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Plasticity of GluN1 at Ventral Hippocampal Synapses in the Infralimbic Cortex
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Although the infralimbic cortex (IL) is not thought to play a role in fear acquisition, recent experiments found evidence that synaptic plasticity is occurring at ventral hippocampal (vHPC) synapses in IL during auditory fear acquisition as measured by changes in the N-methyl-D-aspartate (NMDA) receptor-mediated currents in male rats. These electrophysiological data suggest that fear conditioning changes the expression of NMDA receptors on vHPC-to-IL synapses. To further evaluate the plasticity of NMDA receptors at this specific synapse, we injected AAV particles expressing channelrhodopsin-EYFP into the vHPC of male and female rats to label vHPC projections with EYFP. To test for NMDA receptor changes in vHPC-to-IL synapses after fear learning, we used fluorescence-activated cell sorting (FACS) to quantify synaptosomes isolated from IL tissue punches that were positive for EYFP and the obligatory GluN1 subunit. More EYFP+/GluN1+ synaptosomes with greater average expression of GluN1 were isolated from male rats exposed to auditory fear conditioning (AFC) than those exposed to context and tones only or to contextual fear conditioning (CFC), suggesting that AFC increased NMDA receptor expression in males. In a second experiment, we found that pairing the tones and shocks was required to induce the molecular changes and that fear extinction did not reverse the changes. In contrast, females showed similar levels of EYFP+/GluN1+ synaptosomes in all behavioral groups. These findings suggest that AFC induces synaptic plasticity of NMDA receptors in the vHPC-to-IL projection in males, while female rats rely on different synaptic mechanisms.
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INTRODUCTION

Contextual and auditory fear conditioning (AFC) in rodents mimics fear-related behavior in humans (LeDoux, 2000; Phelps and LeDoux, 2005). Using this animal model, researchers identified the interconnected fear circuit with the amygdala as the central structure for fear expression. The intensity of the fear generated by amygdala outputs is attenuated by projections from the infralimbic cortex (IL) (Bloodgood et al., 2018; Bukalo et al., 2021). Abundant evidence suggests that IL plays a central role in fear extinction memory (Chang and Maren, 2010; Milad and Quirk, 2012; Do-Monte et al., 2015; Marek et al., 2018; Tao et al., 2020). Furthermore, contextual and temporal information from the ventral hippocampus (vHPC) determines when IL inhibits fear expression which provides contextual specificity of fear extinction recall (Corcoran et al., 2005; Sierra-Mercado et al., 2011; Marek et al., 2018).

In contrast to the central role of IL in fear extinction, initial studies suggested that fear acquisition did not affect IL and IL activity did not affect fear learning (Milad and Quirk, 2002; Burgos-Robles et al., 2007). However, subsequent research has found evidence that fear acquisition alters the intrinsic excitability of IL neurons (Santini et al., 2008, 2012; Song et al., 2015; Soler-Cedeño et al., 2016; Bloodgood et al., 2018). Furthermore, pharmacologically reducing IL excitability increased fear learning (Santini and Porter, 2010), suggesting that ongoing IL neuronal activity during fear learning was impeding acquisition. Consistent with the rodent studies, recent human studies also found that fear learning alters activity in the ventral medial prefrontal cortex (vmPFC) which is considered to be homologous to the rodent IL (Fullana et al., 2016; Harrison et al., 2017; Dunsmoor et al., 2019) and people with vmPFC lesions show impaired fear acquisition (Battaglia et al., 2020). Taken together these studies suggest that associative fear learning induces plasticity in the homologous structures, the rodent IL, and the human vmPFC.

The acquisition of AFC does not appear to induce widespread synaptic plasticity in IL (Pattwell et al., 2012; Sepulveda-Orengo et al., 2013). In fact, these independent studies found that synaptic plasticity in IL occurs exclusively after fear extinction rather than fear acquisition. However, examination of ventral hippocampal (vHPC) synapses labeled with channelrhodopsin in IL suggests that fear acquisition induces more restricted plasticity at specific synapses in IL (Soler-Cedeño et al., 2019). This study found less N-methyl-D-aspartate (NMDA) receptor-mediated current at vHPC-to-IL synapses after AFC in male rats. The finding of less current suggests that AFC reduces the expression of NMDA receptors at vHPC-to-IL synapses in male rats. To address this possibility and determine whether females also show similar synaptic plasticity, we labeled vHPC synapses with AAV expression of channelrhodopsin-EYFP in both sexes and isolated synaptosomes from IL tissue punches after contextual fear conditioning (CFC) and AFC. Since NMDA receptors are composed of two obligatory GluN1 subunits (Paoletti et al., 2013), we decided to quantify GluN1 expression as a relative measure of total NMDA receptor (NMDAR) expression. From the general synaptosome population, vHPC-to-IL synaptosomes were identified and analyzed by fluorescence-activated cell sorting (FACS) for the expression of GluN1. Our results show that associative learning (tone with shock) induces an increase in GluN1 at vHPC-to-IL synaptosomes in males. In contrast, CFC did not affect GluN1 expression. In addition, neither CFC nor AFC induced changes in GluN1 expression in the females, suggesting that this synaptic plasticity is sex-dependent.



MATERIALS AND METHODS


Labeling Ventral Hippocampal Synapses With EYFP

Male and female Sprague–Dawley rats (P30) received infusions of an AAV5 vector (1.0 μL per hemisphere) that promotes channelrhodopsin-2 (ChR) and enhanced yellow fluorescent protein expression driven by the glutamatergic neuron-specific CaMKIIα promoter [AAV-CaMKIIα-hChR2(H134R)-EYFP; University of North Carolina at Chapel Hill Vector Core Services]. A titer of 1011 particles was infused into the vHPC with a 5-μL Hamilton syringe using the following stereotactic coordinates (−5.50 mm AP; ±4.50 mm ML; −7.0 mm DV). After a recovery of at least 2 months for optimal expression of ChR-EYFP, the rats were arbitrarily assigned to different experimental groups. Every animal used in experiments 1 and 2 expressed ChR-EYFP for tracing vHPC-to-IL projections, since this protein is trafficked to the axon terminals. We did not use the ChR-EYFP for optogenetic stimulation. After sacrifice, we took images with either an epifluorescence Olympus BX60 microscope or a NikonC2+ confocal microscope of random samples to confirm that EYFP expression was restricted to the vHPC and EYFP-labeled axons were visible in IL (Supplementary Figure 5).



Behavioral Groups for Experiment 1

Adult male and female rats (P90) were divided into three groups and placed in operant chambers (Ugo Basile) with three frosted white sides, a clear front, and a metal grid floor to provide electric foot shocks. The exposure group (EXPO) was exposed to the chambers for the same length of time without receiving any electric foot shocks. Animals were not habituated to the conditioning chambers. The CFC group was allowed to explore the chamber for 2 min to establish baseline movement of each animal in that context. Then, this group received five electric foot shocks (0.7 mA) spaced 2 min apart. The AFC group received six tones (Hz, 80 dB, 30 s) with an interval of 120 s between tones. Tones 2–6 were paired with a mild electrical foot shock (conditioned stimulus, CS, 0.44 mA, 0.5 s) beginning at the end of each tone. The next day, all rats were placed back into the same training context to test their recall memory. The AFC group received two tones, and the EXPO and CFC groups only received context exposure.



