual Fear Memory Maintenance Changes Expression of pMAPK, BDNF and IBA-1 in the Pre-limbic Cortex in a Layer-Specific Manner
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Post-traumatic stress disorder (PTSD) is a debilitating and chronic fear-based disorder. Pavlovian fear conditioning protocols have long been utilised to manipulate and study these fear-based disorders. Contextual fear conditioning (CFC) is a particular Pavlovian conditioning procedure that pairs fear with a particular context. Studies on the neural mechanisms underlying the development of contextual fear memories have identified the medial prefrontal cortex (mPFC), or more specifically, the pre-limbic cortex (PL) of the mPFC as essential for the expression of contextual fear. Despite this, little research has explored the role of the PL in contextual fear memory maintenance or examined the role of neuronal mitogen-activated protein kinase (pMAPK; ERK 1/2), brain-derived neurotrophic factor (BDNF), and IBA-1 in microglia in the PL as a function of Pavlovian fear conditioning. The current study was designed to evaluate how the maintenance of two different long-term contextual fear memories leads to changes in the number of immune-positive cells for two well-known markers of neural activity (phosphorylation of MAPK and BDNF) and microglia (IBA-1). Therefore, the current experiment is designed to assess the number of immune-positive pMAPK and BDNF cells, microglial number, and morphology in the PL following CFC. Specifically, 2 weeks following conditioning, pMAPK, BDNF, and microglia number and morphology were evaluated using well-validated antibodies and immunohistochemistry (n = 12 rats per group). A standard CFC protocol applied to rats led to increases in pMAPK, BDNF expression and microglia number as compared to control conditions. Rats in the unpaired fear conditioning (UFC) procedure, despite having equivalent levels of fear to context, did not have any change in pMAPK, BDNF expression and microglia number in the PL compared to the control conditions. These data suggest that alterations in the expression of pMAPK, BDNF, and microglia in the PL can occur for up to 2 weeks following CFC. Together the data suggest that MAPK, BDNF, and microglia within the PL of the mPFC may play a role in contextual fear memory maintenance.
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INTRODUCTION

Post-traumatic stress disorder (PTSD) is a debilitating and enduring fear-based disorder, typically associated with many cycles of relapse (Boschen et al., 2009; Maren, 2011). The contextual component of fear allows for the long-term storage of fear memories and can prevent the extinction of such memories (Maren, 2011). In animals, such as rodents, this contextual component can be manipulated and studied via the use of Pavlovian fear conditioning protocols (Foa et al., 1992; Rothbaum and Davis, 2003; Fanselow, 2010; LeDoux, 2014; Chaaya et al., 2018). Contextual fear conditioning (CFC) is a particular Pavlovian conditioning procedure that occurs when rodents are placed into a context (conditioned stimulus, CS) and provided with noxious stimuli (unconditioned stimulus, US; Foa et al., 1992; Rothbaum and Davis, 2003; Fanselow, 2010; LeDoux, 2014; Chaaya et al., 2018). Extensive investigations into the anatomical alterations following CFC have identified the amygdala and dorsal hippocampus (DH) as two brain regions essential for its acquisition, consolidation, expression, and maintenance (reviewed extensively in Chaaya et al., 2018). However, additional research has identified numerous other brain regions to be involved in CFC, one being the medial prefrontal cortex (mPFC; Gilmartin et al., 2014; Rozeske et al., 2015).

Interestingly, various studies have demonstrated damage or interference to the mPFC prior to CFC to have little effect on its consolidation (Morgan et al., 1993; Morrow et al., 1999a; Fernandez Espejo, 2003; Antoniadis and McDonald, 2006; Bissière et al., 2008). However, evidence of mPFC, or more specifically pre-limbic cortex (PL), involvement in the expression of fear-related freezing behaviour to context is well documented (Frankland et al., 2004; Corcoran and Quirk, 2007; Laurent and Westbrook, 2008; Goshen et al., 2011; Stevenson, 2011; Stern et al., 2013). A particular constraint of these studies, however, is that they only evaluate contextual fear memories soon after conditioning; they do not provide data into the long-term maintenance of contextual fear memories. Therefore, the current study examines the alterations that occur in the PL 2 weeks following CFC. In order to study fear maintenance and not expression, conditioned rodents are sacrificed without memory recall (fear expression brain circuits remain inactive).

Various alternate conditioning procedures can lead to the development of contextual fear memories. One such procedure is the unpaired fear conditioning (UFC) protocol (Trifilieff et al., 2007; Bergstrom et al., 2011, 2013). UFC is fundamentally identical with CFC, in that rodents are placed into a context and provided with noxious stimuli. The main alteration of this protocol is the presentation of random and non-overlapping stimuli (typically, auditory tones). Despite the introduction of auditory tones, fear remains specific to context; with no noticeable changes in fear to tone present (Bergstrom et al., 2011, 2013; Chaaya et al., 2019). This protocol also has similarities to cued fear conditioning (e.g., auditory fear conditioning; AFC). During AFC, the presentation of auditory tones and noxious stimuli overlap, forcing the contextual component to become a “background” stimulus (Phillips and LeDoux, 1994). This creates fears to tone (as well as “background” fear to context”). As a result of the similarities between these protocols, yet the difference in fear memory formation to tone, UFC has typically been used as a control for AFC (McKernan and Shinnick-Gallagher, 1997; Rogan et al., 1997; Majak and Pitkänen, 2003; Radley et al., 2006; Bergstrom et al., 2011, 2013). On numerous occasions, research has shown that the explicit pairing of auditory tone and noxious stimuli (AFC) results in greater activation of the amygdala as compared to the un-pairing (UFC) of these auditory tones and noxious (McKernan and Shinnick-Gallagher, 1997; Rogan et al., 1997; Majak and Pitkänen, 2003; Radley et al., 2006; Bergstrom et al., 2011, 2013). However, the development of contextual fear memories following UFC suggests that the amygdala may also be recruited. Unsurprisingly, this has been demonstrated previously (Trifilieff et al., 2007). Additionally, research from our lab (Chaaya et al., 2019) recently demonstrated an increase in immediate early gene expression in the lateral amygdala (LA) 90 min after UFC. The current study aims to expand on these findings and determines if similar changes in PL are present 2 weeks following UFC.

Neuromodulatory changes in the PL following fear conditioning may result from several molecular processes. Brain derived neurotrophic factor (BDNF) is secreted within the cerebral cortex (Lin et al., 1998) where it induces a variety of neuroplastic events. The hippocampal secretion of BDNF mediates neural activity associated with memory formation and storage (Cirulli et al., 2004; Bekinschtein et al., 2007; Heldt et al., 2007), including the long-term storage of fear memories (Lubin et al., 2008). Additionally, pharmacological activation of BDNF”s cognate receptor, TrkB, prevents defects in fear memory in aged rats (Zeng et al., 2012). However, the influence of BDNF on fear memory formation in other brain regions involved in fear memory maintenance, such as the PL cortex, is unknown. Another marker of neuronal activity, mitogen-activated protein kinase (MAPK/ERK1/2; Sweatt, 2004) is phosphorylated at the 42nd and 44th residues (pMAPK) as a result of fear conditioning (Bergstrom et al., 2011). In addition, MAPK phosphorylation driven by BDNF signalling has been shown to enhance fear (Revest et al., 2014). However, these findings are once again confined to the hippocampus; the importance of PL BDNF and pMAPK in the long-term storage of fear memories is not known.

In addition to BDNF and MAPK, microglia also facilitate neuromodulation (Walker et al., 2014; Wu et al., 2015; Dwyer and Ross, 2016; Wohleb, 2016). Their ability to modulate long-term fear memories and influence PTSD is well documented (Enomoto and Kato, 2021). Microglia respond to CNS insult or injury in two ways: the total number of microglia in the affected area increases and the morphological characteristics of these microglia change (Kettenmann et al., 2011; Calcia et al., 2016; Dwyer and Ross, 2016). Resting microglia in the healthy CNS, referred to as “ramified”, have long thin extensions that actively search for signals of insult (Kettenmann et al., 2011; Calcia et al., 2016; Dwyer and Ross, 2016). Upon detection of insult or injury, microglia number increases, and morphology change to become “amoeboid”. This amoeboid shape involves a larger cell body size accompanied by a reduction in branching and number of extensions (Kettenmann et al., 2011; Walker et al., 2014; Dwyer and Ross, 2016). We have previously shown alterations in hippocampal microglia number and morphology in response to CFC (Chaaya et al., 2019). However, no research to date has examined the role of microglia, BDNF, and pMAPK within the PL in Pavlovian fear conditioning. Therefore, the current experiment is designed to assess microglial number and morphology, as well as BDNF and pMAPK expression in the PL following CFC, UFC, and a context only (CO) control.



MATERIALS AND METHODS


Animals

Experimentally naïve male Sprague Dawley Rats (Animal Resources Centre, WA, Australia) weighing 176–200 g at the time of arrival were housed, two per cage, by the University of Queensland Biological Resources (UQBR) facility. Rats were maintained on a 12-h light/dark cycle, with food provided ad libitum. Behavioural procedures were approved by the University of Queensland (Ethics approval no. 460/17) and the Queensland University of Technology (QUT number: 80087) animal ethics unit. Behavioural procedures complied with the Queensland Government Animal Research Act 2001, associated Animal Care of Animals for Scientific Purposes, 8th Edition (National Health and Medical Research Council, 2013) policies and regulations of animal experimentation and other ethical matters. Upon delivery, rats were left to acclimatise to the UQBR Facility for 8 days. The experimenter handled all rats for 9 days, habituated them to the fear conditioning chamber for 1 day, and then fear-conditioned them on the next day. All rats were then returned to their home-cages for 2 weeks. Three separate groups existed: two experimental (Contextual Fear Conditioned, CFC n = 18 and Unpaired Fear Conditioned, UFC, n = 18) and one control (Context Only, CO n = 18). Two weeks after conditioning rats were divided into an anatomical (n = 12 per group) subgroup or behavioural (n = 6 per group) subgroup.



