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Fear Memory Retrieval Is Associated With a Reduction in AMPA Receptor Density at Thalamic to Amygdala Intercalated Cell Synapses
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The amygdala plays a crucial role in attaching emotional significance to environmental cues. Its intercalated cell masses (ITC) are tight clusters of GABAergic neurons, which are distributed around the basolateral amygdala complex. Distinct ITC clusters are involved in the acquisition and extinction of conditioned fear responses. Previously, we have shown that fear memory retrieval reduces the AMPA/NMDA ratio at thalamic afferents to ITC neurons within the dorsal medio-paracapsular cluster. Here, we investigate the molecular mechanisms underlying the fear-mediated reduction in the AMPA/NMDA ratio at these synapses and, in particular, whether specific changes in the synaptic density of AMPA receptors underlie the observed change. To this aim, we used a detergent-digested freeze-fracture replica immunolabeling technique (FRIL) approach that enables to visualize the spatial distribution of intrasynaptic AMPA receptors at high resolution. AMPA receptors were detected using an antibody raised against an epitope common to all AMPA subunits. To visualize thalamic inputs, we virally transduced the posterior thalamic complex with Channelrhodopsin 2-YFP, which is anterogradely transported along axons. Using face-matched replica, we confirmed that the postsynaptic elements were ITC neurons due to their prominent expression of μ-opioid receptors. With this approach, we show that, following auditory fear conditioning in mice, the formation and retrieval of fear memory is linked to a significant reduction in the density of AMPA receptors, particularly at spine synapses formed by inputs of the posterior intralaminar thalamic and medial geniculate nuclei onto identified ITC neurons. Our study is one of the few that has directly linked the regulation of AMPA receptor trafficking to memory processes in identified neuronal networks, by showing that fear-memory induced reduction in AMPA/NMDA ratio at thalamic-ITC synapses is associated with a reduced postsynaptic AMPA receptor density.
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INTRODUCTION

Associative learning is an adaptive process that allows an individual to predict events and requires long-lasting modifications in the strength of synaptic connections, generally known as synaptic plasticity (Martin et al., 2000; Malenka and Bear, 2004; Kessels and Malinow, 2009; Poo et al., 2016).

Pavlovian fear (threat) conditioning is one of the most prominently studied forms of associative learning (LeDoux, 2000; Maren, 2001), in which a neutral sensory stimulus (conditioned stimulus or CS) is repeatedly paired with an aversive stimulus (unconditioned stimulus or US; most commonly an electric shock), which leads to the formation of a strong CS-US association. In conditioned subjects, the presentation of the CS alone can trigger a fear response, that in rodents is commonly measured as freezing (LeDoux, 2000; Maren, 2001).

Somatosensory inputs arising from the neocortex and thalamus and carrying information about the CS and US converge in the lateral nucleus of the amygdala (LA) where persistent changes in synaptic transmission are linked to the encoding of the CS-US association and the storage of fear memories (Rogan et al., 1997; Pape and Paré, 2010). LA neurons then transfer the association via the basal and basomedial nuclei to the medial division of the central nucleus (CeA) to generate fear outputs (Maren and Quirk, 2004). This simple model has been recently challenged since other amygdaloid structures besides the LA, e.g., the lateral part of the CeA (CeL) and the intercalated cell masses of the amygdala (ITCs), were also shown to receive direct sensory information and undergo fear-related synaptic and cellular plasticity (Ciocchi et al., 2010; Haubensak et al., 2010; Li et al., 2013; Herry and Johansen, 2014; Asede et al., 2015; Barsy et al., 2020).

ITCs are a specialized group of tightly clustered GABAergic medium spiny neurons characterized by high μ-opioid receptor expression levels, exceeding those observed in the CeA and LA (Likhtik et al., 2008; Busti et al., 2011; Blaesse et al., 2015). The ITCs consist of several dispersed clusters located around the basolateral complex of the amygdala (BLA) (Millhouse, 1986; Busti et al., 2011). Two main ITC clusters are situated along the intermediate capsule, a dorsal medio-paracapsular (mpITC) and a larger ventrally located (vmITC) cluster (Millhouse, 1986; Kaoru et al., 2010; Busti et al., 2011; Hagihara et al., 2021). The vmITC is critically involved in the formation and/or recall of fear extinction memory (Likhtik et al., 2008; Amano et al., 2010; Hagihara et al., 2021). In contrast, the mpITC was found to be active during the expression of fear (Busti et al., 2011; Huang et al., 2014; Kwon et al., 2015; Hagihara et al., 2021). The vmITC has been proposed to be directly inhibited by the mpITC leading to disinhibition of the CeM and facilitation of fear responses (Royer et al., 2000; Busti et al., 2011). The engagement of different ITCs in distinct fear states may in part depend on their afferents, allowing a dual function to either facilitate or suppress conditioned fear responses (Busti et al., 2011; Duvarci and Paré, 2014).

We and others have recently demonstrated that efferents from the posterior intralaminar nuclei of the thalamus (PIN) and the medial subdivision of the medial geniculate nucleus (MGm), that convey pain- and auditory US- and CS-related information, innervate not only the LA but also the mpITC, whereas the vmITC is spared by this innervation (Asede et al., 2015; Strobel et al., 2015). The formation of both short- and long-term fear memory requires the potentiation of glutamatergic PIN/MGm to LA synapses (McKernan and Shinnick-Gallagher, 1997; Kim and Cho, 2017). We extended this by reporting a lasting decrease in pre- and post-synaptic strength upon fear memory retrieval at PIN/MGm to mpITC synapses (Asede et al., 2015).