Behavioral Groups for Experiment 2

Adult male (P90, P180, and P330) and female (P90) rats were divided into three groups and placed in operant chambers (Ugo Basile). The older ages in the male group were caused by unexpected delays. Animals were not habituated to the conditioning chambers. On day 1, the AFC and extinction (EXT) groups received six tones (Hz, 80 dB, 30 s) with an interval of 120 s between tones. Tones 2–6 were paired with an electrical foot shock (conditioned stimulus, CS, 0.44 mA, 0.5 s) beginning at the end of each tone. On day 1, the control pseudoconditioned (PSUEDO) group received the six auditory tones unpaired with electric foot shocks and then five rapid electric foot shocks immediately before removing them from the conditioning chamber to control for tone and shock exposure without inducing conditioned inhibition. On day 2, the PSEUDO and AFC groups remained in their home cages and the EXT group received two sessions of 15 tones (30 s duration, 2 min interval between tones) separated by 1 h. The third day, all groups were placed back into the same training context and were given two tones to test their recall memory.



Synaptosome Isolation

All behaviors and sacrifices were done during the morning. Immediately after recall, the animals received an overdose of 1.0 mL of pentobarbital mixed with phenytoin sodium (Euthanasia-III, MED-PHARMEX Inc., Pomona, CA, United States). After brain extraction, the brains were coronal cut into 1 mm slices with a brain matrix (BS-A 6000C, BrainTree Scientific, Inc.). IL tissue punches (1.5 mm) from IL were taken from each rat. Tissue punches were homogenized, and protein extraction was performed to extract synaptic proteins using the Syn-PER Synaptic Protein Extraction Reagent (cat no. 87793, Thermo Scientific) with phosphatase and protease inhibitors to avoid the degradation of proteins (P5726-5ML, Sigma and P2714-1BTL, Sigma). After homogenization, the samples were centrifuged for 10 min at 3,600 rpm at 4°C. The supernatant was centrifuged a second time at 11,400 rpm for 20 min at 4°C and the supernatant was discarded, and the pellet was kept. Meanwhile, antibodies against an extracellular epitope of rat GluN1 (cat no. AGC-001, Alomone Lab Co.) were conjugated with Alexa Fluor 647 following the manufacturer’s instructions (Antibody Labeling Kit, cat no. A20186, Ex/Em 650/668). Before using the antibodies on the experimental samples, each batch of labeled antibody was tested to ensure the detection of GluN1 on synaptosomes from a naïve rat with appropriate fluorescence. The antibody was diluted (1:100) in 5% bovine serum albumin (BSA) in PBS and incubated with the synaptosomes for 1 h on ice. Then, the synaptosomes were washed once with 600 uL of 5% BSA in PBS and centrifuged for 5 min at 5,400 rpm at 4°C to wash away unbound antibody. The supernatant was discarded and the pellet was suspended in 400 uL of 0.5% paraformaldehyde, protected from light, and stored at 4°C.



FACS

Once the vHPC-to-IL synapses were labeled with AAV-mediated expression of EYFP and synaptosomes were isolated from IL tissue punches, EYFP-expressing synaptosomes were identified via FACS. First, we identified the appropriate size gate for our FACS machine (BD FACSAria I; BD Biosciences, San Jose, CA, United States) with fluorescent beads of 1, 2, and 4 μm diameters. Synaptosomes fall within this size range (Gylys et al., 2004; Evans, 2015) and larger particles are more likely to have intact presynaptic and postsynaptic membranes (Gylys et al., 2004). Then, synaptosomes from IL tissue punches were selected using these size limits and vHPC-to-IL synaptosomes were identified by EYFP fluorescence. Next, the expression of GluN1 by the EYFP+ population of synaptosomes was determined by detecting Alexa Fluor 647 which was conjugated to the anti-GluN1 antibody (Alexa Fluor 645 Antibody Labeling Kit, cat no. A20186). The gate for EYFP that represents the channelrhodopsin from the virus was established by comparing the detection of fluorescence in the 488 nm wavelength in synaptosomes from an animal that was not injected with the viral vector with synaptosomes from an AAV-injected animal. Similarly, synaptosomes from a rat that did not express EYFP were incubated with the conjugated anti-GluN1 antibody and the detectible fluorescence at 645 nm was compared to unlabeled synaptosomes to set the gate for detection of GluN1+ synaptosomes. To measure the mean fluorescence intensity of GluN1 immunolabeling for each rat, we generated a histogram of the double-positive EYFP+/GluN1+ synaptosomes in FlowJo software. Markers were placed to at the beginning and the end of the histogram, and the mean, median, and mode of the GluN1 fluorescence intensity were automatically calculated by FlowJo. The forward scatter of the double-positive EYFP+/GluN1+ synaptosomes was measured in FlowJo as an estimate of relative difference in the size of the synaptosomes. The side scatter of the double-positive EYFP+/GluN1+ synaptosomes was measured in FlowJo as an estimate of relative difference in the internal complexity (i.e., granularity and internal structures) of the synaptosomes.

Recent studies found that it is important to consider the potential contribution of aggregates of two or more synaptosomes in flow cytometry experiments (Biesemann et al., 2014; Hobson and Sims, 2019). These articles demonstrate that under proper conditions, the contribution of aggregates can be reduced to insignificant levels. To determine the contribution of aggregates in our samples, we isolated IL synaptosomes, separated them into two tubes, and incubated each sample with a different antibody conjugated to a different fluorophore. After immunolabeling, the samples were fixed, mixed together, and analyzed by FACS. As shown in Supplementary Figure 1, the FACS analysis found negligible amounts of double-positive synaptosomes which would represent aggregates of individually labeled synaptosomes. These data suggest that our experimental process generates minimal aggregates which do not contribute significatively to our results.



Statistical Analysis

In experiment 1, contextual fear was measured in the CFC group as the percent of time spent freezing during the 60 s before the shock in the CFC group and during the equivalent period in the EXPO group during training on day 1 with ANY-maze software (Ugo Basile, Italy). During recall, the freezing during 2 min in the conditioning context was measured as contextual fear in the CFC and EXPO groups. In the PSEUDO group, contextual fear was measured as freezing during 30 s before the first tone in the conditioning chamber during recall. In the PSEUDO, AFC, and EXT groups, auditory fear was measured as the percent of time spent freezing during each 30 s tone of training and recall with ANY-maze software. Behavioral data acquired on day 1 in experiments 1 and 2 were analyzed by repeated-measures two-way analysis of variance (ANOVA) followed by Tukey post hoc test (Graphpad Prism version 9.1.0, San Diego, CA, United States). The two trials of fear recall were averaged and compared by one-way ANOVA followed by Tukey post hoc test by treatment and sex (Graphpad Prism). Significance was set at p ≤ 0.05. The raw data obtained from the BD FACSAria I (BD Biosciences, San Jose, CA, United States) were filtered by size and EYFP expression using FlowJo 2 (BD Life Sciences, Becton, Dickinson & Company). The resulting EYFP+ population of synaptosomes was subsequently analyzed for immunolabeling of GluN1 in FlowJo. The fluorescence intensity histograms were generated by selecting the EYFP+/GluN1+ synaptosomes in quadrant 2 and analyzing them in FlowJo. A similar number of EYFP+/GluN1+ IL synaptosomes were detected and analyzed in both sexes [males: 7170 ± SEM: females: 8814 ± SEM; U (648, 528) = 203, p = 0.08]. The data were categorized as non-parametric by Shapiro–Wilk. Statistical analysis was performed with Kruskal–Wallis non-parametric test followed by Dunn’s multiple comparison test (Graphpad Prism version 9.1.0, San Diego, CA, United States). Significance was set at p ≤ 0.05. The investigators were not completely blinded to the treatment group. However, most of the samples were identified by a rat ID# and run by a FACS technician who was blinded to the treatment. The resulting data were then analyzed in FlowJo and saved as a PDF before the results were separated into treatment groups.