Conditioning

Two Plexiglas conditioning chambers (Coulbourn Instruments, Lehigh Valley, PA, USA) were used for fear conditioning procedures (context A and B). Both context A and B were sound insulated (background dB = 55) and equipped with an infrared camera and speaker. Context A was fitted with a metal grid floor that was attached to an electric shock generator. Context A had no decorations and, following the presentation of each rat, was cleaned with ethanol (EtOH) 80%. Context B had a flat floor that was lightly covered with bedding. The roof was altered so its physical dimensions differed from context A. The walls were coloured and orange-scented hand soap was used to clean the chamber after each rat. The bedding was also replaced. One day following handling, all rats were placed in context A for a 30 min habituation session. One day after habituation, rats in the CFC and UFC group were placed back into context A for fear-conditioning. Rats in the CO control group were placed in context A without any added stimuli. Fear conditioning for rats in the CFC group consisted of a 180 s exploration period whilst in the context, followed by the presentation of five non-overlapping and random electric foot-shocks (1.0 mA, 0.50 s). Rats were left for 60 s following the presentation of the final foot-shock, and then immediately returned to their home-cages. Fear conditioning for rats in the UFC group was the same as for rats in the CFC group, except with the addition of five non-overlapping (with each other or the foot-shocks) and random auditory tones (5 kHz, 75 dB, 20 s). In total, conditioning procedures were 660 s long for rats in the CFC and CO control groups and 880 s for rats in the UFC group (extra time was required to account for the auditory tones). Freezing behaviour was scored during fear conditioning to provide a measure of progressive fear-learning. Freezing behaviour was scored before (baseline), during (cue 1–5), and after fear conditioning (final).

Upon return to home-cages, rats were left undisturbed for 2 weeks. The process of memory storage and maintenance is hypothesised to involve the restructuring and reorganisation of brain regions in order to support the permanent storage of a memory (Dudai, 2004). This process is hypothesised to last for as little as several days to as long as several months (Dudai, 2004; Rodrigues et al., 2004; Frankland and Bontempi, 2005; Kandel et al., 2014). The current study examined changes that occurred ins the 2-week time-frame in order to ensure the memory storage/maintenance phase is captured (Dudai, 2004).



Behavioural Procedures

Behavioural procedures are outlined in Figure 1 and are discussed below.
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FIGURE 1. Experimental design for behavioural training. Following a period of acclimatisation to the vivarium, handling and habituation to the fear conditioning context, rats were divided into three behavioural groups. Rats in the occupying context A were provided with five non-overlapping and random electric shocks to the foot (CFC group). Alternatively, another group of rats in context A were provided with the same foot-shocks, as well as five non-overlapping and random auditory tones (UFC group). The final group of rats (CO control group) were placed into context A and left undisturbed without the addition of any stimuli. After conditioning, all rats were returned to their home cages and left undisturbed for 2 weeks. Rats were further sub-divided into a behavioural (provided with two fear memory tests (FMT) separated by 3 days) and anatomical (perfused 2 weeks post-conditioning) group. CFC, Contextual fear conditioning; UFC, unpaired fear conditioning; CO, context only.



Two weeks following conditioning procedures, the behavioural subgroup of rats (n = 6 per group) were provided with two fear memory tests (FMT) to assess freezing behaviour. During the first FMT (FMT to context), rats were placed back into context A (where conditioning occurred) for 10 min, whereby freezing behaviour was manually scored. No foot-shock or auditory tones were provided. Three days following, rats were provided with a second FMT (FMT to tone). During this FMT, rats were placed into a new context (context B) for 10 min and presented with 10 auditory tones (5 kHz, 75 dB, 20 s). As conducted previously (Bergstrom et al., 2011, 2013; Chaaya et al., 2019; Jacques et al., 2019), these auditory tones were presented during the final 20 s of each minute.

Freezing behaviour, defined as the inhibition, absence or suppression of movement, was scored in 20 s blocks during training and testing (Phillips and LeDoux, 1992, 1994; Quirk et al., 1997; Radley et al., 2006; Bergstrom et al., 2013; Bergstrom and Johnson, 2014). The movement required for autonomic nervous system function (e.g., heavy breathing and minimal movement) was included as freezing, whereas head scanning and sleeping were not (Fanselow, 2010). Freezing behaviour during CFC and UFC training was scored in the final 20 s of the first minute (baseline), the final 20 s of the last minute (final) and the 20 s prior to each foot-shock (cue 1–5). As the current experimental design does not utilise an auditory cue fear conditioned group, the word “cue” as seen in Figure 3 refers to foot-shock presentations. An exception is made for rats in the CO control group, whereby freezing behaviour was scored at identical time points as the CFC group (but still referred to as cue 1–5). For rats in the UFC group, freezing behaviour was not scored in the 20 s prior to each auditory tone, as the development of contextual fear memories is of interest here. During testing, freezing was scored in the final 20 s of each minute (Bergstrom et al., 2011, 2013).
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FIGURE 2. Illustration of PL and associated labelling in this region. (A) Two layers of the PL were of interest, layers 2–3 (demarcated by the rectangle closer to the border) and layers 5–6 (demarcated by the rectangle further from the border). Following identification of PL layers 2–3 and 5–6 (Miner et al., 2003; Perez-Cruz et al., 2007) used as guides, pMAPK expressing neurons (B), BDNF expressing cells (E) and IBA-1 (C–F) labelled microglia, as well as their co-localisation (D–G) were quantified. PL, pre-limbic cortex; pMAPK, phosphorylated mitogen-activated protein kinase; BDNF, brain-derived neurotrophic factor; IBA-1, ionized calcium-binding adaptor molecule 1.
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FIGURE 3. Freezing to Context and Tone Data. (A) To obtain a progressive measure of fear learning, freezing behaviour was scored during training. Scoring was scored in the final 20 s of the first minute, the 20 s prior to each foot-shock, and the final 20 s of the final minute. Analyses revealed rats in the CO control to consistently have no fear-related freezing to context, whereas rats in the CFC and UFC groups progressively developed fear memories to context. As seen, by cue 3, rats in the CFC and UFC had significantly more fear-related freezing as compared to the CO control. Rats in the UFC also had significantly more fear-related freezing to context as compared to the CFC group. However, by cue 4, cue 5 and final 20 s, this had equalized, with both CFC and UFC groups have equivalent levels of freezing behaviour, which was significantly higher than that in rats in the CO control group. Asterisks denote level of statistical significance between both CFC and UFC vs. the CO control ****p ≤ 0.0001. Hash symbol denote level of statistical significance between the UFC and CO control group ####p ≤ 0.0001. (B) Two weeks following conditioning, rodents were re-exposed to context A, and a FMT was conducted. As seen, rats in both the CFC and UFC groups froze significantly more than rats in the CO control group. (C) To ensure that no additional fear to tone developed in rats in the UFC, 3 days following the first FMT, all rats were exposed to the new context B and provided with auditory tones. Statistical analyses revealed no statistically significant increases in either of the fear-conditioned groups. CFC, contextual fear conditioning; UFC, unpaired fear conditioning; CO, context only; FMT, fear memory test. Asterisks denote level of statistical significance between groups ****p ≤ 0.0001.





Immunohistochemistry

Two weeks following conditioning procedures, rats in the anatomical subgroup (n = 12) were perfused. To ensure memory reactivation/reconsolidation did not occur, rats were anaesthetised in a room separate from where fear conditioning occurred. This room was located on a separate corridor to the fear conditioning room. Rats had not been previously exposed to this room.

Rats in the anatomical group (n = 12 per group) were provided with intraperitoneal (i.p.) injections of a ketamine/xylazine cocktail (100 mg/kg, 10 mg/kg respectively). Following anaesthetisation, ice-cold saline (200 ml per rat), followed by 4% paraformaldehyde/0.1 M phosphate buffer (PB; pH of 7.4; 400 ml per rat) were used to transcardially perfuse the rats. Brains were subsequently removed and stored for 24 h at 4°C in the 4% paraformaldehyde fixative. Following, brains were washed with phosphate buffered saline (PBS) and then stored in PBS/0.02% Azide for a minimum of 3 days. A vibratome (M11000; Pelco easiSlicer, Ted Pella Inc, CA, USA) was used to obtain sequential, free-floating, 40 μm thick coronal brain sections containing the mPFC. Sections were stored at 4°C in PBS/0.02% Azide until immunohistochemistry procedures commenced.

Immunohistochemistry was conducted on the left hemisphere sections. Two sections (equal distances apart; approximately 30 μm) per antibody combination were taken from each rat. For example, from a single rat, two sections (approximate Bregma coordinate + 3.00 mm and + 2.76) were labelled with pMAPK/IBA-1 (24 per group), and two sections (approximate Bregma coordinate + 2.96 mm and + 2.72 mm) labelled with BDNF/IBA-1 (24 per group).

Stored brain sections were removed from PBS/0.02% Azide and washed with PBS. Two separate immunohistochemistry protocols were required for double-labelling of pMAPK/IBA-1 and BDNF/IBA-1. All sections were permeabilised with 1% Triton/0.1% Tween 20 in PBS for 1 h and then washed in PBS. Only sections labelled for BDNF/IBA-1 were incubated in Citrate Buffer (10 mM Sodium Citrate, 0.05% Tween 20, pH 6.0) for 5 min (80oC). Once these sections returned to room temperature, they were washed with PBS. All sections (pMAPK/IBA-1 and BDNF/IBA-1) were then incubated in blocking solution 0.3% Triton/0.5% Tween 20/2% NHS in PBS/Azide 0.02% for 1 h.

Sections labelled for pMAPK/IBA-1 were removed from the blocking solution and immediately incubated in an anti-IBA-1 (ab5076) goat polyclonal antibody (1:500; Abcam, VIC, Australia) diluted in the blocking solution for 48 h. Following, these sections were washed in the blocking solution, and then immediately incubated in a cross-adsorbed donkey anti-goat IgG (H + L; Alexa Fluor 594) secondary antibody (1:500; ThermoFisher Scientific, VIC, Australia) in a blocking solution for 3 h. These sections were then washed in the blocking solution, PBS, and then a new blocking solution that did not contain Triton. Brain sections were subsequently incubated in a phosphor-p44/42 MAPK antibody (Erk 1/2; Thr 202/Tyr 204; 1:150; #4370, Cell Signalling Technology, MA, USA) diluted in this new blocking solution for 48 h. Following this, brain sections were washed in the new blocking solution, incubated in a cross-adsorbed donkey anti-rabbit IgG (H + L; Alexa Fluor 488) secondary antibody (1:500; ThermoFisher Scientific, VIV, Australia) in the new blocking solution for 3 h, washed again in this blocking solution, washed in PBS, incubated in 4′, 6-diamidino-2-phenylindole (DAPI; D1306) diluted in PBS for 5 min (1:1,000 ThermoFisher Scientific, VIC, Australia), washed in PBS, and then mounted on silane coated slides. Mounted sections were cover-slipped immediately, left to dry, and stored at 4oC.