Several studies have shown that the potentiation of LA synapses underlying fear memory formation involves a number of cellular and molecular mechanisms. These include modifications in transmitter release and gating properties of ionotropic glutamate receptors, such as α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) receptors (Huang and Kandel, 1998; Humeau et al., 2003; Rodrigues et al., 2004; Pape and Paré, 2010), but also an increase in the number of postsynaptic AMPA receptors (Rumpel et al., 2005; Yeh et al., 2006; Humeau et al., 2007; Migues et al., 2010). In particular, a sustained and long-lasting increase in AMPA to NMDA receptor EPSC amplitude ratio (A/N ratio) at thalamic to LA inputs was observed following auditory fear conditioning in mice (Clem and Huganir, 2010). The same behavioral paradigm, on the other hand, produced a significant decrease in A/N ratio at PIN/MGm to mpITC synapses upon fear memory retrieval (Asede et al., 2015).

Here, we hypothesize that the fear memory-associated reduction in the A/N ratio observed at PIN/MGm to mpITC synapses results from a change in the postsynaptic density of AMPA receptors. To investigate this at the level of single synapses, we took advantage of the Freeze-fracture replica immunolabeling technique (FRIL), which offers a two-dimensional planar view of synapses and thus allows the quantification of integral membrane proteins.



MATERIALS AND METHODS


Animals

All procedures involving animals were performed according to methods approved by the Austrian Animal Experimentation Ethics Board (license: BMWF-66.011/004/wf/v/3b/2015 and BMWFW-66.011/0021-WF/V/3b/2016) and in compliance with the European convention for the protection of vertebrate animals used for experimental and other scientific purposes (ETS number 123). Every effort was taken to minimize animal suffering and the number of animals used. For this study, adult, 8–12 week old, male C57BL/6J mice (obtained at 7 weeks of age from Charles Rivers, Sulzfeld, Germany) were used. Mice were kept on a 12 h light/12 h dark cycle (lights off at 19:00). Mice had ad libitum access to standard chow and water and were housed in pairs of two.



Viral Injections

For axonal tracing, the adenoviral vector AAV2/9-h.Syn-hChR2(H134R)-eYFP (AAV-ChR2-YFP) (Penn Vector Core, Philadelphia, PA, United States) was injected into the PIN/MGm at a concentration of 1.0 × 1012 gc/ml.



Surgery

Stereotactic injection of the viral vector was carried out according to previously published procedures with minor modifications (Bosch et al., 2016; Schönherr et al., 2016). Eight week old mice were anaesthetized with an intraperitoneal (i.p.) injection of Ketasol/Xylazine (80/5 mg/kg). Anesthesia was maintained with 2% Sevofluran (SEVOrane, Abbvie) delivered via a face mask specifically designed for mice. For analgesia, 2 mg/kg Meloxicam (Metacam, Boehringer Ingelheim, Germany) were injected subcutaneously at the beginning of the surgery. Anesthetized mice were fixed in a stereotactic frame (DAVID KOPF Instruments, Tujunga, CA, United States) and injected bilaterally in the PIN/MGm at the following coordinates from bregma (in mm): posterior −2.70, lateral ± 1.60, ventral −3.60. Injections were performed with NEUROS Syringes (32G, 0.5 μl, HAMILTON, Reno, NV, United States), delivering a volume of 0.25 μl at an injection rate of 0.05 μl/min. Behavioral tests started 3 weeks after vector injection.



Fear Conditioning

Fear conditioning and memory recall were performed on two consecutive days in 17 cm × 17 cm × 25 cm chambers (Ugo Basile, Comerio, Italy) with distinct floors (metal grid for footshock delivery vs. flat surface), wall patterns (transparent acrylic plastic vs. black and white stripes), lightning (100 lux white light vs. infrared light) and scents (70% EtOH vs. 1% acetic acid, also used as cleaning compound between subjects). For fear conditioning, mice were placed in the conditioning chamber for a total time of 10 min. Following a 120 s baseline period, mice were presented five times with a 30 s 80 dB white noise (WN) conditioned stimulus [CS, pseudorandom inter-stimulus interval (ISI) = 48–80 s] co-terminating with a 1s 0.7 mA footshock. The control group (CS only) underwent the same protocol, but footshock delivery was omitted. Fear memory retrieval was performed 24 h after fear conditioning and lasted 10 min. Following a 120 s baseline period, mice were presented four times with the CS (30 s, 80 dB, WN, pseudorandom ISI = 56–120 s). Freezing was measured as an index of fear by an automated procedure with the ANY-maze software (Stoelting Europe, Dublin, Ireland), using a freezing minimum duration threshold of 1 s, and manually cross-checked by a trained person.



Histology

Thirty min after fear memory retrieval, animals were deeply anesthetized with thiopental sodium (150 mg/kg, i.p.) and transcardially perfused with a fixative [1% paraformaldehyde + 15% picric acid in 0.1 M phosphate-buffer (PB), pH 7.2–7.4]. Brains were immediately removed from the skull and placed in ice-cold 0.1 M PB. Coronal slices were cut with a vibratome (Leica VT1000S; Leica Microsystems, Vienna, Austria) at a thickness of 140 μm and collected in six well-dishes filled with 0.1 M PB. Sections containing the mpITC were then trimmed out under a stereomicroscope using an ophthalmic scalpel. Sections were cryoprotected with 30% glycerol in 0.1 M PB overnight at 6°C. Prior to the trimming, one slice/mouse containing the mpITC was mounted on an uncoated glass slide in 0.1 M PB, covered with a coverslip and the ChR2-YFP endogenous fluorescence was analyzed under an epifluorescence AxioImager M1 microscope (Carl Zeiss, Jena, Germany) to evaluate the pattern of distribution of ChR2-YFP-containing fibers. Digital images were taken using the Openlab software (Version 5.5.0, RRID:SCR_012158) through an Orca-ER CCD camera (Hamamatsu, Hamamatsu City, Japan). These slices were then demounted and the mpITC trimmed out as described above. Slices of the midbrain containing the injection site were similarly analyzed. Moreover, some slices were subsequently washed in Tris-buffered saline (TBS), incubated with a rabbit polyclonal anti-GFP primary antibody (Molecular Probes, Leiden, Netherlands, cat. no. A11122) diluted 1:1.000 in a solution containing 2% normal goat serum (NGS), 0.2% Triton X-100 in TBS (TBS-T) for 72 h at 6°C with constant shaking. Slices were then washed in TBS (three times for 10 min) and incubated overnight (6°C) with a donkey Alexa 488-conjugated anti-rabbit secondary antibody (1:1.000, Invitrogen, ThermoFisher Scientific, Waltham, MA, cat. no. A32790) in TBS-T and 2% NGS. To visualize general brain morphology, slices were counterstained with a DAPI solution (2 μg/ml, Sigma, cat. no. D-9564) for 4 min. Slices were then extensively washed in TBS, mounted onto gelatin-coated slides, and coverslipped with Vectashield (Vector Laboratory, Burlingame, CA, United States).