RESULTS


Fear-Related Behaviors for Experiment 1

Male and female rats were injected with an AAV vector to induce expression of channelrhodopsin and EYFP in vHPC neurons. After waiting 2 months for optimal expression and transport of the EYFP to the axon terminals of the vHPC neurons, rats (P90) were arbitrarily divided into three groups. The three experimental groups were designed to test whether contextual or AFC changes NMDA receptor expression at vHPC synapses in IL (Figure 1). The CFC group (n = 9 females and 9 males) received five foot shocks in the conditioning chamber, the exposure group (EXPO, n = 9 females and 9 males) was placed in the conditioning chamber and did not receive foot shocks, and the AFC group (n = 6 females and 8 males) received one habituation tone and five tones paired with a foot shock (Figures 1A,B, respectively). The female and male rats in the CFC and AFC groups showed a gradual increase in freezing during the behavioral protocol, indicating that the groups acquired contextual and auditory fear, respectively (Figures 1A,B and Supplementary Statistical Table). In contrast, the EXPO group maintained a low level of freezing throughout.
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FIGURE 1. Female and male rats acquired contextual and auditory fear. (A,B) Fear responses during training in the exposure, CFC, and AFC females and males, respectively. Asterisk denotes trials in which the CFC and AFC groups show more freezing than the exposure group (p ≤ 0.05). (C,D) Long-term memory on day 2 of female and male groups showing freezing to the context in the EXPO and CFC groups and to the tone in the AFC group. Sample sizes are indicated below each bar in parentheses.


The following day the long-term memory was analyzed by measuring freezing during the first minute in the conditioning context in the EXPO and CFC groups or during two tones in the AFC group. Both females and males showed similar patterns of learning fear context per group (Figures 1C,D). Both the male [F(2,22) = 3.954, p = 0.0341] and female groups [F(2,21) = 3.608, p = 0.0450] showed different levels of freezing to the tones. The CFC (male, p = 0.0009; female, p = 0.0003) and AFC (male, p = 0.0157; female, p = 0.0029) groups showed more freezing than the EXPO groups, indicating that male and female rats recalled their fear learning from the previous day.



AFC Increases GluN1 Expression at vHPC-to-IL Synaptosomes

After the fear recall on day 2, the animals were sacrificed, brain slices were cut, and tissue punches were extracted from IL. The samples were homogenized, and synaptosomes were isolated by centrifugation and incubated with an antibody against an extracellular epitope of GluN1 (cat no. AGC-001, Alomone Lab Co.). Labeled synaptosomes were then analyzed by FACS. Figure 2 shows the filters applied to the FACS data to measure GluN1 expression on vHPC-to-IL synaptosomes. First, the results were filtered by size to select the particles within the 1–4 μm size range of synaptosomes (Figure 2A). Then vHPC synaptosomes were identified by EYFP expression (Figure 2C) which was not found in synaptosomes from rats that did not receive viral injections (Figure 2B) confirming the capacity to detect the EYFP expressed in vHPC axon terminals. Finally, the double-positive synaptosomes (EYFP+/GluN1+) were identified to measure GluN1 expression (Figures 2D,E). A histogram shows that synaptosomes expressing EYFP could be separated from synaptosomes not expressing EYFP (Figure 2F).
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FIGURE 2. FACS analysis of the NMDA subunit GluN1 on vHPC-to-IL synaptosomes from male and female rats. (A) Particles between 1 and 4 μm were selected as synaptosomes after isolation from IL tissue and used for subsequent analysis. (B) Rats without virus (NO EYFP) had a low percentage of synaptosomes in the EYFP+ quadrant. (C) Rats injected with the EYFP-expressing virus into the VHPC showed abundant expression of EYFP+ synaptosomes isolated from IL tissue. (D) EYFP+/GluN1– samples that lacked the antibody against GluN1 show no expression in GluN1+ quadrants. (E,F) EYFP+/GluN1+ samples show abundant detection of EYFP+/GluN1+ synaptosomes, indicating that we could isolate and quantify GluN1 expression in VHPC-to-IL synaptosomes.


Next, we analyzed the expression of EYFP+/GluN1+ synaptosomes in IL tissue from the different behavioral groups. Figure 3A shows that fear acquisition affected the expression of GluN1 on EYFP+ vHPC-to-IL synaptosomes in males. The expression of GluN1 on EYFP+ vHPC-to-IL synaptosomes varied in the male groups [H(2,22) = 9.166, p = 0.0102; Figure 3A]. The male AFC group showed more EYFP+/GluN1+ synaptosomes than in the EXPO (p = 0.0234) or CFC groups (p = 0.0214) suggesting that AFC increases NMDA receptor expression at vHPC-to-IL synapses. The CFC group expressed similar levels to the EXPO group (p > 0.9999), suggesting that the contextual fear acquisition was insufficient to induce the change.
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FIGURE 3. AFC increases the number of NMDARS on VHPC-to-IL synaptosomes in males. (A) Relative levels of EYFP+/GluN1+ synaptosomes in male behavioral groups. (B) Representative histogram of the fluorescence intensity of GluN1 on EYFP+/GluN1+ synaptosomes from a single sample from the Exposure, CFC, and AFC male groups. (C) Mean fluorescence intensity of GluN1 on EYFP+/GluN1+ synaptosomes in male groups. (D) Correlation between the levels of EYFP+/GluN1+ synaptosomes and the mean fluorescence intensity of GluN1 in the male samples. (E) Mean forward scatter of the EYFP+/GluN1+ synaptosomes in the male groups. (F) Mean side scatter of the EYFP+/GluN1+ synaptosomes in the male groups. Sample sizes are indicated below each bar.


To explore whether the increase in the number of EYFP+/GluN1+ synaptosomes was caused by synaptogenesis or an increase in NMDA receptors in existing vHPC-to-IL synapses, we compared histograms of the fluorescence intensity of GluN1 labeled EYFP+ synaptosomes in the EXPO, CFC, and AFC groups of male rats (Figures 3B,C). We found that AFC histograms were shifted to the right compared to the EXPO and CFC histograms producing a difference in the mean fluorescent intensity of GluN1 on EYFP+ vHPC-to-IL synaptosomes in the male groups [H(2,22) = 9.625, p = 0.0081]. The mean of the AFC group was greater than the EXPO (p = 0.0283) and the CFC group (p = 0.0125). These data suggest that AFC increased the number of NMDARs at vHPC-to-IL synapses rather than simply increasing the number of vHPC-to-IL synapses. Furthermore, we found a correlation between the number of EYFP+/GluN1+ synaptosomes and the mean GluN1 fluorescence intensity (r = 0.5193, p = 0.0078; Figure 3D).

The observed increase in NMDA receptors on synaptosomes could occur if AFC increased the size of the synapses. To test this possibility, we analyzed the forward scatter of the EYFP+/GluN1+ synaptosomes since larger synaptosomes would produce more forward scatter. We found that the forward scatter was similar in all groups, suggesting that the synaptosomes are similar in size and that fear learning did not increase the size of the vHPC-to-IL synapses [H(2,22) = 3.673, p = 0.1594; Figure 3E]. However, the side scatter did vary among groups [H(2,22) = 9.485, p = 0.0087; Figure 3F]. We observed an increase in the side scatter of the AFC group compared to the EXPO (p = 0.0342) and CFC groups (p = 0.0121), suggesting that fear learning increased the intracellular complexity of the vHPC-IL synaptosomes.