Sections labelled for BDNF/IBA-1 were removed from the blocking solution and immediately incubated in the anti-IBA-1 antibody and an anti-BDNF [EPR1292] (ab108319) rabbit monoclonal antibody (1:500; Abcam, VIC, Australia) for 48 h. The anti-pMAPK antibody (RRID: AB_2315112), anti-IBA-1 antibody (Monasor et al., 2020; RRID: AB_2224402; and the anti-BDNF antibody; Gideons et al., 2017; RRID: AB_10862052) have been previously validated (pMAPK) or used in immunohistochemistry (IBA-1 and BDNF). These antibodies were diluted in the previous blocking solution without triton X100. Following the 48 h incubation period, sections were washed in the blocking solution without triton, and then immediately incubated in the donkey anti-rabbit (488) and donkey anti-goat (594) secondary antibodies for 3 h. Sections were immediately washed in blocking solution and then PBS before being incubated in DAPI for 5 min. Finally, these sections were washed in PBS and then mounted and cover-slipped similar to the pMAPK/IBA-1 sections. All antibodies were validated.



Imaging and Analysis

Cover-slipped sections labelled for pMAPK/IBA-1 and BDNF/IBA-1 were scanned using the Olympus FV3000 Confocal Laser Scanning Microscope (Olympus Australia Pty, Ltd, VIC, Australia). A sample of approximately layers 2–3 and layers 5–6 (see Figure 2) of the PL were obtained with 40x magnified (1.5x zoom) scans (x = 212.132 μm, y = 413.699 μm) with 30 z-stacks of 0.50 μm thickness (z = 15 μm) in the 488 nm and 561 nm channel.

Neurons and microglia were semi-automatically counted and tagged with the “spots” tool in IMARIS (IMARIS 9.1.2, Bitplane). The experimenter was made blind to the coding of the datasets. The average diameter of cells labelled with pMAPK, BDNF and IBA-1 was measured. Cells had to have clearly identifiable cell bodies, with at least one section visible to be counted (see Figure 2). Filter intensity was altered to ensure all cells expressing pMAPK, BDNF and IBA-1 were accurately tagged. The incorrectly tagged artefact was manually removed by the experimenter, and untagged labelled cells manually added. The number of IBA-1, pMAPK, and BDNF expressing neurons was then measured.

Morphological differences in microglia were examined if the total number of IBA-1 cells was different as a function of fear conditioning. A total of 24 microglia were traced per group using Neurolucida 360 (Neurolucida 360, MBF Bioscience, VT, USA). The average length of the microglia extensions, number of trees or ends of these extensions and complexity of the microglia branching (measure of ramification state) were quantified from these traces. The following formula was utilised to determine the complexity of microglia branching (sum of the terminal orders + the number of terminals) * (total process length/number of primary branches) (Pillai et al., 2012).



Data Analysis

The results section is separated into a behavioural and anatomical section. Within the anatomical section, results are separated depending on the PL layer: PL 2–3 and PL 5–6. Within each part, differences as a function of conditioning (CFC, UFC and CO control) across the two PL layers are explored. All differences were explored with analyses of variances (ANOVA). Prior to analyses, normality and homogeneity of variance were tested for. Due to the large dataset, breaches in normality and homogeneity could be identified. These breaches may result in the inflation of type I errors. D’Agostino and Pearson normality test was performed to assess the normality of the data. All data analysed were deemed normal (alpha > 0.05). All values in the text and graphs are expressed + /− standard error of the mean. Statistical significance is identified with p values at or below 0.05. Statistical analyses were conducted using GraphPad Prism v8 software (GraphPad, CA, USA). Asterisks within the graphs denote level of statistical significance (*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001).



Excluded Cases

Cases were excluded from analyses for various reasons. Prior to analyses, sections that were significantly damaged through the regions of interest, or that failed to label during immunohistochemistry procedures, were excluded. Furthermore, statistical outliers, identified via the ROUT method (GraphPad Prism), with the maximum false discovery rate set to 1%, were excluded on a pairwise basis. The ROUT method identifies multiple outliers in large datasets, making it appropriate for the data here. Outlier analyses were conducted on individual groups. Outliers and damaged/failed sections were excluded on a pairwise basis.

For FMT1, 1 outlier was removed from cues 4 and 5 in UFC, 1 outlier was removed from cue 4 in CFC and 1 outlier was removed from cue 9 in CO. For FMT2, 1 outlier was removed from cues 1, 3 and 9 in UFC, 1 outlier was removed from cues 2, 3, 4, 8 and 9 in CFC. For anatomical analysis, both UFC and CFC had 2 outlier/damaged samples removed each. The sample size did not fall below n = 9 (per group) for all anatomical analyses or n = 5 for behavioural analyses.




RESULTS


Behavioural Results

To confirm that the fear conditioning procedures produced long-term behavioural alterations, the number of time rats displayed freezing behaviour during training and testing was quantified as a function of condition. During training, mean freezing (provided as a percentage) across behavioural conditions was quantified during each time-point (baseline, cue 1, cue 2, cue 3, cue 4, cue 5, and final). A two-way mixed-design ANOVA was used to analyse changes as a function of time-point (within-subjects factor) and condition (between-subjects factor). Analyses revealed a statistically significant interaction (F[12, 100] = 53.1588, p < 0.0001) of freezing behaviour as a function of time-point and condition, as well as a significant main-effect of time-point (F[6, 100] = 186.9417, p < 0.0001) and a significant main effect of condition (F[2, 100] = 397.3932, p < 0.0001). Bonferroni-corrected post hoc tests (see Figure 3A) followed up simple main-effects of condition at each time-point. Analyses reveal no group differences to exist at the baseline, cue 1, or cue 2 time-points. At cue 3, significant differences exist between the CFC (freezing response was 44.05%) and CO control (0%), UFC (96.62%) and CO control and CFC and UFC groups. By cue 4, rats in the CFC (88.98%) and UFC (93.62%) group had statistically equivalent fear, which were both significantly higher than the CO control (0%). This pattern continued for cue 5 and the final time-point, indicating progressive development of fear to the context in the conditioned rats, with no development of random fear in the CO control group (Figure 3A).

Two weeks following training, FMT to context and FMT to tone (3 days later) were provided to ensure long-term fear memories had developed. Freezing behaviour was compared as a function of behavioural condition. One-way ANOVA during the FMT to context revealed significant differences to exist between groups (F[2, 15] = 35.8949, p < 0.0001). Bonferroni-corrected post hoc tests revealed rats in the CFC (57.80%) group to have significantly more freezing behaviour than the rats in the CO control (1.67%) group (Figure 3B). Similarly, rats in the UFC (70.65%) group expressed significantly more freezing behaviour than rats in the CO control group (Figure 3B). There were no statistical differences in freezing behaviour between the CFC and UFC group. To ensure fear to tone did not develop during the UFC protocol, an FMT to tone was conducted 3 days later. Freezing behaviour was measured during auditory tone presentation in a new context. One-way ANOVA revealed no significant group differences to exist as a function of behavioural condition (F[2, 15] = 2.0677, p = 0.1610; Figure 3C).



Contextual Fear Maintenance Increases the Expression of BDNF, Neuronal pMAPK and Microglial IBA-1 in Layers 2–3 of the Prelimbic Cortex

Although the role of BDNF, MAPK phosphorylation, and microglia in fear memory storage is well document in the hippocampus, the importance of prelimbic BDNF, pMAPK, and microglia for the maintenance of fear memory is unknown. We, therefore, measured changes in expression of pMAPK, BDNF, and IBA-1 in approximate layers 2–3 of the PL as a function of behavioural condition. We then calculated the number of cells expressing pMAPK, BDNF, and IBA-1 as a function of condition. One-way ANOVA revealed a significant group difference (F[2, 59] = 5.0052, p < 0.01) in the number of pMAPK expressing neurons. Bonferroni-corrected post hoc tests showed that rats in the CFC group had significantly more pMAPK expressing neurons as compared to the CO control group (Figure 4A). Similarly, one-way ANOVA revealed a significant group difference (F[2, 69] = 7.1616, p < 0.01) in the number of BDNF expressing cells. Bonferroni-corrected post hoc tests revealed rats in the CFC to have significantly more BDNF expressing cells than the CO control (Figure 4B). Interestingly, BDNF expression was also higher in the CFC group as compared to the UFC group. Finally, one-way ANOVA of IBA-1 expression revealed a significant group difference (F[2, 131] = 6.3744, p < 0.01) in the number of IBA-1 expressing cells. Similar to BDNF expressing cells, IBA-1 microglia were significantly higher in the CFC group as compared to both the CO control and UFC group (Figure 4C). This suggests that layers 2 and 3 of the prelimbic cortex are sensitive to the long-term impact of fear memories.


[image: image]

FIGURE 4. pMAPK, BDNF and IBA-1 number in PL following CFC and UFC. Evaluation of pMAPK expressing neurons (A) in PL layer 2–3 revealed significant group differences to exist as a function of condition. Rats that underwent CFC had significantly more pMAPK expressing neurons as compared to rats in the CO control group. No further group differences were found. Similarly, evaluation of BDNF expressing cells (B) and IBA-1 labelled microglia (C) revealed group differences to exist as a function of condition. In both cases, rats in the CFC group had significantly more BDNF and IBA-1 labelled cells than both the CO control and UFC groups. In PL layer 5–6, rats that underwent CFC or UFC show no difference in (D) the number of pMAPK expressing neurons, (E) BDNF expressing cells and (F) IBA-1 labelled cells. PL, pre-limbic cortex; pMAPK, phosphorylated mitogen-activated protein kinase; BDNF, brain derive neurotrophic factor; IBA-1, ionized calcium-binding adaptor molecule 1; CFC, contextual fear conditioning; UFC, unpaired fear conditioning; CO, context only. Asterisks denote level of statistical significance between groups *p ≤ 0.05; **p ≤ 0.01.