Freeze-Fracture Replica Immunolabeling

The FRIL technique was originally introduced by Fujimoto (1995) and further developed by Shigemoto and coworkers (Tanaka et al., 2005). This study was carried out according to the procedures described in Schönherr et al. (2016). Briefly, trimmed sections were sandwiched between two copper carriers and frozen with a high-pressure freezing machine (HPM010; Bal-Tec, Balzers, Liechtenstein) followed by storage in liquid nitrogen. Carriers containing frozen sections were fractured and replicated using a freeze fracture machine (BAF060; Bal-Tec, Balzers, Liechtenstein). During this procedure, the plasma membrane breaks along the central hydrophobic core and, as a consequence, is split into two halves. The inner leaflet represents the protoplasmic halve of the membrane (P-face), whereas the outer leaflet faces the exoplasmic space (E-face). After fracturing, both faces were replicated through the deposition of platinum/carbon layers. At first, a carbon coat was applied at a speed of 0.1–0.2 nm/s to a thickness of 5 nm followed by a unidirectional platinum shadowing at a speed of 0.06–0.1 nm/s and to a thickness of 2 nm, with the platinum gun positioned at a 60° angle. Finally, a further 15 nm carbon layer was deposited at a speed of 0.3–0.5 nm/s. After thawing, the tissue attached to replicas was solubilized with shaking at 80°C overnight in the following solubilization buffer: 20% sucrose, 2.5% sodium dodecyl sulfate in 15 mM Tris buffer (TB), pH 8.3. Replicas were then transferred to a porcelain plate filled with fresh solubilization buffer and washed in TBS with 2.5% bovine serum albumin (BSA) for 5 min, followed by three washes, 10 min each, in 0.1% BSA-TBS. Non-specific binding sites were blocked by incubating the replicas in a blocking solution consisting of 5% BSA-TBS for 1 h. Primary antibodies were diluted in 2% BSA-TBS and then applied to the replicas. For each replicated specimen, one replica was incubated with the following primary antibodies: anti-pan-AMPA receptor (GluA1-4) diluted 1:200 (Frontier Institute, Hokkaido, Japan) and anti-green fluorescent protein (GFP) diluted 1:300 (Molecular Probes) that also detects YFP. The other corresponding replica was labeled with an antibody against μ-opioid receptors (dilution 1:500; ImmunoStar, Hudson, WI, United States). All incubations were performed in a 30 μl drop in a humid chamber at 15°C for 72 h. After the incubation in primary antibodies, replicas were washed in 0.1% BSA-TBS three times for 15 min and then transferred to a 2% BSA-TBS 30 μl drop, to which gold-conjugated secondary antibodies were added at a dilution of 1:30. To prevent confounds, AMPA receptors were visualized with antibodies conjugated to gold particles with a size of 5 nm, whereas ChR2-YFP with gold particles of 15 nm in diameter. Secondary antibodies against μ-opioid receptors were conjugated to 10 nm gold particles. Table 1 lists sources and concentrations of all primary and secondary antibodies used for FRIL experiments. Replicas were then mounted on pioloform-coated mesh (100-line parallel bars) copper grids and analyzed using a transmission electron microscope (Philips CM120) at 80 kV. Digital images were recorded with a Morada CCD camera (Olympus Soft Imaging Solutions GmbH, Münster, Germany) and the imaging software program iTEM (Olympus Soft Imaging Systems).


TABLE 1. List of primary and secondary antibodies used for FRIL.

[image: Table 1]


Measurement of Immunogold Particle Density

Synaptic density of AMPA receptors was calculated from electron micrographs of synapses taken at a magnification of 53 k. The postsynaptic membrane specialization (PSD) of glutamatergic synapses can be observed in replicas as a cluster of intramembrane particles (IMPs) on the E-face of the plasma membrane (Sandri et al., 1972; Masugi-Tokita and Shigemoto, 2007), and is often accompanied by the P-face of its presynaptic plasma membrane (Tarusawa et al., 2009). The synaptic area was delineated manually by following the perimeter of IMP clusters on the E-face using ImageJ Software (1.37 v, Java 1.6.0_65, Wayne Rasband, National Institutes of Health, United States). Postsynaptic specializations directly adjacent to the labeled plasma membrane of thalamic terminals were identified as targets of thalamic inputs. Receptor density was obtained by counting the number of gold particles within the synaptic area and is given as number of gold particles per μm2. The analyzed extrasynaptic area was the area of the plasma membrane adjacent to the IMP cluster and present within the 53 k digital images of the synapses. The pan-AMPA antibody was directed against extracellular epitopes and could thus be observed on the E-face of the plasma membrane, whereas GFP-labeling was detectable on the P-face of the plasma membrane. Non-specific labeling by the pan-AMPA antibody was determined on the P-face of surrounding structures and was subtracted from synaptic and extrasynaptic labeling densities.