In contrast to the male groups, we found similar GluN1 expression in all female behavioral groups suggesting that fear acquisition does not alter NMDA receptors at vHPC-to-IL synapses in females [H(2,22) = 1.609, p = 0.44; Figure 4A]. The histograms of the fluorescence intensity of GluN1 labeled EYFP+ synaptosomes were also similar in the EXPO, CFC, and AFC groups of female rats (Figure 4B). Although we found that the mean fluorescent intensity of GluN1 on EYFP+ vHPC-to-IL synaptosomes was different in the female groups [H(2,22) = 7.951, p = 0.0188], the only difference was between the AFC and CFC groups (p = 0.0161; Figure 4C). The mean of the EXPO group was similar to the CFC (p = 0.3190) and the AFC group (p = 0.6195), suggesting that neither contextual nor auditory fear acquisition altered GluN1 expression on vHPC-to-IL synaptosomes in the females. Furthermore, we found no correlation between the number of EYFP+/GluN1+ synaptosomes and the mean GluN1 fluorescence intensity (r = 0.08, p = 0.1065; Supplementary Figure 2). We also examined whether the GluN1 expression in females varied with the estrous cycle that was determined by vaginal smears at the time of sacrifice on day 2. We found no difference in mean fluorescent intensity of GluN1 labeled EYFP+ synaptosomes across the estrous cycle of the rats [H(2,22) = 0.5232, p = 0.7869; Figure 4D]. The number of EYFP+/GluN1+ synaptosomes did not also vary across the estrous cycle [H(2,22) = 9.624, p = 0.2; Supplementary Figure 2C]. This suggests that cyclic changes in estrogen and other reproductive hormones did not alter the NMDA receptor expression on the vHPC-to-IL synapses.
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FIGURE 4. AFC does not alter GluN1 expression at vHPC-IL synaptosomes in females. (A) Relative levels of EYFP+/GluN1+ synaptosomes in female behavioral groups. (B) Representative histogram of the fluorescence intensity of GluN1 on EYFP+/GluN1+ synaptosomes from a single sample from the EXPO, CFC, and AFC female groups. (C) Mean fluorescence intensity of GluN1 on EYFP+/GluN1+ synaptosomes in female groups. (D) Mean fluorescence intensity of GluN1 on EYFP+/GluN1+ synaptosomes across the estrous cycle. (E) Mean forward scatter of the EYFP+/GluN1+ synaptosomes in the female groups. (F) Mean side scatter of the EYFP+/GluN1+ synaptosomes in the female groups. Sample sizes are indicated below each bar.


The forward scatter of the EYFP+/GluN1+ synaptosomes was similar in all female groups, suggesting that the synaptosomes are similar in size and that fear learning did not change the size of the vHPC-to-IL synapses in females [H(2,22) = 0.1231, p = 0.9403; Figure 4E]. As in males, we observed an increase in the side scatter of the AFC group compared to the CFC group (p = 0.0370) and the EXPO group (p = 0.0387), suggesting that auditory fear learning changed the intracellular complexity of the vHPC-IL synaptosomes [H(2,22) = 6.605, p = 0.0368; Figure 4F]. To explore the possibility that the females and males had different basal levels of GluN1 expression at this synapse, we compared the GluN1 expression in the EXPO group of both sexes. The female and male EXPO groups expressed similar levels of GluN1, suggesting that both sexes express similar basal levels of GluN1 (Mann–Whitney U = 23, p = 0.14).



Fear Behavior for Experiment II

Our initial experiment suggests that AFC increases the expression of NMDARs at vHPC-to-IL synapses of male rats. To determine if this synaptic plasticity required associative learning and whether fear extinction could reverse the synaptic changes, we repeated our experiments with a different cohort of rats. We divided male and female rats into three different behavioral groups, pseudoconditioning (PSEUDO), AFC, and extinction (EXT) (Figure 5C). Due to unexpected delays, the male rats were different ages (P90, P180, and P330) at the beginning of the behavioral training. As in the previous experiment, rats received injections of AAV into the vHPC to express ChR-EYFP at least 2 months before behavioral training. On day 1, the PSEUDO groups (n = 11 males and 12 females) received six tones and then five quick foot shocks immediately before being removed from the conditioning chamber to control for tone and shock exposure without inducing conditioned inhibition (Figures 5A,B). On day 1, the AFC groups (n = 9 males and 6 females) and the EXT groups (n = 15 males and 12 females) received one habituation tone and five tones paired with a foot shock. Both female and male rats in the AFC and EXT groups showed a gradual increase in freezing on day 1, indicating that they acquired fear to the tone (Supplementary Statistical Table). In contrast, the PSEUDO group that did not receive paired tones and shocks presented a low level of freezing to the tone (Figures 5A,B). On day 2, the EXT groups received two sessions of 14 tones without foot shocks in the conditioning context with 1 h between sessions.
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FIGURE 5. Females and males learn AFC and fear extinction. (A,B) Fear responses during training in the PSEUDO, AFC, and EXT female and male groups, respectively. Red arrow indicates 1 h break between extinction sessions. (C) Distribution of animals by age and sex in experiment 2. * Denotes trials in which the AFC and EXT groups show more freezing than the PSEUDO group (p ≤ 0.05).


On day 3, we tested the long-term memory of all three groups by exposing the rats to two tones in the conditioning context. In the males, the groups showed different levels of freezing to the tones [F(2,32) = 2.245, p = 0.0012; Figure 6A]. The AFC group only showed a trend of higher freezing than the PSEUDO group, since the unpaired PSEUDO group showed freezing during the tone (p = 0.1571). To determine if the PSEUDO group was freezing to the tone or to the context, we compared freezing during the 30 s before the first tone (contextual fear) to the freezing during each of the two recall tones (Supplementary Figure 3A). The rats froze similar amounts during the pretone and tone exposure periods [F(2,27) = 0.7582, p = 0.4782], suggesting that the PSEUDO males were actually showing contextual fear during the tone. The EXT group showed less freezing than the AFC group indicating good recall of fear extinction (p = 0.0009).
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FIGURE 6. Associative fear learning increases NMDARS on VHPC-to-IL synaptosomes in male rats. (A) Fear recall in the male groups. (B) Levels of EYFP+/GluN1+ synaptosomes normalized to the mean of the PSEUDO group of the corresponding age in the male groups. (C) Mean fluorescence intensity of GluN1 on EYFP+/GluN1+ synaptosomes in male groups normalized to the mean of the PSEUDO group of the corresponding age. (D) Graph comparing the levels of EYFP+/GluN1+ synaptosomes and the % freezing during recall of the males in the AFC groups in experiments 1 and 2. (E,F) Forward scatter and side scatter of EYFP+/GluN1+ synaptosomes in male groups normalized to the mean of the PSEUDO group of the corresponding age.


Next we analyzed the expression of GluN1 on vHPC-to-IL synaptosomes in the male groups and found a trend of a difference in the groups [H(2,32) = 4.526, p = 0.1040; Supplementary Figure 3B]. Since we used male rats from P90, P180, and P330 in this experiment (Figure 5C), any learning-induced changes could be obscured by changes due to aging or time of ChR-EYFP expression. Therefore, we tested whether the expression of GluN1 at vHPC-to-IL synaptosomes varied with age in the male PSEUDO group which serves as our baseline group. As shown in Supplementary Figure 3C, the number of EYFP+/GluN1+ synaptosomes trended to be higher [H(2,9) = 5.182, p = 0.0684] and the fluorescent intensity of GluN1 immunolabeling increased in older male rats [H(2,9) = 7.03, p = 0.0142]. The side scatter of the EYFP+/GluN1+ synaptosomes also increased with age [H(2,9) = 7.477, p = 0.0062], but the forward scatter remained constant across ages [H(2,9) = 1.417, p = 0.5238]. To adjust for the effect of age, we normalized the EYFP+/GluN1+ expression and GluN1 fluorescent intensity to the average of the PSEUDO group of the same age (Figures 6B,C). We separated the male groups by age and then normalized all data from P90 male animals to the average of the P90 PSEUDO group, all data from the P180 animals to the average of the P180 PSEUDO group, and all the data from P330 animals to the average of the P330 PSEUDO group. Then we combined the normalized data into the PSEUDO, AFC, and Ext groups. We found that the normalized EYFP+/GluN1+ expression [H(2,32) = 7.182, p = 0.0276] and GluN1 fluorescent intensity [H(2,32) = 6.201, p = 0.0450] varied among groups. To test whether associative learning was required for the changes in GluN1 expression, we compared the male PSEUDO and AFC groups. The results show that the AFC group expressed more EYFP+/GluN1+ synaptosomes than the PSEUDO group (p = 0.0235; Figure 6B). The AFC group also showed greater fluorescent intensity of GluN1 immunolabeling than the PSEUDO group (p = 0.0470; Figure 6C). These data suggest that synapses from vHPC-to-IL had more NMDARs after AFC. Therefore, the increase in GluN1 expression at vHPC-to-IL synapses observed in experiment 1 was replicated in this new group of rats, suggesting that the findings are robust. Even though the PSEUDO group showed similar levels of freezing during the tones as the AFC group, the PSEUDO group showed fewer EYFP+/GluN1+ synaptosomes than the AFC group. This suggests that the GluN1 expression was altered by the tone-shock pairing rather than the increase in fear per se.