Given that the morphology of microglia is strongly indicative of their function in neuromodulation (Enomoto and Kato, 2021), we then examined whether, in addition to a change in cell number, there was also a change in the morphology following CFC. Morphological alterations of microglia were determined using three measures obtained from tracing the IBA-1 cells: (1) the average length of extensions, (2) the number of endings/trees of these extensions, and (3) the complexity (ramification state) of these extensions (Figures 5D–E). Despite a difference in the number of IBA-1, one-way ANOVA revealed no group differences in the average length of extensions (F[2, 67] = 0.0349, p = 0.9657, Figure 5A), the number of endings (F[2, 69] = 0.5806, p = 0.5623, Figure 5B), or the complexity of these extensions (F[2, 64] = 2.956, p = 0.0592, Figure 5C). Together, these data suggest there are no morphological alterations to microglia 2 weeks following fear conditioning in layer 2–3 PL.
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FIGURE 5. Microglia morphology in PL layer 2–3. Evaluation of microglia morphology in PL layer 2–3 revealed no changes as a function of condition. As seen, the average length of extensions (A), number of trees/endings (B) and complexity of ramifications (C) remained statistically similar in all three behavioural groups. (D) Representative traces microglia with tracing overlaid, and (E) the tracing alone. PL, pre-limbic cortex. Scale bar = 25 μm.





Expression of BDNF, Neuronal pMAPK and Microglial IBA-1 in Layers 5–6 of the Prelimbic Cortex Are not Altered by Fear Conditioning

We examined the number of cells expressing pMAPK, BDNF, and IBA-1 in layers 5–6 of the PL as a function of condition as described for layers 2–3 of the PL. One-way ANOVA revealed no significant group difference in the number of pMAPK expressing neurons (F[2, 57] = 0.3340, p = 0.7174; Figure 4D), BDNF expressing cells (F[2, 69] = 1.6599, p = 0.1976; Figure 4E), or IBA-1 expressing microglia (F[2, 130] = 0.8215, p = 0.4420; Figure 4F). Because there were no differences found in the expression of pMAPK, BDNF, or IBA-1, there were no further experiments conducted in layers 5–6 of the PL.




DISCUSSION

This study investigated the relative contribution of the PL in the mPFC in the long-term maintenance of contextual fear memories by examining changes in expression of BDNF, neuronal pMAPK, and microglial IBA-1. An evaluation of the freezing behaviour during training and testing demonstrated a progressive development of fear to the context in both the CFC and UFC groups. Interestingly, there is a discrepancy in the freezing behaviour seen at cue 3 for the UFC group, with a slightly greater amount of freezing detected compared to previous studies with identical protocols (Chaaya et al., 2019). Overall, we are unsure what has caused this discrepancy, however, it is likely due to an undefined acoustic variable given that the current CFC freezing behaviour results are identical to those obtained previously (Chaaya et al., 2019). For example, these experiments were conducted in different rooms within the animal facility, which may have altered the ability of the rats to detect the auditory cue, therefore precipitating greater freezing behaviour earlier in the test. The fear to context remained statistically higher compared to the CO group 2 weeks later in both the CFC and UFC groups. Importantly, no fear to tone developed for either group, suggesting the development of fear memories to context. While fear to context was equivalent in both conditioned groups, in rats that underwent CFC there were significant changes in layers 2–3, but not 5–6, of the PL in pMAPK expressing neurons, BDNF expressing cells and IBA-1 labelled microglia. Interestingly, despite alterations in IBA-1 number, there were not any changes to microglia morphology in any behavioural condition. These data suggest, even without recall or reactivation of fear, measurable changes in expression of pMAPK, BDNF and IBA-1 in layers 2–3 of the PL in the mPFC may continue for up to 2 weeks following CFC.


CFC Increases the Number of pMAPK, BDNF and IBA-1 Expressing Cells

CFC, but not UFC, led to an increase in the phosphorylation of MAPK, as well as the expression of BDNF and IBA-1 in PL layers 2–3, but not layers 5–6. However, the expression of these markers remained unchanged in rats fear conditioned with an unpaired auditory stimulus. The contribution of the mPFC following CFC has been heavily documented (see recent reviews: Gilmartin et al., 2014; Rozeske et al., 2015), however less is known about the role of the PL layers 2–3. It is well known that the hippocampus and amygdala, are essential for contextual fear memory acquisition. In contrast, research studies on the mPFC suggest it plays a different role (Fanselow, 2010; Gilmartin et al., 2014; Rozeske et al., 2015). Studies have demonstrated that inhibition, damage, manipulation or removal of the mPFC prior to CFC to have no effect on subsequent fear-related freezing to context (Morgan et al., 1993; Morrow et al., 1999b; Fernandez Espejo, 2003; Antoniadis and McDonald, 2006; Bissière et al., 2008). However, the involvement of the mPFC, or more specifically, the PL, in the expression of these contextual fear memories is well documented (see review by Frankland et al., 2004; Corcoran and Quirk, 2007; Laurent and Westbrook, 2008; Goshen et al., 2011; Stevenson, 2011; Stern et al., 2013; Rozeske et al., 2015). These studies examined both short- and long-term contextual fear memory expression, generally demonstrating PL involvement in both (Rozeske et al., 2015). The results of the current experiments support these studies, further suggesting that the PL may be involved in contextual fear memory maintenance, as opposed to expression. Following CFC, we report increases in pMAPK expressing neurons, BDNF expressing cells and IBA-1 labelled microglia in the PL. Interestingly, these rats were fear conditioned and subsequently sacrificed without undergoing an FMT. That is, they did not have an opportunity to express fear. This particular experimental design allows us to conclude that the changes in PL are a result of contextual fear memory maintenance and not expression.

The mPFC is a multi-layered and complex structure with poorly defined boundaries (Santana and Artigas, 2017). The PL, located within the mPFC, contains six layers (Perez-Cruz et al., 2007; Santana and Artigas, 2017). These layers are 1, 2–3, 5–6 and 4, which is less clearly identified (Marek et al., 2013). While the PL is documented to be involved in fear consolidation, expression and extinction, little research has identified the contribution of individual layers during these processes (Marek et al., 2013; Rozeske et al., 2015). Those that have utilised auditory fear conditioning and extinction procedures, as opposed to the CFC procedures examined here. For example, previous research identified the connectivity of PL layers 5–6 to infralimbic cortex (IL) layers 5–6 to be essential for short–term auditory fear extinction (Marek et al., 2018). More recently, research from our lab showed short–term fear memory recall to increase plasticity exclusively in layers 2–3 (Jacques et al., 2019). While this study examined alterations in the mPFC immediately following auditory fear memory recall, the results appear to be similar to those of this study. In the current study, an increase in pMAPK and BDNF expression is seen in layers 2–3 of the PL following long-term CFC. Layers 2/3 of the PL are specifically sensitive to chronic pain-induced neuroplasticity (Mitrić et al., 2019), mediate the pathogenesis of major depressive disorder (Shrestha et al., 2015), and project to the basolateral amygdala (Vertes, 2004; Gabbott et al., 2005; Hirai et al., 2012; Song et al., 2015), area 35 of the perirhinal cortex (Hirai et al., 2012), and the nucleus accumbens (Gabbott et al., 2005). Area 35 of the perirhinal cortex gates long-term memory storage (Kajiwara and Tominaga, 2021), therefore the changes seen in layers 2/3 of the PL may be facilitating this memory formation through innervation of the perirhinal cortex. While additional research is required, we can preliminarily conclude that layers 2–3 of the PL may be involved in both long-term auditory and contextual fear memory storage/maintenance. The necessity of BDNF signalling in this storage/maintenance is yet to be determined and may be explored in the future by assessing CFC following the disruption of the BDNF-pMAPK signalling pathway. It is currently unknown if other brain regions show similar mechanisms of long-term maintenance following CFC, however, lesion studies suggest that the hippocampus may also influence the long-term storage of fear memories (Kim and Fanselow, 1992). Future investigations assessing similar molecular alterations in different brain regions are therefore warranted.

Data reported here demonstrate an enduring role for the PL up to 2 weeks following CFC, suggesting it may be the locus of long-term contextual fear memory storage. Leading hypotheses suggest two phases of memory consolidation: synaptic consolidation and systems consolidation (Frankland and Bontempi, 2005; Sah et al., 2008). Synaptic consolidation includes changes in neuronal structure to support memory formation. Alternatively, systems consolidation includes the restructuring of brain regions (Dudai, 2004). There are many theories of systems consolidation, namely the standard consolidation theory (SCT) and the multiple memory trace theory (MMTT; discussed heavily in these articles; Nadel and Moscovitch, 1997; Nader et al., 2000; Frankland and Bontempi, 2005; Chaaya et al., 2018). A commonality of both these theories is that as time progresses, newly formed memories that relied upon the medial temporal lobes (MTL) start to become reliant upon cortical brain regions (Chaaya et al., 2018). Data reported demonstrated that plasticity-related alterations (as measured with pMAPK and BDNF) are continuing to occur in the PL for up to 2 weeks after fear conditioning. Previous studies have demonstrated plasticity and activity-related changes to occur in the amygdala and hippocampus (see extensive review: Chaaya et al., 2018) immediately following CFC. Together, this suggests that contextual fear memories initially formed in the amygdala and hippocampus become stored and maintained in the PL.

Systems consolidation theories assert that memory formation begins in the MTL and eventually become more reliant upon cortical brain regions (Nadel and Moscovitch, 1997; Nader et al., 2000; Frankland and Bontempi, 2005; Chaaya et al., 2018). We highlight this cortical brain region to be the PL. However, prior research has shown similar changes in PL immediately following CFC (Zelikowsky et al., 2013). With the data reported here, it appears that the PL may have a permanent role in contextual fear memory acquisition and maintenance. Interestingly, these studies demonstrate a similar function for PL as the hippocampus in CFC. Contextual fear memories can form if either PL or hippocampus are damaged prior to, but not after, CFC (see reviews: Fanselow, 2010; Chaaya et al., 2018 and Morgan et al., 1993; Young et al., 1994; Morrow et al., 1999a, b; Rudy et al., 2002; Fernandez Espejo, 2003; Antoniadis and McDonald, 2006; Bissière et al., 2008). Interestingly, previous research has shown that contextual fear memories created in the absence of the hippocampus seem to more heavily rely upon the PL (Zelikowsky et al., 2013). More research is required to further delineate the relationship between the PL and hippocampus in CFC.