As the mpITC is relatively small and did not fill the entire section, we took advantage of the fact that ITC neurons express high amounts of μ-opioid receptors in order to identify their postsynaptic processes. Therefore, every postsynaptic profile containing a synapse formed by a labeled thalamic terminal was confirmed to belong to a mpITC neuron by providing evidence of μ-opioid receptor labeling on the other membrane half (density > 7 gold particles/μm2).



Gold Particle Analysis for Nanoscale Distribution of Synaptic AMPA Receptors

Spatial coordinates of the immunogold particles were extracted from electron micrographs and their arrangement was analyzed using the open source Python-based pipeline GoldExt (Szoboszlay et al., 2017). The nearest neighbor distance (NND) between gold particles within synapses was used to detect potential deviations from random distributions (50 random values calculated per synapse). For these analyses, only 80% of the sampled synapses were used, which, however, included all fully exposed synapses.



Data Analysis

Data are presented as mean ± standard error of the mean (SEM). Comparison of multiple groups was done using one-way analysis of variance (ANOVA) followed by the Bonferroni post hoc test. Two-way ANOVA was used to analyse the effect of time and groups in the behavioral experiments. Cumulative distributions and correlations between synaptic area and number of gold particles were examined by the Kolmogorov–Smirnov and Pearson’s correlation coefficient tests. The Wilcoxon matched-pairs signed rank test was used to compare experimental with random NND distributions. Data were considered significant when p < 0.05. All statistical analyses were performed using the Prism 9 software (GraphPad, La Jolla, CA, United States).




RESULTS

We stereotactically injected eight-week-old male mice (n = 15) with AAV-ChR2-YFP into the PIN/MGm (Figures 1A–D) and then randomly subdivided them into three groups (n = 5 each). Three weeks after the injection, one group was fear conditioned by subjecting the mice to five pairings of a neutral auditory CS co-terminating with a footshock (US), whereas a second group was exposed only to the CS in the conditioning chamber (Figure 2A). Animals in the third group (naïve) were always maintained in their home cage and did not undergo any behavioral manipulation (besides regular handling). Fear conditioned mice (FM group), but not the control group (CS-only), showed a progressive increase (2-way ANOVA, p < 0.001) in freezing (Figure 2B), demonstrating successful acquisition of a conditioned fear response. Subsequent to the behavioral testing, mice were returned to their home cages. Twenty-four hours later, they were re-exposed to four CS in a different context. Fear memory retrieval was clearly observed in previously fear conditioned mice, whereas mice in the CS-only group showed baseline freezing (Figure 2B). Thirty min after the end of the fear memory retrieval protocol, mice were perfused with fixative and brains processed for FRIL.


[image: image]

FIGURE 1. Intrathalamic injection sites of AAV-ChR2-YFP. (A) Schematic drawing of AAV-ChR2-YFP injection sites, where labeled neuronal cell bodies could be identified, at different rostro-caudal levels confirming that the microinjections were correctly placed into the PIN/MGm. Color intensity reflects the frequency of overlapping injection sites (n = 5 animals/group). Bregma levels are indicated in panels (A,B). (B) Schematic drawings of AAV-ChR2-YFP injection sites in CS-only (blue) and fear conditioned mice (red). The two groups were largely similar in terms of injection sites, excluding a bias due to location differences in the microinjections. (C) Micrograph taken from a 140 μm thick coronal section of the midbrain showing ChR2-YFP endogenous fluorescence, overlaid with the brain atlas. Scale bar: 500 μm. (D) Immunodetection of ChR2-YFP transduced neurons and fibers (green); DAPI staining (blue) was used to reveal the macrostructure of the brain slice overlaid with the brain atlas. The inset shows somata of neurons in the PIL transduced with ChR2-YFP. The fluorescence signal in several brain areas close to the injection site, such as the APT and R, results from axonal fibers. Scale bar: 500 μm; inset: 50 μm. APT, anterior pretectal nucleus; CA3, field CA3 of hippocampus; cp, cerebral peduncle; DG, dentate gyrus; DLG, dorsal lateral geniculate nucleus; IP, interpeduncular nucleus; MG, medial geniculate nucleus; MGd, medial geniculate nucleus dorsal part; MGv, medial geniculate nucleus ventral part; ml, medial lemniscus; PAG, periaqueductal gray; PIL, posterior intralaminar thalamic nucleus; PoT, posterior thalamic nuclear group; R, red nucleus; SNR, Substantia Nigra pars reticulata; ZI, zona incerta.
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FIGURE 2. Auditory fear conditioning and fear memory retrieval. (A) Schematic diagram of the experimental groups. (B) Left: Average freezing responses of mice exposed to fear conditioning (FM) or only to the CS (CS-only) (n = 5 in each group) for each of the five CS-US pairing trials. Fear conditioned mice (FM) showed a progressive increase in freezing (2-way ANOVA, p < 0.0001) that was significantly higher compared to CS-only animals (p < 0.001). Right: When re-exposed, 24 h later, to the same CS for four times in a different context, fear conditioned mice (FM) showed higher freezing level compared to the pre-CS (Pre) period (p < 0.0001) and compared to CS-only mice (p < 0.001).