The increased expression of GluN1 could contribute to the encoding of the AFC memory. To further examine this possibility, we compared GluN1 expression in the male AFC groups from experiments 1 and 2 to their fear level during recall. We found that the freezing at recall did not correlate with GluN1 expression, suggesting that the increase in NMDA receptors may not encode fear memory per se (r = −0.0097, p = 0.9727, N = 15; Figure 6D). Furthermore, the freezing to the last tone of conditioning on day 1 did not also correlate with GluN1 expression (r = 0.1, p = 0.7, N = 15).

Next, we compared the AFC and EXT groups to determine if extinction reversed the increase of NMDAR. The molecular assessment shows that the AFC and EXT groups expressed similar levels of EYFP+/GluN1+ synaptosomes (p = 0.5080; Figure 6B) and GluN1 immunofluorescence (p > 0.9999; Figure 6C). This suggests that EXT reduced the conditioned fear behavior without reversing the increase in GluN1 at vHPC-to-IL synapses induced by AFC in males. In addition, we analyzed forward and side scatter of the EYFP+/GluN1+ synaptosomes. PSEUDO, AFC, and EXT groups had similar values of forward [H(2,32) = 1.882, p = 0.3901] and side scatter [H(2,32) = 0.2840, p = 0.8676], suggesting that the synaptosomes were similar in size and complexity (Figures 6E,F).

Although we did not see any changes in GluN1 expression in the females in experiment 1, we also compared the GluN1 expression on vHPC-to-IL synaptosomes in female PSEUDO, AFC, and EXT groups (Figure 7). In the females, the groups showed similar levels of freezing to the tones [F(2,27) = 0.4872, p = 0.1440; Figure 7A). As with the males, the PSEUDO group showed abundant freezing during the recall tones which obscured any effect of AFC. To determine if the female PSEUDO group was freezing to the tone or to the context, we compared freezing during the 30 s before the first tone (contextual fear) to the freezing during each of the two recall tones (Supplementary Figure 4A). The female rats froze less during the pretone than during the second (p = 0.0112) tone exposure period, suggesting that the PSEUDO females were actually showing fear to the tone. Therefore, the PSEUDO protocol appears to have induced AFC in some of the female rats. In addition, the AFC and EXT groups showed similar levels of freezing suggesting poor extinction recall in the females.
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FIGURE 7. Associative fear learning does not increase NMDAR on vHPC-to-IL synaptosomes in female rats. (A) Fear recall in the female groups. (B) Levels of EYFP+/GluN1+ synaptosomes in the female groups. (C–E) Mean fluorescence intensity of GluN1, forward scatter, and side scatter of EYFP+/GluN1+ synaptosomes in female groups.


Consistent with the results of experiment 1, we did not find any differences in EYFP+/GluN1+ expression [H(2,27) = 2.274, p = 0.3207; Figure 7B], GluN1 fluorescent intensity [H(2,27) = 4.639, p = 0.0983; Figure 7C], forward scatter [H(2,27) = 0.6699, p = 0.7154; Figure 7D], or side scatter [H(2,27) = 0.6097, p = 0.7372; Figure 7E]. However, the lack of behavioral differences among the female groups may have obscured any difference in GluN1 expression. Therefore, we also tested whether removing three animals from the PSEUDO group and one animal from the EXT group that exhibited freezing above 40% to create a behavior difference among the groups would similarly create a difference in GluN1 expression. As shown in Supplementary Figure 4, removing these animals created a behavioral difference among the groups but did not show any difference in GluN1 expression among the female groups. These data further suggest that fear learning does not alter NMDAR at the vHPC-to-IL synapse in females.




DISCUSSION

Scientists frequently employ the AAV expression of ChR-EYFP to determine the role of specific neuronal projections in behavior. In this study, we used FACS analysis of ChR-EYFP-labeled vHPC-to-IL synaptosomes to detect changes in GluN1 expression induced by fear conditioning. Our main finding is that AFC increased GluN1 expression at this synapse in males compared to EXPO and CFC, suggesting that the tone-shock pairing induced the change (Figure 8). In further support, male rats in the PSEUDO group that received unpaired tones and shocks did not exhibit the increase in GluN1 at vHPC-to-IL synaptosomes. In addition, the increase in GluN1 expression was not reversed by extinction. In contrast to the males, the females did not show differences in GluN1 expression at this synapse after any fear paradigm, suggesting that this is a sex-dependent form of synaptic plasticity induced by AFC in IL.
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FIGURE 8. Schematic diagram of NMDAR changes after auditory fear conditioning in male rat brain. Associative fear learning increases NMDAR on ventral hippocampal projections to the infralimbic cortex.


Our findings extend previous research showing that AFC induces synapse-dependent synaptic plasticity in IL of male rodents (Pattwell et al., 2012; Sepulveda-Orengo et al., 2013; Soler-Cedeño et al., 2019). In contrast to the electrophysiological finding of less NMDAR current after AFC reported earlier (Soler-Cedeño et al., 2019), we observed an increase in the fraction of vHPC-to-IL synaptosomes that expressed detectable levels of the obligatory GluN1 subunit of NMDAR after AFC. This increase in NMDAR at vHPC-to-IL synapses required the animal to learn the association of the cue and the shock, since neither CFC nor unpaired tones and shocks were sufficient to produce the change. The mean fluorescence intensity of GluN1 on the vHPC-to-IL synaptosomes also increased after AFC, suggesting that the associative learning led to more NMDARs at these synapses. The increase in the number of NMDARs occurred without an increase in synapse size, since the forward scatter of the synaptosomes did not change. However, the side scatter of the synaptosomes also increased after AFC suggesting a change in the intracellular organelles of the synaptosomes (Biesemann et al., 2014).

The vast majority of previous studies have used only male rodents to examine molecular mechanisms underlying fear learning (Zinebi et al., 2003; Burgos-Robles et al., 2007; Pattwell et al., 2012; Paoletti et al., 2013; Sepulveda-Orengo et al., 2013; Soler-Cedeño et al., 2019). Therefore, we also examined whether fear acquisition induces similar plasticity in females. In contrast to the plasticity observed in males, the females did not show any differences in the fraction of EYFP+/GluN1+ synaptosomes, GluN1 fluorescence intensity, or side scatter. Since we included females at different stages of the estrous cycle, it is possible that variability in the measurements could obscure any differences. However, the lack of strong correlation with the estrous stage argues against this possibility. The females did learn similar levels of conditioned fear to the tones. These data imply sex differences in the molecular mechanisms that encode auditory fear learning that warrants further study. Furthermore, this raises the possibility that many of the previous identified molecular mechanisms of fear acquisition and extinction may not apply to females.