UFC Does Not Increase the Density of pMAPK, BDNF and IBA-1 Expressing Cells

Contextual fear memories formed in the presence of an unpaired auditory stimulus (UFC) produced a separate pattern of pMAPK, BDNF, and IBA-1 expression in the PL. As compared to the CO control, no noticeable difference could be identified. Moreover, BDNF expression and IBA-1 labelled microglia number were both found to be significantly lower in the UFC group as compared to the CFC group. The UFC protocol has typically been used as a control for auditory cue fear conditioning. This is because the auditory tone CS and foot-shock US are not paired, leading to the hypothesis that no associative memories are formed (McKernan and Shinnick-Gallagher, 1997; Rogan et al., 1997; Majak and Pitkänen, 2003; Radley et al., 2006; Bergstrom et al., 2011, 2013). While no associated auditory tone and foot-shock memories are formed, the ability for UFC to create associative fear memories to context is well documented (Phillips and LeDoux, 1994; Desmedt et al., 1998; Calandreau et al., 2005, 2006; Trifilieff et al., 2006, 2007). Furthermore, some research from our, and another, laboratory have demonstrated a statistically significant increase in the amygdala activity and plasticity following UFC (Trifilieff et al., 2007; Chaaya et al., 2019). In both cases, UFC appeared to cause larger increases in amygdala as compared to the CFC group (Chaaya et al., 2019) or the auditory cue fear condition group (Trifilieff et al., 2007). The data reported here, therefore, appears to contradict our previous research. Furthermore, the data reported here contradict previous research exploring the relative contribution of mPFC in trace fear conditioning. Trace fear conditioning is a more complex Pavlovian fear conditioning protocol whereby auditory tones and foot-shocks are presented at different (but consistently equal) temporal points (e.g., 20 s between every auditory tone and foot-shock presentation; Gilmartin et al., 2014). The complexity of this protocol requires additional circuitry, namely the PL and anterior cingulate cortex regions of the mPFC (Gilmartin and McEchron, 2005; Darling et al., 2011; Siegel et al., 2012; Gilmartin et al., 2014). While our results appear to be contradictory (with these trace fear conditioning studies and our past research), methodological differences can provide some clarity. Importantly, the UFC differs greatly from the trace fear conditioning protocol, as the random temporal presentation of auditory tone and foot-shock means no true “trace period” exists. That is, the tone does not predict the foot-shock. Consequently, the complexity and unpredictability of the UFC protocol may drastically alter the requirement for the brain regions identified as essential for trace fear conditioning. Further research into the maintenance of contextual fear memories formed with the UFC protocol is required.



Evaluation of IBA-1 in Contextual Fear Memory Maintenance

This study investigated the alterations in microglia number and morphology 2 weeks following CFC and UFC. We demonstrate an increase in the number of IBA-1 microglia following CFC but fail to find any morphological alterations. The primary function of microglia is to respond to stimuli that harm central nervous system (CNS) function (Kettenmann et al., 2011; Calcia et al., 2016; Dwyer and Ross, 2016). Typically, this response involves an increase in the number of microglia to the affected area, as well as morphological alterations (Kettenmann et al., 2011; Calcia et al., 2016; Dwyer and Ross, 2016). The morphological alterations can be summarised as follows: when resting, microglia are ramified with smaller cell body, with many long thin extensions that search for signals of insult (Kettenmann et al., 2011; Walker et al., 2014; Dwyer and Ross, 2016). When responding to insult, microglia become amoeboid in shape, with extensions retracting and cell bodies enlarging. During this phase proinflammatory, immunoregulatory and other factors are released (Kettenmann et al., 2011; Walker et al., 2014; Dwyer and Ross, 2016).

Results in the current experiment showed an increase in microglia number following CFC. However, this increase in number was not accompanied by a change in the morphological state of microglia. While no other research to our knowledge has directly examined microglia morphology following Pavlovian fear conditioning, research into chemically induced (carbon dioxide) fear, as well as stress show that microglia alter morphology from a ramified resting phase to an active amoeboid state (Nair and Bonneau, 2006; Frank et al., 2007; Tynan et al., 2010; Calcia et al., 2016; Vollmer et al., 2016). Furthermore, recent research from our laboratory (Chaaya et al., 2019) demonstrates hippocampal microglia to alter morphology in a similar manner as a function of CFC. Therefore, two possible explanations for this data exist. First, microglial morphology may be altered in other brain regions which were not studied here, such as the amygdala or hippocampus. However, given the change in pMAPK, BDNF, and IBA-1 number shown here, this is not likely. Therefore, it is more likely that microglia morphology may have previously been active, but over time returned to a resting phase. This has been demonstrated previously (Jonas et al., 2012), with early research suggesting it may take up to 7 days to occur (McCann et al., 1996; Boucsein et al., 2000). Therefore, it appears that temporal factors did not allow for the morphological alterations of microglia to be assessed here.



Technical Considerations

Evaluation of pMAPK, BDNF, and IBA-1 number in mPFC revealed a role for layers 2–3 of the PL following CFC, but not UFC. The particular experimental design utilised here allowed us to examine whether PL may be involved in the long-term maintenance of contextual fear memories. This advances previous knowledge which suggests this region is essential for the expression of contextual fears (see review by Rozeske et al., 2015 and research studies by Frankland et al., 2004; Corcoran and Quirk, 2007; Laurent and Westbrook, 2008; Goshen et al., 2011; Stevenson, 2011; Stern et al., 2013), but not the formation of contextual fears (Morgan et al., 1993; Morrow et al., 1999b; Fernandez Espejo, 2003; Antoniadis and McDonald, 2006; Bissière et al., 2008). However, the ability to accurately study fear expression vs. fear maintenance is difficult. Context is a broad term which encompasses elements, both internal and external to a person or animal (Maren et al., 2013). While anatomical rats in the current study did not undergo a fear memory test (meaning that fear expression did not occur, and was, therefore, not studied), fear memories may have been reactivated by other stimuli. For example, fear of the experimenter, or of other stimuli within the conditioning and housing units may have developed. We recommend that the daily handling of animals be performed in future experiments to remove this limitation. More importantly, fear memory generalisation (Jasnow et al., 2017) may have developed, so that fear towards the conditioning room may have generalised to fear of similar-looking rooms (e.g., the anaesthetic room). It is unlikely that the expression of this fear be significant enough to cause such large alterations in PL (suggesting that fear maintenance was truly studied here). Nevertheless, this is an important consideration given the level of complexity involved in memory processes.

The phrase “correlation does not imply causation” is commonly used to outline the inability for a cause-and-effect relationship to exist between variables based on their correlation. The current experiment manipulated an independent variable (CFC vs. UFC vs. CO control) to determine whether there are changes in expression, this does not allow for a causative relationship to be determined. However, a particular limitation is the inability to attribute these changes in expression to be directly involved in memory maintenance per se. That is, while we note changes occur in the mPFC 2 weeks following conditioning, we cannot show that memory is stored in layers 2–3 of the PL in the mPFC. More direct techniques that rely upon the direct manipulation of brain regions are required (Deisseroth, 2011; Roth, 2016). Unfortunately, these studies have their own limitations. Notably, inhibition of brain circuitry may have far-reaching consequences. For example, it becomes difficult to determine if inhibition of the mPFC disrupts memory maintenance or the ability of rodents to express fearful behaviour. This suggests a need for more intricately designed studies, whereby brain regions of interest are temporarily deactivated during a selected memory maintenance time-frame (e.g., for a 2 week period following CFC, but not during the memory recall period). Another potential experiment that could assess the functional role of these markers in fear maintenance would be to administer ANA-12, an antagonist for the BDNF receptor TrKB (Ma et al., 2020). If microinjection of ANA-12 into the pre-limbic cortex altered the maintenance of fear memory, then a functional role for BDNF could be confirmed.

BDNF is expressed by a variety of cell types in the rodent brain including neurons, microgla, astrocytes, and oligodendrocytes (Fletcher et al., 2018). While we have shown that CFC increases the number of BDNF positive cells within layers 2/3 of the PL, the cellular source of this change has not been identified. Although no overall net change in BDNF cell number was seen in layers 5/6 of the PL in response to CFC, there may still be alterations in the distribution of BDNF by cell type. Therefore, similar studies which co-stain BDNF with other brain cell-type markers (e.g., GFAP) would further elucidate the molecular mechanisms of long-term CFC maintenance. Additionally, the BDNF stained likely represents both intracellular BDNF as it is endogenously produced, as well as secreted BDNF bound to its receptor on neighbouring target cells. Without a counterstain of the nuclear marker 4′,6-diamidino-2-phenylindole (DAPI), it is not possible to distinguish between endogenous and secreted BDNF with the current data.

In addition to this, further research is required to examine whether the results reported here can be replicated in female rats. Research has identified various differences between male and female rats in cued fear conditioning. For example, female rats have been shown to have disruptions in the inhibition of fear (Toufexis et al., 2007). The authors noted differences arise due to higher levels of estrogen in female rats (Toufexis et al., 2007). Despite this, when contextual fear memories are examined, female rats seem to experience weaker fear memories. For example, CFC was recently found to be stronger in male rats when behavioural freezing was measured. This was similarly observed in male rats experiencing generalisation of fear to an open-field, while female rats did not (Daviu et al., 2014). Additional research into the sex differences of contextual fear found female rats to experience a less consistent and weaker renewal of fear, as compared to male rats (Anderson and Petrovich, 2015). Cumulatively, these results suggest that female rats experience weaker contextual fear memories compared to male rats. This difference seems to be specific to contextual fear memories, as opposed to cued fear memories (Toufexis et al., 2007). Therefore, further research is needed to extend our findings to determine whether comparable results would be obtained in female rats.