Analysis of ChR2-YFP-transduced neurons revealed labeled somata inthe MGm and PIN, including the posterior thalamic nuclear group(PoT), posterior intralaminar nucleus (PIL), and peripeduncularnucleus (PP). ChR2-YFP-positive thalamic projections showed dense innervation of the LA, the amygdalostriatal transition area (AStr) and the mpITC cluster (Figures 3A,B), a pattern fully consistent with previous tracing studies (Turner and Herkenham, 1991; Linke et al., 2000; Asede et al., 2015; Bienvenu et al., 2015). At the electron microscope, intense gold immunolabeling for ChR2-YFP was observed on the P-face of thalamic axons (Figures 3C,D). AMPA receptors were detected using an antibody that recognizes all four subunits (GluA1-4). Spines and dendrites of ITC neurons were identified by their labeling for μ-opioid receptors on the corresponding replica P-face (Figure 3D), as these neurons express high-levels of these receptors (Likhtik et al., 2008; Busti et al., 2011; Blaesse et al., 2015; Schönherr et al., 2016). Synapses made by ChR2-YFP labeled axon terminals were sampled from replicas obtained from four animals per group (naïve = 123, CS-only = 188, FM = 200 synapses). However, for only about 58% of them (naïve = 98, CS-only = 109, FM = 88) the other halve of the plasma membrane could be identified in the corresponding replica labeled for μ-opioid receptors. This was mostly due to the fact that the region was placed over a mesh grid. The density of AMPA receptors was analyzed in both fully and partially exposed synapses (Figures 4A–I) by an experimenter blind to the behavioral treatment and limited to the confirmed ITC synapses. Data were pooled as they did not differ amongst animals within each group [One-way ANOVA; naïve: F(3,94) = 1.23, p = 0.30; CS-only: F(3,105) = 0.80, p = 0.49; FM: F(3,84) = 1.21, p = 0.31]. Upon fear memory retrieval, conditioned mice (FM group) showed a significant reduction in AMPA receptor density (529 ± 23.8 gold particles/μm2) when compared to both CS-only [743 ± 22.9 gold particles/μm2; One-way ANOVA, F(2, 292) = 22.00, p < 0.001, Bonferroni’s multiple comparisons test, p < 0.0001] and naïve (622 ± 21.8 gold particles/μm2; Bonferroni’s multiple comparisons test, p = 0.02) animals (Figure 5A). Thalamic to mpITC synapses in CS-only animals showed a higher AMPA receptor density than naïve mice (Bonferroni’s multiple comparisons test, p = 0.0005). Cumulative frequency distributions consistently revealed a significant shift to the left of the synaptic AMPA receptor density in FM vs. CS-only (Kolmogorov–Smirnov test, p < 0.0001) and naïve (Kolmogorov–Smirnov test, p = 0.004) animals, and a significant shift to the right (Kolmogorov–Smirnov test, p = 0.003) in synapses from the CS-only vs. naïve animals (Figure 5B). Given that AMPA receptors can shuttle between extrasynaptic and synaptic sites, we wanted to address if density changes were limited to PSDs, or also occurred in the proximity of synapses. By analyzing the AMPA receptor density in the extrasynaptic area proximal to the investigated synapses (up to ∼1 μm from the synapse outer border), we found that density differed significantly among groups [One-way ANOVA, F(2, 227) = 14.28, p < 0.0001]. The density of AMPA receptors was higher in the CS-only group (22.2 ± 2.06; Bonferroni’s multiple comparisons test, CS-only vs. both naïve and FM p < 0.0001), but similar in naïve (11.7 ± 1.21) and FM (11.3 ± 1.32) mice (Bonferroni’s multiple comparisons test, naïve vs. FM: p = 0.99; Figure 5C). A similar overall extrasynaptic area was analyzed for each group (Naïve: 43.56 μm2; CS-only: 31.13 μm2; FM: 33.59 μm2). Of note, the density of AMPA receptors in thalamo-mpITC synapses was approximately 60 times higher than in the adjacent extrasynaptic area (Figures 5A,C).
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FIGURE 3. mpITC innervation by thalamic afferents from the PIN/MGm. (A) Fluorescence image of PIN/MGm efferent projections (green) innervating the amygdala. The LA, mpITC (indicated by the arrow) and AStr receive strong ChR2-YFP labeled inputs. Little to no fibers were observed in the BL and lateral CeA. Scale bar: 1 mm. (B) Higher magnification image of the PIN/MGm innervation of the mpITC. Scale bar: 250 μm. (C) Electron-micrograph of a mpITC replica from a CS-only animal. Labeling for ChR2-YFP (15 nm gold particles) on the P-face of axons originating from the PIN/MGm. Note the relatively high density of labeled axons. An axon terminal, indicated by the arrow, forms an asymmetric synapse with a spine. (D) Top: Higher magnification of the synapse marked (arrow) in panel (C). The postsynaptic membrane specialization on the E-face shows a characteristic cluster of IMPs labeled with 5 nm gold particles revealing AMPA receptors. A pseudocolor is used to outline the postsynaptic specialization. The P-face of the axon terminal expresses a high density of ChR2-YFP (15 nm gold particles). Bottom: Corresponding P-face of the same spine labeled for μ-opioid receptors (10 nm gold particles). at, axon terminal; AStr, amygdalostriatal transition area; BL, basolateral nucleus of the amygdala; CeA, central nucleus of the amygdala; ic, internal capsule; LA, lateral nucleus of the amygdala; mpITC, dorsal medioparacapsular intercalated cluster; opt, optic tract; s, spine.
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FIGURE 4. AMPA receptor immunogold labeling at PIN/MGm to mpITC synapses. Representative electron micrographs of PIN/MGm-mpITC shaft and spine synapses in all behavioral groups. (A–C) Naïve animals. (A) A ChR2-YFP expressing axon terminal (labeled with 15 nm gold particles on the P-face) forms a synaptic contact (arrow) with a spiny mpITC dendrite. An enlarged view of the pre- and post-synaptic membranes is shown on the right. (B) A ChR2-YFP expressing axon terminal (labeled with 15 nm gold particles) forms a synaptic contact with a dendritic spine of a mpITC neuron. (C) High magnification micrograph of an IMP cluster (postsynaptic specialization) on the E-face labeled for pan-AMPA receptors (5 nm gold particles). (D–F) CS-only animals. (D) A ChR2-YFP expressing axon terminal (labeled with 15 nm gold particles) forms a synaptic contact (arrow) with a spiny mpITC dendrite. An enlarged view of the pre- and post-synaptic membranes is shown on the right. (E) A ChR2-YFP expressing axon terminal (labeled with 15 nm gold particles) forms a synaptic contact with a dendritic spine of a mpITC neuron. (F) High magnification micrograph of an IMP cluster labeled for pan-AMPA receptors (5 nm gold particles). (G–I) FM animals. (G) A ChR2-YFP expressing axon terminal (labeled with 15 nm gold particles) forms a synaptic contact (arrow) with a spiny mpITC dendrite. An enlarged view of the pre- and post-synaptic membranes is shown on the right. (H) A ChR2-YFP expressing axon terminal (labeled with 15 nm gold particles) forms a synaptic contact with a dendritic spine of a mpITC neuron. (I) High magnification micrograph of an IMP cluster labeled for pan-AMPA receptors (5 nm gold particles). A pseudocolor is used to outline the postsynaptic specialization in A, B, D, E, G and H. Abbreviations: at, axon terminal; d, dendrite, s, dendritic spine.
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FIGURE 5. Reduction in AMPA receptor density at PIN/MGm to mpITC synapses upon fear memory retrieval. (A) Synapses from FM mice show a significant decrease in synaptic AMPA receptor density when compared to both CS-only (p < 0.0001, One-way ANOVA followed by the Bonferroni’s multiple comparison test) and naïve (p = 0.02) animals. Synapses (Naïve n = 98, CS-only n = 109, FM n = 88) were collected from 4 mice/group. CS-only animals showed a higher AMPA receptor density compared to naïve mice (p = 0.0005, Bonferroni’s multiple comparison test). Boxplots show the median (line inside the box), mean (+), 25th–75th percentiles (box edges) and minimum and maximum values (whiskers). The mean values for each mouse are shown as circles beside the box plots. (B) Significant left shift of the cumulative frequency distribution of synaptic AMPA receptor density in FM compared to the CS-only (p < 0.0001, Kolmogorov–Smirnov test) and naïve (p = 0.004) group. The cumulative frequency distribution of the AMPA receptor density is also significantly shifted to the right (p = 0.003) in CS-only compared to naïve synapses. (C) The density of extrasynaptic AMPA receptors is significantly higher in CS-only (p < 0.0001, One-way ANOVA followed by the Bonferroni’s multiple comparison test) compared to both naïve and FM animals. Boxplots show the median (line inside the box), mean (+), 25th–75th percentiles (box edges) and minimum and maximum values (whiskers). (A,C) Significantly higher than FM *p < 0.05, ***p < 0.001; Significantly higher than Naïve §§§ p < 0.001.