The increase in NMDAR at vHPC-to-IL synaptosomes after associative fear learning does not seem to encode fear per se. First, the levels of GluN1 did not correlate with fear recall or fear acquisition. Second, the changes in GluN1 were not reversed by fear extinction, although fear extinction did reduce fear expression. Third, in spite of receiving unpaired tones and shocks, the PSEUDO group showed fear to the tone during recall that was similar to the fear expressed by the AFC group but only the AFC group showed the increase in GluN1 on the vHPC-to-IL synaptosomes. Taken together, these findings suggest that although learning the association between tone and shock is required to create these molecular changes, the changes do not encode the conditioned fear.

More NMDAR in vHPC-to-IL after AFC could produce a number of physiological consequences. The increase of NMDAR could enhance calcium influx into the dendritic spines to facilitate subsequence learning or memory formation. For example, animals might acquire more robust extinction memories due to more calcium influx through NMDAR during extinction learning. Consistent with this, increased NMDARs in IL synapses are associated with enhanced synaptic plasticity and increased fear extinction memory (Abumaria et al., 2011). In addition, animals with good fear extinction recall show more NMDAR-dependent bursts of action potentials in IL the day of extinction learning and blocking NMDAR in IL during extinction learning impairs the long-term extinction memory (Burgos-Robles et al., 2007). Furthermore, researchers found that stimulating NMDARs with D-cycloserine, a partial agonist at the glycine binding site of NMDARs, can enhance fear extinction in rodents (Richardson et al., 2004) and humans (Morrison and Ressler, 2014). Therefore, the literature highlights the importance of NMDARs for fear extinction and supports the possibility that the increase in NMDARs on the vHPC-to-IL synapses could contribute to fear extinction in the males.

Whole-cell recordings of optically stimulated vHPC synapses in IL found less synaptic NMDA current in layer V pyramidal neurons after AFC in males (Soler-Cedeño et al., 2019). Therefore, we expected to observe a reduction in the NMDARs on the vHPC-to-IL synaptosomes. In contrast, our results show increased NMDAR. Several possibilities could reconcile these apparently conflicting results. One possibility is that AFC might cause less vHPC activation of NMDA currents in IL neurons through dynamic changes in NMDAR subunit composition or phosphorylation state instead of a reduction in the relative amount of NMDAR (Lopez de and Sah, 2003; Zinebi et al., 2003; Abumaria et al., 2011; Lussier et al., 2015). The electrophysiological study measured the NMDAR current during the decay phase rather than at the peak to reduce AMPAR current contamination. Therefore, a shift toward faster decaying NMDAR-mediated currents could produce an apparent reduction in NMDA current. For example, a shift toward more GluN2A, which has faster decay kinetics, could produce less current even with more NMDARs (Lopez de and Sah, 2003; Gray et al., 2011; Paoletti et al., 2013). Alternatively, the diminished NMDA current could be caused by the lateral movement of NMDA receptors to the edges of the synapse which could be detected on the synaptosomes in spite of being less activated by the synaptic release of glutamate (Paoletti et al., 2013; Lussier et al., 2015). Another possibility is that both presynaptic and postsynaptic NMDA receptors were detected on the synaptosomes, but only postsynaptic receptors were assessed with the electrophysiology. However, we do not think that there were significant levels of presynaptic GluN1 in our sample, since the vast majority of GluN1 was found on the largest synaptosomes (Supplementary Figure 2A). It is also important to note that the synaptosomes include vHPC synapses onto both pyramidal and GABAergic neurons from all cortical areas, whereas the electrophysiological studies were restricted to vHPC synapses onto layer V pyramidal neurons of IL. Given the strong feedforward inhibition produced by vHPC projections to IL (Marek et al., 2018), it is possible that synapses onto GABAergic neurons contribute substantially to our results. Although the mechanism behind the previously observed reduction in NMDAR current remains to be determined, the analysis of GluN1 on vHPC-to-IL synaptosomes suggests that the reduction is not due to reduced expression of NMDARs.



CONCLUSION

In summary, the use of ChR-EYFP combined with FACS allowed us to identify an increase in NMDARs specifically at the vHPC-to-IL synapse. This molecular change required the pairing of tones and shocks and occurred only in male rats. Our findings further indicate that fear acquisition alters IL physiology in male rats. The lack of similar synaptic plasticity in the females highlights the need to validate whether molecular changes identified in males also apply to females.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by the institutional animal care and use committee.



AUTHOR CONTRIBUTIONS

YC-O, YG, and JP designed the research, analyzed the data, and wrote the manuscript. YC-O, MC, AH, and PL performed the research. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the RCMI BRAIN and MAGIC Cores (NIMHHD U54 MD007579), R15 MH116345, and R01NS099036 from the National Institutes of Health.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnsyn.2021.695964/full#supplementary-material


ABBREVIATIONS

vHPC, ventral hippocampus; IL, infralimbic cortex; FACS, fluorescence-activated cell sorting; ANOVA, analysis of variance; NMDAR, N-methyl-D-aspartate receptor; PTSD, post-traumatic stress disorder.


REFERENCES

Abumaria, N., Yin, B., Zhang, L., Li, X. Y., Chen, T., Descalzi, G., et al. (2011). Effects of elevation of brain magnesium on fear conditioning, fear extinction, and synaptic plasticity in the infralimbic prefrontal cortex and lateral amygdala. J. Neurosci. 31, 14871–14881. doi: 10.1523/jneurosci.3782-11.2011

Battaglia, S., Garofalo, S., di Pellegrino, G., and Starita, F. (2020). Revaluing the role of vmPFC in the acquisition of pavlovian threat conditioning in humans. J. Neurosci. 40, 8491–8500. doi: 10.1523/jneurosci.0304-20.2020

Biesemann, C., Grønborg, M., Luquet, E., Wichert, S. P., Bernard, V., Bungers, S. R., et al. (2014). Proteomic screening of glutamatergic mouse brain synaptosomes isolated by fluorescence activated sorting. EMBO J. 33, 157–170. doi: 10.1002/embj.201386120

Bloodgood, D. W., Sugam, J. A., Holmes, A., and Kash, T. L. (2018). Fear extinction requires infralimbic cortex projections to the basolateral amygdala. Transl. Psychiatry 8:60.

Bukalo, O., Nonaka, M., Weinholtz, C. A., Mendez, A., Taylor, W. W., and Holmes, A. (2021). Effects of optogenetic photoexcitation of infralimbic cortex inputs to the basolateral amygdala on conditioned fear and extinction. Behav. Brain Res. 396:112913. doi: 10.1016/j.bbr.2020.112913

Burgos-Robles, A., Vidal-Gonzalez, I., Santini, E., and Quirk, G. J. (2007). Consolidation of fear extinction requires NMDA receptor-dependent bursting in the ventromedial prefrontal cortex. Neuron 53, 871–880. doi: 10.1016/j.neuron.2007.02.021

Chang, C. H., and Maren, S. (2010). Strain difference in the effect of infralimbic cortex lesions on fear extinction in rats. Behav. Neurosci. 124, 391–397. doi: 10.1037/a0019479

Corcoran, K. A., Desmond, T. J., Frey, K. A., and Maren, S. (2005). Hippocampal inactivation disrupts the acquisition and contextual encoding of fear extinction. J. Neurosci. 25, 8978–8987. doi: 10.1523/jneurosci.2246-05.2005

Do-Monte, F. H., Manzano-Nieves, G., Quiñones-Laracuente, K., Ramos-Medina, L., and Quirk, G. J. (2015). Revisiting the role of infralimbic cortex in fear extinction with optogenetics. J. Neurosci. 35, 3607–3615. doi: 10.1523/jneurosci.3137-14.2015

Dunsmoor, J. E., Kroes, M. C. W., Li, J., Daw, N. D., Simpson, H. B., and Phelps, E. A. (2019). Role of human ventromedial prefrontal cortex in learning and recall of enhanced extinction. J. Neurosci. 39, 3264–3276. doi: 10.1523/jneurosci.2713-18.2019

Evans, G. J. O. (2015). The synaptosome as a model system for studying synaptic physiology. Cold Spring Harb. Protoc. 2015, 421–424.