CONCLUSION

The current study evaluated how contextual fear memory maintenance affected changes in the expression of MAPK, BDNF, and microglia within the PL of the mPFC by examining two different Pavlovian fear conditioning protocols. These protocols, both found to create equivalent fear memories to context, resulted in diverse mPFC alterations. We showed an increase in pMAPK expressing neurons, BDNF expressing cells, and IBA-1 labelled microglia as a function of CFC, but not UFC in PL layers 2–3, but not 5–6. While previous research exclusively studied fear expression, this study provides insights into the changes that occur in the mPFC 2 weeks following CFC. Despite the difference in IBA-1 number, we do not find a difference in the morphology of microglia. Further research is required to examine the interaction between microglia and neurons following long-term contextual fear memory maintenance.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article, further inquiries can be directed to the corresponding author.



ETHICS STATEMENT

The animal study was reviewed and approved by Queensland University of Technology Animal Ethics Committee (approval number 80087) and University of Queensland Animal Ethics Committee (approval number 460/17).



AUTHOR CONTRIBUTIONS

NC, ARB, AJ, LRJ, FC, AB and SEB conceptualised and designed the study. NC and AJ performed all animal experiments. NC performed all immunohistochemistry and imaging. NC, MC, AB and JW analysed the data. NC created all figures. NC and JW wrote the manuscript. NC, AB, KB, JW and SEB revised the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This research was funded by NHMRC project grant (GNT1146417).



REFERENCES

Anderson, L. C., and Petrovich, G. D. (2015). Renewal of conditioned responding to food cues in rats: sex differences and relevance of estradiol. Physiol. Behav. 151, 338–344. doi: 10.1016/j.physbeh.2015.07.035

Antoniadis, E. A., and McDonald, R. J. (2006). Fornix, medial prefrontal cortex, nucleus accumbens and mediodorsal thalamic nucleus: roles in a fear-based context discrimination task. Neurobiol. Learn. Mem. 85, 71–85. doi: 10.1016/j.nlm.2005.08.011

Bekinschtein, P., Cammarota, M., Igaz, L. M., Bevilaqua, L. R. M., Izquierdo, I., and Medina, J. H. (2007). Persistence of long-term memory storage requires a late protein synthesis- and BDNF- dependent phase in the hippocampus. Neuron 53, 261–277. doi: 10.1016/j.neuron.2006.11.025

Bergstrom, H. C., and Johnson, L. R. (2014). An organization of visual and auditory fear conditioning in the lateral amygdala. Neurobiol. Learn. Mem. 116, 1–13. doi: 10.1016/j.nlm.2014.07.008

Bergstrom, H. C., McDonald, C. G., Dey, S., Tang, H., Selwyn, R. G., and Johnson, L. R. (2013). The structure of Pavlovian fear conditioning in the amygdala. Brain Struct. Funct. 218, 1569–1589. doi: 10.1007/s00429-012-0478-2

Bergstrom, H. C., McDonald, C. G., and Johnson, L. R. (2011). Pavlovian fear conditioning activates a common pattern of neurons in the lateral amygdala of individual brains. PLoS One 6:e15698. doi: 10.1371/journal.pone.0015698

Bissière, S., Plachta, N., Hoyer, D., Olpe, H.-R., Grace, A. A., and Cryan, J. F. (2008). The rostral anterior cingulate cortex modulates the efficiency of amygdala-dependent fear learning. Biol. Psychiatry 63, 821–831. doi: 10.1080/21645515.2020.1846396

Boschen, M. J., Neumann, D. L., and Waters, A. M. (2009). Relapse of successfully treated anxiety and fear: theoretical issues and recommendations for clinical practice. Aust. N. Z. J. Psychiatry 43, 89–100. doi: 10.1080/00048670802607154

Boucsein, C., Kettenmann, H., and Nolte, C. (2000). Electrophysiological properties of microglial cells in normal and pathologic rat brain slices. Eur. J. Neurosci. 12, 2049–2058. doi: 10.1046/j.1460-9568.2000.00100.x

Calandreau, L., Desmedt, A., Decorte, L., and Jaffard, R. (2005). A different recruitment of the lateral and basolateral amygdala promotes contextual or elemental conditioned association in Pavlovian fear conditioning. Learn. Mem. 12, 383–388. doi: 10.1037/a0014350

Calandreau, L., Trifilieff, P., Mons, N., Costes, L., Marien, M., Marighetto, A., et al. (2006). Extracellular hippocampal acetylcholine level controls amygdala function and promotes adaptive conditioned emotional response. J. Neurosci. 26, 13556–13566. doi: 10.1523/JNEUROSCI.3713-06.2006

Calcia, M. A., Bonsall, D. R., Bloomfield, P. S., Selvaraj, S., Barichello, T., and Howes, O. D. (2016). Stress and neuroinflammation: a systematic review of the effects of stress on microglia and the implications for mental illness. Psychopharmacology 233, 1637–1650. doi: 10.1007/s00213-016-4218-9

Chaaya, N., Battle, A. R., and Johnson, L. R. (2018). An update on contextual fear memory mechanisms: transition between amygdala and hippocampus. Neurosci. Biobehav. Rev. 92, 43–54. doi: 10.1016/j.neubiorev.2018.05.013

Chaaya, N., Jacques, A., Belmer, A., Beecher, K., Ali, S. A., Chehrehasa, F., et al. (2019). Contextual fear conditioning alter microglia number and morphology in the rat dorsal hippocampus. Front. Cell. Neurosci. 13:214. doi: 10.3389/fncel.2019.00214

Cirulli, F., Berry, A., Chiarotti, F., and Alleva, E. (2004). Intrahippocampal administration of BDNF in adult rats affects short-term behavioral plasticity in the Morris water maze and performance in the elevated plus-maze. Hippocampus 14, 802–807. doi: 10.1002/hipo.10220

Corcoran, K. A., and Quirk, G. J. (2007). Activity in prelimbic cortex is necessary for the expression of learned, but not innate, fears. J. Neurosci. 27, 840–844. doi: 10.1523/JNEUROSCI.5327-06.2007

Darling, R. D., Takatsuki, K., Griffin, A. L., and Berry, S. D. (2011). Eyeblink conditioning contingent on hippocampal theta enhances hippocampal and medial prefrontal responses. J. Neurophysiol. 105, 2213–2224. doi: 10.1152/jn.00801.2010

Daviu, N., Andero, R., Armario, A., and Nadal, R. (2014). Sex differences in the behavioural and hypothalamic-pituitary-adrenal response to contextual fear conditioning in rats. Horm. Behav. 66, 713–723. doi: 10.1016/j.yhbeh.2014.09.015

Deisseroth, K. (2011). Optogenetics. Nat. Methods 8, 26–29. doi: 10.1038/nmeth.f.324

Desmedt, A., Garcia, R., and Jaffard, R. (1998). Differential modulation of changes in hippocampal-septal synaptic excitability by the amygdala as a function of either elemental or contextual fear conditioning in mice. J. Neurosci. 18, 480–487. doi: 10.1523/JNEUROSCI.18-01-00480.1998

Dudai, Y. (2004). The neurobiology of consolidations, or, how stable is the engram. Annu. Rev. Psychol. 55, 51–86. doi: 10.1146/annurev.psych.55.090902.142050

Dwyer, J. B., and Ross, D. A. (2016). Modern microglia: novel targets in psychiatric neuroscience. Biol. Psychiatry 80, e47–e49. doi: 10.1016/j.biopsych.2016.08.006

Enomoto, S., and Kato, T. A. (2021). Involvement of microglia in disturbed fear memory regulation: possible microglial contribution to the pathophysiology of posttraumatic stress disorder. Neurochem. Int. 142:104921. doi: 10.1016/j.neuint.2020.104921

Fanselow, M. S. (2010). From contextual fear to a dynamic view of memory systems. Trends Cogn. Sci. 14, 7–14. doi: 10.1016/j.tics.2009.10.008

Fernandez Espejo, E. (2003). Prefrontocortical dopamine loss in rats delays long-term extinction of contextual conditioned fear and reduces social interaction without affecting short-term social interaction memory. Neuropsychopharmacology 28, 490–498. doi: 10.1038/sj.npp.1300066

Fletcher, J. L., Murray, S. S., and Xiao, J. (2018). Brain-derived neurotrophic factor in central nervous system myelination: a new mechanism to promote myelin plasticity and repair. Int. J. Mol. Sci. 19:4131. doi: 10.3390/ijms19124131

Foa, E. B., Zinbarg, R., and Rothbaum, B. O. (1992). Uncontrollability and unpredictability in post-traumatic stress disorder: an animal model. Psychol. Bull. 112, 218–238. doi: 10.1037/0033-2909.112.2.218

Frank, M. G., Baratta, M. V., Sprunger, D. B., Watkins, L. R., and Maier, S. F. (2007). Microglia serve as a neuroimmune substrate for stress-induced potentiation of CNS pro-inflammatory cytokine responses. Brain Behav. Immun. 21, 47–59. doi: 10.1016/j.bbi.2006.03.005

Frankland, P. W., and Bontempi, B. (2005). The organization of recent and remote memories. Nat. Rev. Neurosci. 6, 119–130. doi: 10.1038/nrn1607

Frankland, P. W., Bontempi, B., Talton, L. E., Kaczmarek, L., and Silva, A. J. (2004). The involvement of the anterior cingulate cortex in remote contextual fear memory. Science 304, 881–883. doi: 10.1126/science.1094804

Gabbott, P. L. A., Warner, T. A., Jays, P. R. L., Salway, P., and Busby, S. J. (2005). Prefrontal cortex in the rat: projections to subcortical autonomic, motor and limbic centers. J. Comp. Neurol. 492, 145–177. doi: 10.1002/cne.20738

Gideons, E. S., Lin, P.-Y., Mahgoub, M., Kavalali, E. T., and Monteggia, L. M. (2017). Chronic lithium treatment elicits its antimanic effects via BDNF-TrkB dependent synaptic downscaling. eLife 6:e25480. doi: 10.7554/eLife.25480

Gilmartin, M. R., Balderston, N. L., and Helmstetter, F. J. (2014). Prefrontal cortical regulation of fear learning. Trends Neurosci. 37, 455–464. doi: 10.1016/j.tins.2014.05.004