Analysis of the correlation between the number of gold immunoparticles for AMPA receptors and the sampled area of individual synapses was found to be positively correlated in all three groups (Figure 6A), consistent with previous studies (Tanaka et al., 2005; Tarusawa et al., 2009; Fukazawa and Shigemoto, 2012; Xie et al., 2019). When the correlation coefficients were compared, after transforming the r values into z scores, no significant differences were found between the CS-only and the naïve (z test statistic: 1.38, p = 0.084) or FM (z test statistic: 0.538, p = 0.295) groups. On the other hand, the comparison of the correlations between FM and naïve animals significantly differed from each other (z test statistic: 1.829, p = 0.034). These data further support plasticity in the synaptic AMPA receptor content associated with fear memory retrieval. Next, we analyzed the intrasynaptic spatial arrangement of AMPA receptors using the open source software GoldExt (Szoboszlay et al., 2017). We measured the mean NND for each synapse and examined whether the population distribution differed from random arrangements. Since there was no difference in the calculated NND between fully and partially exposed synapses (Mann–Whitney test, naïve: synapses on dendrites p = 0.20, synapses on spines: p = 0.89; CS-only: synapses on dendrites p = 0.17, synapses on spines: p = 0.65; FM: synapses on dendrites p = 0.86, synapses on spines: p = 0.58), data were pooled. The distribution across the NND populations obtained from naïve, CS-only and FM mice significantly differed from random distributions (Wilcoxon matched-pairs signed rank test, p < 0.001 for all three groups; Figure 6B). Furthermore, the mean NND was similar [One-way ANOVA, F(2, 236) = 2.39, p = 0.09] among the three experimental groups (naïve: 0.024 ± 0.001, CS-only: 0.023 ± 0.001; FM: 0.026 ± 0.001 μm; Figure 6C). These findings suggest that synaptic AMPA receptors do not change their homogeneous, though clustered, intrasynaptic nano-arrangement as a consequence of sensory stimulation and/or fear memory retrieval.
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FIGURE 6. Nano-scale distribution of AMPA receptors and density at dendritic spine and shaft PIN/MGm-mpITC synapses. (A) PIN/MGm-mpITC synapses in all three experimental groups (FM, CS-only, and Naïve) show a highly significant positive correlation (Pearson’s correlation) between the number of gold particles detecting AMPA receptors and the synaptic area. The regression line is shown as a solid line passing through the origin. (B) Comparison of the experimentally determined mean nearest neighbor distance (NND) of intrasynaptic gold particles with random distributions (n = 50 for each PSD) reveals a significant difference from random distributions in all experimental groups (†††p < 0.001). (C) Boxplot summary of the NND obtained experimentally from PSDs of naïve (n = 80), CS-only (n = 89) and FM (n = 70) mice (n = 4 mice/group). Boxplots show the median (line inside the box), 25th–75th percentiles (box edges) and minimum and maximum values (whiskers). (D–E) Fear memory retrieval causes a marked decrease in AMPA receptor density in dendritic spine synapses when compared to both CS-only (p < 0.0001, One-way ANOVA followed by the Bonferroni’s multiple comparison test) and naïve (p = 0.038) animals. In FM mice, synapses made by PIN/MGm inputs onto dendrites had a lower density of AMPA receptors only in comparison to the CS-only (Bonferroni’s multiple comparisons test, p = 0.001) but not the naïve (p = 0.058) group. CS-only animals showed a higher AMPA receptor density than naïve mice, but only in spine (Bonferroni’s multiple comparisons test, p = 0.003) synapses. Synapses were collected from 4 animals/group. Boxplots show the median (line inside the box), 25th–75th percentiles (box edges) and minimum and maximum values (whiskers). Significantly higher than FM *p < 0.05, **p < 0.01, ***p < 0.001; Significantly higher than Naïve §§p < 0.01.