Fullana, M. A., Harrison, B. J., Soriano-Mas, C., Vervliet, B., Cardoner, N., Àvila-Parcet, A., et al. (2016). Neural signatures of human fear conditioning: An updated and extended meta-analysis of fMRI studies. Mol. Psychiatry 21, 500–508. doi: 10.1038/mp.2015.88

Gray, J. A., Shi, Y., Usui, H., During, M. J., Sakimura, K., and Nicoll, R. A. (2011). Distinct modes of AMPA receptor suppression at developing synapses by GluN2A and GluN2B: Single-Cell NMDA receptor subunit deletion in Vivo. Neuron 71, 1085–1101. doi: 10.1016/j.neuron.2011.08.007

Gylys, K. H., Fein, J. A., Yang, F., and Cole, G. M. (2004). Enrichment of presynaptic and postsynaptic markers by size-based gating analysis of synaptosome preparations from rat and human cortex. Cytometry 60A, 90–96. doi: 10.1002/cyto.a.20031

Harrison, B. J., Fullana, M. A., Via, E., Soriano-Mas, C., Vervliet, B., Martínez-Zalacaín, I., et al. (2017). Human ventromedial prefrontal cortex and the positive affective processing of safety signals. Neuroimage 152, 12–18. doi: 10.1016/j.neuroimage.2017.02.080

Hobson, B. D., and Sims, P. A. (2019). Critical analysis of particle detection artifacts in synaptosome flow cytometry. Eneuro. 6:ENEURO.0009-19.2019. doi: 10.1523/ENEURO.0009-19.2019

LeDoux, J. E. (2000). Emotion circuits in the brain. Annu. Rev. Neurosci. 23, 155–184. doi: 10.1146/annurev.neuro.23.1.155

Lopez de, A., and Sah, P. (2003). Development and subunit composition of synaptic NMDA receptors in the amygdala: NR2B synapses in the adult central amygdala. J. Neurosci. 23, 6876–6883. doi: 10.1523/jneurosci.23-17-06876.2003

Lussier, M. P., Sanz-Clemente, A., and Roche, K. W. (2015). Dynamic regulation of N -Methyl-d-aspartate (n.d.) and α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic Acid (AMPA) receptors by posttranslational modifications. J. Biol. Chem. 290, 28596–28603. doi: 10.1074/jbc.r115.652750

Marek, R., Jin, J., Goode, T. D., Giustino, T. F., Wang, Q., Acca, G. M., et al. (2018). Hippocampus-driven feed-forward inhibition of the prefrontal cortex mediates relapse of extinguished fear. Nat. Neurosci. 21, 384–392. doi: 10.1038/s41593-018-0073-9

Milad, M. R., and Quirk, G. J. (2002). Neurons in medial prefrontal cortex signal memory for fear extinction. Nature 420, 70–74. doi: 10.1038/nature01138

Milad, M. R., and Quirk, G. J. (2012). Fear extinction as a model for translational neuroscience: ten years of progress. Annu. Rev. Psychol. 63, 129–151. doi: 10.1146/annurev.psych.121208.131631

Morrison, F. G., and Ressler, K. J. (2014). From the neurobiology of extinction to improved clinical treatments. Depress Anxiety 31, 279–290. doi: 10.1002/da.22214

Paoletti, P., Bellone, C., and Zhou, Q. (2013). NMDA receptor subunit diversity: impact on receptor properties, synaptic plasticity and disease. Nat. Rev. Neurosci. 14, 383–400. doi: 10.1038/nrn3504

Pattwell, S. S., Duhoux, S., Hartley, C. A., Johnson, D. C., Jing, D., Elliott, M. D., et al. (2012). Altered fear learning across development in both mouse and human. Proc. Natl. Acad. Sci. U S A 109, 16318–16323. doi: 10.1073/pnas.1206834109

Phelps, E. A., and LeDoux, J. E. (2005). Contributions of the amygdala to emotion processing: From animal models to human behavior. Neuron 48, 175–187. doi: 10.1016/j.neuron.2005.09.025

Richardson, R., Ledgerwood, L., and Cranney, J. (2004). Facilitation of fear extinction by D-Cycloserine: theoretical and clinical implications. Learn. Mem. 11, 510–516. doi: 10.1101/lm.78204

Santini, E., and Porter, J. T. (2010). M-type potassium channels modulate the intrinsic excitability of infralimbic neurons and regulate fear expression and extinction. J. Neurosci. 30, 12379–12386. doi: 10.1523/jneurosci.1295-10.2010

Santini, E., Quirk, G. J., and Porter, J. T. (2008). Fear conditioning and extinction differentially modify the intrinsic excitability of infralimbic neurons. J. Neurosci. 28, 4028–4036. doi: 10.1523/jneurosci.2623-07.2008

Santini, E., Sepulveda-Orengo, M., and Porter, J. T. (2012). Muscarinic receptors modulate the intrinsic excitability of infralimbic neurons and consolidation of fear extinction. Neuropsychopharmacology 37, 2047–2056. doi: 10.1038/npp.2012.52

Sepulveda-Orengo, M. T., Lopez, A. V., Soler-Cedeno, O., and Porter, J. T. (2013). Fear extinction induces mGluR5-mediated synaptic and intrinsic plasticity in infralimbic neurons. J. Neurosci. 33, 7184–7193. doi: 10.1523/jneurosci.5198-12.2013

Sierra-Mercado, D., Padilla-Coreano, N., and Quirk, G. J. (2011). Dissociable roles of prelimbic and infralimbic cortices, ventral hippocampus, and basolateral amygdala in the expression and extinction of conditioned fear. Neuropsychopharmacology 36, 529–538. doi: 10.1038/npp.2010.184

Soler-Cedeño, O., Cruz, E., Criado-Marrero, M., and Porter, J. T. (2016). Contextual fear conditioning depresses infralimbic excitability. Neurobiol. Learn. Mem. 130, 77–82. doi: 10.1016/j.nlm.2016.01.015

Soler-Cedeño, O., Torres-Rodríguez, O., Bernard, F., Maldonado, L., Hernández, A., and Porter, J. T. (2019). Plasticity of NMDA receptors at ventral hippocampal synapses in the infralimbic cortex regulates cued fear. eNeuro 6:ENEURO.0354-18.2019. doi: 10.1523/ENEURO.0354-18.2019

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

Tao, Y., Cai, C. Y., Xian, J. Y., Kou, X. L., Lin, Y. H., Qin, C., et al. (2020). Projections from infralimbic cortex to paraventricular thalamus mediate fear extinction retrieval. Neurosci. Bull. 37, 229–241. doi: 10.1007/s12264-020-00603-6

Zinebi, F., Xie, J., Liu, J., Russell, R. T., Gallagher, J. P., McKernan, M. G., et al. (2003). NMDA currents and receptor protein are downregulated in the amygdala during maintenance of fear memory. J. Neurosci. 23, 10283–10291. doi: 10.1523/jneurosci.23-32-10283.2003