Gilmartin, M. R., and McEchron, M. D. (2005). Single neurons in the medial prefrontal cortex of the rat exhibit tonic and phasic coding during trace fear conditioning. Behav. Neurosci. 119, 1496–1510. doi: 10.1037/0735-7044.119.6.1496

Goshen, I., Brodsky, M., Prakash, R., Wallace, J., Gradinaru, V., Ramakrishnan, C., et al. (2011). Dynamics of retrieval strategies for remote memories. Cell 147, 678–689. doi: 10.1016/j.cell.2011.09.033

Heldt, S. A., Stanek, L., Chhatwal, J. P., and Ressler, K. J. (2007). Hippocampus-specific deletion of BDNF in adult mice impairs spatial memory and extinction of aversive memories. Mol. Psychiatry 12, 656–670. doi: 10.1038/sj.mp.4001957

Hirai, Y., Morishima, M., Karube, F., and Kawaguchi, Y. (2012). Specialized cortical subnetworks differentially connect frontal cortex to parahippocampal areas. J. Neurosci. 32, 1898–1913. doi: 10.1523/JNEUROSCI.2810-11.2012

Jacques, A., Chaaya, N., Hettiarachchi, C., Carmody, M.-L., Beecher, K., Belmer, A., et al. (2019). Microtopography of fear memory consolidation and extinction retrieval within prefrontal cortex and amygdala. Psychopharmacology (Berl) 236, 383–397. doi: 10.1007/s00213-018-5068-4

Jasnow, A. M., Lynch, J. F., Gilman, T. L., and Riccio, D. C. (2017). Perspectives on fear generalization and its implications for emotional disorders. J. Neurosci. Res. 95, 821–835. doi: 10.1002/jnr.23837

Jonas, R. A., Yuan, T.-F., Liang, Y.-X., Jonas, J. B., Tay, D. K. C., and Ellis-Behnke, R. G. (2012). The spider effect: morphological and orienting classification of microglia in response to stimuli in vivo. PLoS One 7:e30763. doi: 10.1371/journal.pone.0030763

Kajiwara, R., and Tominaga, T. (2021). Perirhinal cortex area 35 controls the functional link between the perirhinal and entorhinal-hippocampal circuitry: D-type potassium channel-mediated gating of neural propagation from the perirhinal cortex to the entorhinal-hippocampal circuitry. Bioessays 43:e2000084. doi: 10.1002/bies.202000084

Kandel, E. R., Dudai, Y., and Mayford, M. R. (2014). The molecular and systems biology of memory. Cell 157, 163–186. doi: 10.1016/j.cell.2014.03.001

Kettenmann, H., Hanisch, U.-K., Noda, M., and Verkhratsky, A. (2011). Physiology of Microglia. Physiol. Rev. 91, 461–553. doi: 10.1152/physrev.00011.2010

Kim, J. J., and Fanselow, M. S. (1992). Modality-specific retrograde amnesia of fear. Science 256, 675–677. doi: 10.1126/science.1585183

Laurent, V., and Westbrook, R. F. (2008). Distinct contributions of the basolateral amygdala and the medial prefrontal cortex to learning and relearning extinction of context conditioned fear. Learn. Mem. 15, 657–666. doi: 10.1101/lm.1080108

LeDoux, J. E. (2014). Coming to terms with fear. Proc. Natl. Acad. Sci. U S A 111, 2871–2878. doi: 10.1073/pnas.1400335111

Lin, S. Y., Wu, K., Levine, E. S., Mount, H. T., Suen, P. C., and Black, I. B. (1998). BDNF acutely increases tyrosine phosphorylation of the NMDA receptor subunit 2B in cortical and hippocampal postsynaptic densities. Brain Res. Mol. Brain Res. 55, 20–27. doi: 10.1016/s0169-328x(97)00349-5

Lubin, F. D., Roth, T. L., and Sweatt, J. D. (2008). Epigenetic regulation of bdnf gene transcription in the consolidation of fear memory. J. Neurosci. 28, 10576–10586. doi: 10.1523/JNEUROSCI.1786-08.2008

Ma, T., Zhang, H., Xu, Z.-P., Lu, Y., Fu, Q., Wang, W., et al. (2020). Activation of brain-derived neurotrophic factor signaling in the basal forebrain reverses acute sleep deprivation-induced fear memory impairments. Brain Behav. 10:e01592. doi: 10.1002/brb3.1592

Majak, K., and Pitkänen, A. (2003). Activation of the amygdalo-entorhinal pathway in fear-conditioning in rat. Eur. J. Neurosci. 18, 1652–1659. doi: 10.1046/j.1460-9568.2003.02854.x

Marek, R., Strobel, C., Bredy, T. W., and Sah, P. (2013). The amygdala and medial prefrontal cortex: partners in the fear circuit. J. Physiol. 591, 2381–2391. doi: 10.1113/jphysiol.2012.248575

Marek, R., Xu, L., Sullivan, R. K. P., and Sah, P. (2018). Excitatory connections between the prelimbic and infralimbic medial prefrontal cortex show a role for the prelimbic cortex in fear extinction. Nat. Neurosci. 21, 654–658. doi: 10.1038/s41593-018-0137-x

Maren, S. (2011). Seeking a spotless mind: extinction, deconsolidation, and erasure of fear memory. Neuron 70, 830–845. doi: 10.1016/j.neuron.2011.04.023

Maren, S., Phan, K. L., and Liberzon, I. (2013). The contextual brain: implications for fear conditioning, extinction and psychopathology. Nat. Rev. Neurosci. 14, 417–428. doi: 10.1038/nrn3492

McCann, M. J., O’Callaghan, J. P., Martin, P. M., Bertram, T., and Streit, W. J. (1996). Differential activation of microglia and astrocytes following trimethyl tin-induced neurodegeneration. Neuroscience 72, 273–281. doi: 10.1016/0306-4522(95)00526-9

McKernan, M. G., and Shinnick-Gallagher, P. (1997). Fear conditioning induces a lasting potentiation of synaptic currents in vitro. Nature 390, 607–611. doi: 10.1038/37605

Miner, L. A. H., Backstrom, J. R., Sanders-Bush, E., and Sesack, S. R. (2003). Ultrastructural localization of serotonin2A receptors in the middle layers of the rat prelimbic prefrontal cortex. Neuroscience 116, 107–117. doi: 10.1016/s0306-4522(02)00580-8

Mitrić, M., Seewald, A., Moschetti, G., Sacerdote, P., Ferraguti, F., Kummer, K. K., et al. (2019). Layer- and subregion-specific electrophysiological and morphological changes of the medial prefrontal cortex in a mouse model of neuropathic pain. Sci. Rep. 9:9479. doi: 10.1038/s41598-019-45677-z

Monasor, L., Müller, S. A., Colombo, A. V., Tanrioever, G., König, J., Roth, S., et al. (2020). Fibrillar Aβ triggers microglial proteome alterations and dysfunction in Alzheimer mouse models. eLife 9:e54083. doi: 10.7554/eLife.54083

Morgan, M. A., Romanski, L. M., and LeDoux, J. E. (1993). Extinction of emotional learning: contribution of medial prefrontal cortex. Neurosci. Lett. 163, 109–113. doi: 10.1016/0304-3940(93)90241-c

Morrow, B. A., Elsworth, J. D., Inglis, F. M., and Roth, R. H. (1999a). An antisense oligonucleotide reverses the footshock-induced expression of fos in the rat medial prefrontal cortex and the subsequent expression of conditioned fear-induced immobility. J. Neurosci. 19, 5666–5673. doi: 10.1523/JNEUROSCI.19-13-05666.1999

Morrow, B. A., Elsworth, J. D., Rasmusson, A. M., and Roth, R. H. (1999b). The role of mesoprefrontal dopamine neurons in the acquisition and expression of conditioned fear in the rat. Neuroscience 92, 553–564. doi: 10.1016/s0306-4522(99)00014-7

Nadel, L., and Moscovitch, M. (1997). Memory consolidation, retrograde amnesia and the hippocampal complex. Curr. Opin. Neurobiol. 7, 217–227. doi: 10.1016/s0959-4388(97)80010-4

Nader, K., Schafe, G. E., and LeDoux, J. E. (2000). The labile nature of consolidation theory. Nat. Rev. Neurosci. 1, 216–219. doi: 10.1038/35044580

Nair, A., and Bonneau, R. H. (2006). Stress-induced elevation of glucocorticoids increases microglia proliferation through NMDA receptor activation. J. Neuroimmunol. 171, 72–85. doi: 10.1016/j.jneuroim.2005.09.012


National Health and Medical Research Council (2013). Australian code for the care and use of animals for scientific purposes. Available online at: https://www.nhmrc.gov.au/about-us/publications/australian-code-care-and-use-animals-scientific-purposes#block-views-block-file-attachments-content-block-1.


Perez-Cruz, C., Müller-Keuker, J. I. H., Heilbronner, U., Fuchs, E., and Flügge, G. (2007). Morphology of pyramidal neurons in the rat prefrontal cortex: lateralized dendritic remodeling by chronic stress. Neural Plast. 2007:46276. doi: 10.1155/2007/46276

Phillips, R. G., and LeDoux, J. E. (1992). Differential contribution of amygdala and hippocampus to cued and contextual fear conditioning. Behav. Neurosci. 106, 274–285. doi: 10.1037//0735-7044.106.2.274


Phillips, R. G., and LeDoux, J. E. (1994). Lesions of the dorsal hippocampal formation interfere with background but not foreground contextual fear conditioning. Learn. Mem. 1, 34–44.