Finally, as we found that thalamic afferents provide inputs onto both dendritic shafts (Figures 4A,D,G) and spines (Figures 4B,E,H), we wanted to understand if experience-induced changes (Figure 5A) could be more prominent, or differentially observed in one of these two synapse types. Therefore, we analyzed whether spine and shaft synapses differed in AMPA receptor density. In all three behavioral groups synapses on spines had a higher density of AMPA receptors [naïve: 673 ± 31.7 (n = 44); CS-only: 810 ± 25.0 (n = 70); FM: 566 ± 29.1 (n = 58) gold particles/μm2] compared to those on dendrites [naïve: 579 ± 29.1 (n = 54); CS-only: 622 ± 39.4 (n = 39); FM: 458 ± 38.1 (n = 30) gold particles/μm2], although only in CS-only and FM mice it reached statistical significance (Mann–Whitney test 2 tailed; naïve: p = 0.082; CS-only: p < 0.0001; FM: p = 0.046). For spine synapses, the FM group showed a marked reduction in AMPA receptor density [One-way ANOVA, F(2, 169) = 21.08, p < 0.0001] when compared to both CS-only (Bonferroni’s multiple comparisons test, p < 0.0001) and naïve (p = 0.038) animals (Figure 6D). In contrast, synapses on dendrites in FM mice showed a lower density of AMPA receptors [One-way ANOVA, F(2, 120) = 4.75, p < 0.010] only when compared to the CS-only (Bonferroni’s multiple comparisons test, synapses on spines: p = 0.001] but not the naïve (p = 0.058) group (Figure 6E). Remarkably, AMPA receptor density increased in synapses made by thalamic inputs in CS-only compared to naïve mice only for spine (Bonferroni’s multiple comparisons test, p = 0.003) but not for shaft synapses (Bonferroni’s multiple comparisons test p = 0.99). Taken together these data suggest that experience-dependent changes in AMPA receptor density in FM and CS-only groups are more prominently observed in dendritic spine than shaft synapses onto mpITCs.



DISCUSSION

We show here that following auditory fear conditioning in mice, the formation and retrieval of fear memory is linked to a significant reduction in the density of AMPA receptors in synapses made by PIN/MGm inputs onto identified mpITC neurons. Our findings suggest that the decrease in A/N ratio observed at the same synapses upon fear memory retrieval (Asede et al., 2015) results from an altered trafficking of AMPA receptors, and in particular their removal from the PSD of spine synapses. While many mechanisms can influence the A/N ratio, the addition and removal of AMPA receptors from synapses is one of the fundamental processes controlling synaptic efficacy during experience-dependent plasticity (Choquet and Triller, 2013; Huganir and Nicoll, 2013; Henley and Wilkinson, 2016; Choquet, 2018; Diering and Huganir, 2018). In addition, we have previously reported that fear memory retrieval is associated with an increase in paired pulse ratio (PPR) of the AMPA-EPSC at PIN/MGm-mpITC synapses (Asede et al., 2015). Despite changes in PPR have been typically viewed as a hallmark of presynaptic modulation of transmitter release, it has been suggested that postsynaptic AMPA receptor mobility could also influence PPR (Frischknecht et al., 2009; Choquet, 2018).

In the last decade, the development of the FRIL technique has considerably improved the ability to analyses the intrasynaptic distribution of signaling molecules (Masugi-Tokita and Shigemoto, 2007). One of the greatest advantages of this approach relies on its high detection sensitivity, for instance in comparison with the post-embedding immunogold technique. Indeed, a tight correlation between the number of immunogold particles detecting synaptic AMPA receptors and functional channels was observed in immature rat cerebellar Purkinje cell synapses (Tanaka et al., 2005). Although in our study we did not attempt to quantify the number of functionally active AMPA channels at PIN/MGm to mpITC synapses, we assume that it is highly correlated with the number of detected gold particles. AMPA receptor labeling at these synapses showed a tight positive correlation with the sampled synaptic area corroborating the view that this is a common feature of many excitatory synaptic connections in the central nervous system (Fukazawa and Shigemoto, 2012). The selective identification of PIN/MGm axon terminals in replicas was enabled by a novel approach that takes advantage of the anterograde transport of tagged opsins, such as ChR2-YFP, and their detection at defined presynaptic sites, since they are integral membrane proteins (Schönherr et al., 2016).

So far, two types of AMPA receptor intrasynaptic distributions have been described (reviewed in Fukazawa and Shigemoto, 2012): (1) a highly variable mosaic-type distribution, such as in corticogeniculate (Tarusawa et al., 2009) and CA3-CA1 synapses (Matsubara et al., 1996; Nusser et al., 1998), and (2) a homogeneous distribution with high density, such as in reticulogeniculate synapses (Tarusawa et al., 2009). The synapses made by PIN/MGm inputs onto mpITC neurons showed, despite a fairly wide density range (from 127 to 1,195 particles/μm2), a dense and relatively uniform pattern of distribution of AMPA receptors. However, the mean NND was significantly shorter than expected from random arrangements. PIN/MGm to mpITC synapses, therefore, appear to possess most of the features typical of the second type. This homogeneous AMPA receptor distribution might serve to ensure high transmission fidelity, as observed for several GABAergic interneurons. For example, synapses made with interneurons distributed throughout multiple layers of the hippocampus have a higher and less variable density of AMPA receptors compared to synapses made with spines of pyramidal neurons (Nusser et al., 1998). Likewise, a very dense and homogeneous AMPA receptor labeling was described for synapses made by parallel fibers with interneurons of the cerebellar cortex, unlike those made with Purkinje cell spines (Masugi-Tokita et al., 2007). Interestingly, it has been suggested that synaptic connections with high and homogeneous intrasynaptic distribution of AMPA receptors have different plastic properties than mosaic-type synapses, e.g., they could undergo more pronounced structural modifications of the postsynaptic density (Fukazawa and Shigemoto, 2012). Therefore, our observed reduction in AMPA receptor density linked to fear memory retrieval may also result, at least in part, from a synaptic enlargement. Because the full exposure of the postsynaptic specialization was relatively rare under our experimental conditions, fear-mediated changes in the synaptic area could not be analyzed. Future studies will have to address whether mpITC synapses made by PIN/MGm inputs undergo structural plasticity.