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 Castillo-Ocampo, Colón, Hernández, Lopez, Gerena and Porter. 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/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Plasticity of GluN1 at Ventral Hippocampal Synapses in the Infralimbic Cortex



		INTRODUCTION



		MATERIALS AND METHODS



		Labeling Ventral Hippocampal Synapses With EYFP



		Behavioral Groups for Experiment 1



		Behavioral Groups for Experiment 2



		Synaptosome Isolation



		FACS



		Statistical Analysis







		RESULTS



		Fear-Related Behaviors for Experiment 1



		AFC Increases GluN1 Expression at vHPC-to-IL Synaptosomes



		Fear Behavior for Experiment II







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fnsyn-13-695964-g003.jpg
NMDAR on vHPC-to-IL synaptosomes

p =0.0214
* 30- | p = 0.0234
2 | 2
§ 204 . "
a
IsL_ 10-l ...
w | Fluorescence Intensity of GIuN1
EXPO CFC AFC

(9) 9) (7)

¢ Fluorescence Intensity of GluN1 D = 0.007
p ~ 0.028% -3 r=0.5193
i p=00125 < N=25
' ‘ G EXPO,CFC &AFC
'*_l'_- '. - ® ®
400~ &20' . v
8 - > E ¢ w4 °
= 0 b - L .
‘ ¢ \ 0 200 400 600
0 ’ Mean Fluorescence Intensity
EXPO CFC AFC
(9) () (7) . ]
i Side Scatter
Foward Scatter 5 = 0.0342
P=0.1594 : :
2000- p=0.0121
" —d
20000 - i.‘.—_: . 1500 = ®e
c 15000- ; =
S & 10004
< 10000 o
5000 - -
0 0

EXPO CFC AFC
) 9) (7)






OPS/images/cover.jpg
, frontiers

in Synaptic Neuroscience

Plasticity of GIuN1 at Ventral
Hippocampal Synapses in the
Infralimbic Cortex





OPS/images/fnsyn-13-695964-g004.jpg
NMDAR on vHPC-to-IL synaptosomes B
p = 0.4473

EYFP+/GIuN1+
N
(=

EXPO CFC AFC Fluorescence Intensity of GIuN1

9) 9) (6)

. D Stages of Estrous cycle
Fluorescence Intensity of GluN1 J y
p=0.0208 + B9 haing
300 - ' . E - . % :
* = 20=-
3 S'_ 10 = *
E 100 = L
>-
L
0 0 | | | |
EXIPO CEC AFC Diestrous Proestrous Estrus Metestrus
9) (9) (6)
i F Side Scatter
Foward Scatter . p=00370
P =0.9403 2000~ | p = 0.0387 | '
20000~ * o 1500 =
2 c
g 15000 - y g 1000 — *
g 10000 — E o0
9500 =
5000 -
0 T 0 T
EXPO CFC AFC EXPO CFC AFC

(9) (9) (6) (9) (9) (6)





OPS/images/fnsyn-13-695964-g001.jpg
% FREEZING

% OF FREEZING

100

100+

Females

TTL T2 T3 T4 T5
—EXPO

Day 2: Fear Recall Females

p = 0.0003
p =0.0003

EXPO CFC AFC

(9) 9) (6)

% OF FREEZING

O

% FREEZING

100

Males

T1 T2

T3

CFC —AFC

Day 2: Fear Recall Males

100-
80+
60-
40-
20+

p = 0.0157

T4

T5

p = 0.0009

1
EXPO

9)

CFC

9)

AFC

(7)







OPS/images/fnsyn-13-695964-g002.jpg
>

Side Scatter

:GluN1

APC-A

Synaptosome sizes

Forward Scatter

EYFP+/ NR1-

FITC: EYFP

Side Scatter

:GluN1

APC-A

NO EYFP
10° =
10%
103?
o 3
" EYFP Positive
107 S 0.58
e mns T —

100 o 103 10* 10°
FITC: EYFP
FYFP+/ NR1+
s |Q1 s Q2
10 ?10.3 3.37

10% =
10° :
o 3
s Q3
2100 4791 7.19
e
10°

FITC: EYFP

(@

Side Scatter

COUNT

EYFP

FITC: EYFP

Negative
Population

EYFP

EYFP
Positive
Population

ll"']"!mlll['l"' L]

—103

0 103

EYFP

L] l'l"' ;| llll'lll

]‘.04

10

S









OPS/images/logo.jpg
’ frontiers
in Synaptic Neuroscience





OPS/images/fnsyn-13-695964-g007.jpg
& Day 3: Recall fear B EYFP+/GIluN1+ synaptosomes

=0.1440
= 0 = 0.3207
40
L -
30- "
: P
4] —
Q 20~ T e
= ot
s 10=-
PSEUDO AFC EXT 0 |
(12) (6) (12) PSEUDO  AFC EXT
(12) (6) (12)
C  Fluorescence Intensity of GluN1 D Forward Scatter E Side ??;tzter
p=0.0983 1800 - p=0.7154 SR P=0
sl ¢ @ 20000 : :
" . ¢ 1600+ . 9 . .,
400- 2. % = . . o - i . 3 .
% 300 :_;_ g 1400 — H E . » 8 18000 Ej
© o0 ol . S 16000
= * 1200 - .
— 14000 - ..
0 : 1000 T 12000 I
PSEUDO AFC EXT PSEUDO AFC  EXT PSEUDO AFC  EXT

(12) (6) (12) (12) (6) (12) (12) (6) (12)





OPS/images/fnsyn-13-695964-g008.jpg
ventral hippocampal neuron

Baseline

Pre synaptic

After AFC

Pre synaptic

NMDA receptor

Infralimbic neuron

T\\'

Post synaptic

Post synaptic






OPS/images/fnsyn-13-695964-g005.jpg
% OF FREEZING

100 -~

Day 1

FEMALES MALES
=@ PSEUDO N=12 o=@ AFC N=0 esm@umEXT N=12 PSEUDO N=1] o=@ AFC N=O em@eeEXT N=15

Day 2 100 1 Davi Day 2

O

<

L

{\W :

S

N

EXT1 EXT2 EXT1 EXT2
Groups Total animals Ages

PSEUDO (22 (10 M, 12 F) M: 4 P90, 3 P180, 4 P330. F: P90
COND 15 (9 M, 6 F) M: 2 P90, 3 P180, 4 P330. F: P90
EXT 27 (15M, 12 F) M: 8 P90, 3 P180, 4 P330. F: P90






OPS/images/fnsyn-13-695964-g006.jpg
>

% FREEZING

(@)

Normalized Mean

Normalized Mean ™

-

(=]

o
]

o
o
|

D
o
|

S
o
1

N
o
|

o

Day 3: Fear Recall
p=0.1571 p=0.0009

.

i
I

PSEUDO  AFC EXT
(11) (9) (15)

Fluorescence Intensity of GIuN1

300 -

200 -

100 =

p=0.0470

140 =
120 =
100 -

80—

40-
20—

Fﬁf:&"l
0 T

PSEUDO AFC EXT

(11) (9) (15)
Forward Scatter
o = 0.3901

PSEIUDO AFC EXT

(11) 9) (15)

D

EYFP+/GluN1+ synaptosomes
c p=0.0235
S . .
E 200 -
g 150 —
N
% 100 —
g 50 =
O
=z J
PSEUDO AFC EXT
o N @ (15)
(ZD 80 ® e o ¢
N ol o o
w . . p= 09727
w . . r=-0.009
14 . N=15
L . * AFC
32
o »
0 — % ' .
0 20 40 60
EYFP+/GLUN1+
Side Scatter
c p=0.8676
g 150~ .
=
8 100- ﬂ'—i—:r_
N *
TE‘ 50=
g L1
PSEUDO AFC EXT

(11) (9)

(19)