Pillai, A. G., de Jong, D., Kanatsou, S., Krugers, H., Knapman, A., Heinzmann, J.-M., et al. (2012). Dendritic morphology of hippocampal and amygdalar neurons in adolescent mice is resilient to genetic differences in stress reactivity. PloS One 7:e38971. doi: 10.1371/journal.pone.0038971

Quirk, G. J., Armony, J. L., and LeDoux, J. E. (1997). Fear conditioning enhances different temporal components of tone-evoked spike trains in auditory cortex and lateral amygdala. Neuron 19, 613–624. doi: 10.1016/s0896-6273(00)80375-x

Radley, J. J., Johnson, L. R., Janssen, W. G. M., Martino, J., Lamprecht, R., Hof, P. R., et al. (2006). Associative Pavlovian conditioning leads to an increase in spinophilin-immunoreactive dendritic spines in the lateral amygdala. Eur. J. Neurosci. 24, 876–884. doi: 10.1111/j.1460-9568.2006.04962.x

Revest, J.-M., Le Roux, A., Roullot-Lacarrière, V., Kaouane, N., Vallée, M., Kasanetz, F., et al. (2014). BDNF-TrkB signaling through Erk1/2MAPK phosphorylation mediates the enhancement of fear memory induced by glucocorticoids. Mol. Psychiatry 19, 1001–1009. doi: 10.1038/mp.2013.134

Rodrigues, S. M., Schafe, G. E., and LeDoux, J. E. (2004). Molecular mechanisms underlying emotional learning and memory in the lateral amygdala. Neuron 44, 75–91. doi: 10.1016/j.neuron.2004.09.014

Rogan, M. T., Stäubli, U. V., and LeDoux, J. E. (1997). Fear conditioning induces associative long-term potentiation in the amygdala. Nature 390, 604–607. doi: 10.1038/37601

Roth, B. L. (2016). DREADDs for Neuroscientists. Neuron 89, 683–694. doi: 10.1016/j.neuron.2016.01.040

Rothbaum, B. O., and Davis, M. (2003). Applying learning principles to the treatment of post-trauma reactions. Ann. N. Y. Acad. Sci. 1008, 112–121. doi: 10.1196/annals.1301.012

Rozeske, R. R., Valerio, S., Chaudun, F., and Herry, C. (2015). Prefrontal neuronal circuits of contextual fear conditioning. Genes Brain Behav. 14, 22–36. doi: 10.1111/gbb.12181

Rudy, J. W., Barrientos, R. M., and O’Reilly, R. C. (2002). Hippocampal formation supports conditioning to memory of a context. Behav. Neurosci. 116, 530–538. doi: 10.1037//0735-7044.116.4.530

Sah, P., Westbrook, R. F., and Lüthi, A. (2008). Fear conditioning and long-term potentiation in the amygdala: what really is the connection? Ann. N. Y. Acad. Sci. 1129, 88–95. doi: 10.1196/annals.1417.020

Santana, N., and Artigas, F. (2017). Laminar and cellular distribution of monoamine receptors in rat medial prefrontal cortex. Front. Neuroanat. 11:87. doi: 10.3389/fnana.2017.00087

Shrestha, P., Mousa, A., and Heintz, N. (2015). Layer 2/3 pyramidal cells in the medial prefrontal cortex moderate stress induced depressive behaviors. eLife 4:e08752. doi: 10.7554/eLife.08752

Siegel, J. J., Kalmbach, B., Chitwood, R. A., and Mauk, M. D. (2012). Persistent activity in a cortical-to-subcortical circuit: bridging the temporal gap in trace eyelid conditioning. J. Neurophysiol. 107, 50–64. doi: 10.1152/jn.00689.2011

Song, C., Ehlers, V. L., and Moyer, J. R. (2015). Trace fear conditioning differentially modulates intrinsic excitability of medial prefrontal cortex-basolateral complex of amygdala projection neurons in infralimbic and prelimbic cortices. J. Neurosci. 35, 13511–13524. doi: 10.1523/JNEUROSCI.2329-15.2015

Stern, C. A. J., Gazarini, L., Vanvossen, A. C., Hames, M. S., and Bertoglio, L. J. (2013). Activity in prelimbic cortex subserves fear memory reconsolidation over time. Learn. Mem. 21, 14–20. doi: 10.1101/lm.032631.113

Stevenson, C. W. (2011). Role of amygdala-prefrontal cortex circuitry in regulating the expression of contextual fear memory. Neurobiol. Learn. Mem. 96, 315–323. doi: 10.1016/j.nlm.2011.06.005

Sweatt, J. D. (2004). Mitogen-activated protein kinases in synaptic plasticity and memory. Curr. Opin. Neurobiol. 14, 311–317. doi: 10.1016/j.conb.2004.04.001

Toufexis, D. J., Myers, K. M., Bowser, M. E., and Davis, M. (2007). Estrogen Disrupts the Inhibition of Fear in Female Rats, Possibly through the Antagonistic Effects of Estrogen Receptor α (ERα) and ERβ. J. Neurosci. 27, 9729–9735. doi: 10.1523/JNEUROSCI.2529-07.2007

Trifilieff, P., Calandreau, L., Herry, C., Mons, N., and Micheau, J. (2007). Biphasic ERK1/2 activation in both the hippocampus and amygdala may reveal a system consolidation of contextual fear memory. Neurobiol. Learn. Mem. 88, 424–434. doi: 10.1016/j.nlm.2007.05.004

Trifilieff, P., Herry, C., Vanhoutte, P., Caboche, J., Desmedt, A., Riedel, G., et al. (2006). Foreground contextual fear memory consolidation requires two independent phases of hippocampal ERK/CREB activation. Learn. Mem. 13, 349–358. doi: 10.1101/lm.80206

Tynan, R. J., Naicker, S., Hinwood, M., Nalivaiko, E., Buller, K. M., Pow, D. V., et al. (2010). Chronic stress alters the density and morphology of microglia in a subset of stress-responsive brain regions. Brain Behav. Immun. 24, 1058–1068. doi: 10.1016/j.bbi.2010.02.001

Vertes, R. P. (2004). Differential projections of the infralimbic and prelimbic cortex in the rat. Synapse 51, 32–58. doi: 10.1002/syn.10279

Vollmer, L. L., Ghosal, S., McGuire, J. L., Ahlbrand, R. L., Li, K.-Y., Santin, J. M., et al. (2016). Microglial acid sensing regulates carbon dioxide evoked fear. Biol. Psychiatry 80, 541–551. doi: 10.1016/j.biopsych.2016.04.022

Walker, F. R., Beynon, S. B., Jones, K. A., Zhao, Z., Kongsui, R., Cairns, M., et al. (2014). Dynamic structural remodelling of microglia in health and disease: a review of the models, the signals and the mechanisms. Brain Behav. Immun. 37, 1–14. doi: 10.1016/j.bbi.2013.12.010

Wohleb, E. S. (2016). Neuron-microglia interactions in mental health disorders: “for better and for worse”. Front. Immunol. 7:544. doi: 10.3389/fimmu.2016.00544

Wu, Y., Dissing-Olesen, L., MacVicar, B. A., and Stevens, B. (2015). Microglia: dynamic mediators of synapse development and plasticity. Trends Immunol. 36, 605–613. doi: 10.1016/j.it.2015.08.008

Young, S. L., Bohenek, D. L., and Fanselow, M. S. (1994). NMDA processes mediate anterograde amnesia of contextual fear conditioning induced by hippocampal damage: immunization against amnesia by context preexposure. Behav. Neurosci. 108, 19–29. doi: 10.1037//0735-7044.108.1.19

Zelikowsky, M., Bissiere, S., Hast, T. A., Bennett, R. Z., Abdipranoto, A., Vissel, B., et al. (2013). Prefrontal microcircuit underlies contextual learning after hippocampal loss. Proc. Natl. Acad. Sci. U S A 110, 9938–9943. doi: 10.1073/pnas.1301691110

Zeng, Y., Liu, Y., Wu, M., Liu, J., and Hu, Q. (2012). Activation of TrkB by 7,8-dihydroxyflavone prevents fear memory defects and facilitates amygdalar synaptic plasticity in aging. J. Alzheimer’s Dis. 31, 765–778. doi: 10.3233/JAD-2012-120886

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Chaaya, Wang, Jacques, Beecher, Chaaya, Battle, Johnson, Chehrehasa, Belmer and Bartlett. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fncir-15-660199-g004.gif
Layers 2-3

Layers 56

A B
T e e = o —_
£ - . z
[ I | F ——
£ g~
2] .
ErETr i o sy
o e P
f . £
G 5 €3]
e O B AP BRI T





OPS/images/fncir-15-660199-g005.gif
Jexiy/Ramiicaton of Exensions






OPS/images/fncir-15-660199-g002.gif
A. Prelimbic cortex BERMAPKS netrons [§C. IBA-1*microglia

E. BDNF cells F. 1BA-1* microglia






OPS/images/fncir-15-660199-g003.gif
#itt

Ao HEE e e
b [
5 60
£ .
i
oL .
T
Training
" o0
B C |lmcc muc mco
o Fu
= =
2w Ep
& i)
i 3
i, &,
£ £
£ oo &
.
Contaxt Tore

Testing





OPS/xhtml/Nav.xhtml


Contents





		Cover



		Contextual Fear Memory Maintenance Changes Expression of pMAPK, BDNF and IBA-1 in the Pre-limbic Cortex in a Layer-Specific Manner



		Introduction



		Materials And Methods



		Animals



		Conditioning



		Behavioural Procedures



		Immunohistochemistry



		Imaging And Analysis



		Data Analysis











		Results



		Behavioural Results



		Contextual Fear Maintenance Increases The Expression Of Bdnf, Neuronal Pmapk And Microglial Iba-1 In Layers 2–3 Of The Prelimbic Cortex











		Discussion



		Cfc Increases The Number Of Pmapk, Bdnf And Iba-1 Expressing Cells



		Ufc Does Not Increase The Density Of Pmapk, Bdnf And Iba-1 Expressing Cells



		Evaluation Of Iba-1 In Contextual Fear Memory Maintenance











		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding

















OPS/images/crossmark.jpg





OPS/images/fncir-15-660199-g001.gif
Day 0:
Acclimatise|
Handle
Habituate

Day 1:
CFC

Day 1:
jae]

Day2-15:
All Rats
Remain in
Homecage

Day 15:
Anatomy
Group
Perfused

Day 16:
Behaviour

Day 19:
Behaviour






OPS/images/cover.jpg
’ frontiers
in Neural Circuits

Contextual Fear Memory
Maintenance Changes Expression
of pMAPK, BDNF and IBA-1 in the

Pre-limbic Cortexin a
Layer-Specific Manner









OPS/images/logo.jpg
’ frontiers
in Neural Circuiits