AMPA receptors are homo- and/or hetero-tetramers made from four subunits (GluA1-4). Synaptic AMPA receptors are predominantly combinations of GluA1 and GluA2 (Lu et al., 2009). Memory consolidation in the BLA is commonly associated with increased GluA1 and GluA2 subunit expression (Yeh et al., 2006; Ferrara et al., 2017). However, at thalamo-amygdala synapses alterations in GluA3 subunit expression have been reported (Radley et al., 2007). To circumvent confounds caused by different subunit compositions, we used a pan-AMPA antibody recognizing all four subunits. Hence, our data allow conclusions only about global changes of synaptic AMPA receptor density, but not specific alterations in subunit composition.

Our work revealed that synapses made by PIN/MGm inputs onto mpITC neurons have a significantly higher density of AMPA receptors when they are made with dendritic spines than shafts. This finding is consistent with a previous study showing that latero-capsular division neurons in the CeA have higher AMPA receptor density in spine compared to shaft synapses (Dong et al., 2010). Spine synapses are the most common type of excitatory synapses in both cortical and striatal-like structures and a large body of evidence demonstrated that they undergo structural and functional changes associated with synaptic plasticity (Sala and Segal, 2014; Segal, 2017). Conversely, little is known about shaft synapses. Dong et al. (2010) suggested that the difference in AMPA receptor density between spine and shaft synapses in the CeA was most likely related to different presynaptic inputs. This may be unlikely for mpITC neurons. Indeed, several studies reported that axons arising from the PIN/MGm form synapses with both spines and dendrites in the LA (Radley et al., 2007; Smith et al., 2019). We cannot, however, exclude that different neuronal populations within the PIN/MGm give rise to inputs preferentially targeting dendritic spines vs. shafts of mpITC neurons. Spine and shaft synapses may also vary in their molecular composition, which in turn could affect their plasticity and ability to cluster AMPA receptors (Mi et al., 2002; Bissen et al., 2019). Notably, we report that the decrease in AMPA receptor density following fear memory retrieval was more prominently observed at spine synapses. This new finding is consistent with the notion of a considerable ability of spine synapses to undergo plasticity. Alternatively, it could also be hypothesized that changes at spine synapses last longer than at shaft synapses, perhaps due to their tortuous geometry that slows down receptor diffusion, and consequently, the recovery from internalization (Ashby et al., 2006; Newpher and Ehlers, 2008). Surprisingly, we also observed a significant increase in the density of AMPA receptors in spine, but not shaft, synapses upon sensory stimulation in CS-only animals in comparison to naïve mice. This was paralleled also by an increased density in the extrasynaptic area. Indeed, mpITC neurons respond to a variety of auditory stimuli (Collins and Paré, 1999), which could lead to sensory-driven synaptic strengthening by recruitment of synaptic AMPA receptors. Previous studies have shown that exocytosis of intracellular vesicles harboring AMPA receptors occurs near the postsynaptic membrane (Ehlers, 2013; Wu et al., 2017). Therefore, a recruitment of synaptic AMPA receptors is consistent with a concurrent increase of these receptors in extrasynaptic areas neighboring postsynaptic specializations.

A remarkable feature of synapses made by PIN-MGm inputs is their divergent forms of plasticity depending on the postsynaptic targets, e.g., LA and mpITC neurons (Clem and Huganir, 2010; Asede et al., 2015). Although we do not know whether LA and mpITC neurons are contacted by axons of the same PIN-MGm neurons or independently by distinct neuronal populations, the first postulation appears to be the most parsimonious one. A factor that may influence this postsynaptic cell-dependent form of plasticity is the very different firing rate of these two classes of target neurons. While LA pyramidal neurons have a very low spontaneous firing rate (Paré and Gaudreau, 1996), ITC cells fire at higher rates in all behavioral states. The high spontaneous firing rates of mpITCs suggest that they provide a tonic inhibition onto their downstream targets, such as the vmITC, to promote fear expression (Collins and Paré, 1999; Royer et al., 2000; Busti et al., 2011). An additional intriguing feature of mpITC neurons is the long-term inverse heterosynaptic modification reported to occur after a particular input has undergone activity-dependent enhancement, which may be needed to the stabilization of total synaptic weights (Royer and Paré, 2003). A decrease in sensory input strength may, in turn, help to facilitate plasticity at inputs from activated LA neurons onto mpITC cells (Huang et al., 2014) and consequently fear learning. Therefore, an opposing plasticity at mpITC and LA synapses could serve to coordinate state-dependent changes of activity in these parallel fear circuits.

In conclusion, our study is one of the few that have attempted to link the regulation of AMPA receptor trafficking to memory processes in identified neuronal networks. In particular, we show that fear-memory induced reduction in A/N ratio at thalamic-mpITC synapses is associated with a reduced postsynaptic AMPA receptor density. However, we still do not know precisely how this is mediated, or how stable these synaptic changes are. Future investigations are needed to unravel other potential contributions to the fear-mediated plasticity of mpITC synapses, such as changes in AMPA receptor subunit configuration and/or NMDA receptor expression.
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