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Whereas the postrhinal cortex (POR) is a critical center for the integration of egocentric and allocentric spatial information, the perirhinal cortex (PRC) plays an important role in the encoding of objects that supports spatial learning. The POR and PRC send afferents to the hippocampus, a structure that builds complex associative memories from the spatial experience. Hippocampal encoding of item-place experience is accompanied by the nuclear expression of immediate early gene (IEGs). Subfields of the Cornus ammonius and subregions of the hippocampus exhibit differentiated and distinct encoding responses, depending on whether the spatial location and relationships of large highly visible items (macroscale encoding) or small partially concealed items (microscale encoding), is learned. But to what extent the PRC and POR support hippocampal processing of different kinds of item-place representations is unclear. Using fluorescence in situ hybridization (FISH), we examined the effect of macroscale (overt, landmark) and microscale (subtle, discrete) item-place learning on the nuclear expression of the IEG, Arc. We observed an increase in Arc mRNA in the caudal part of PRC area 35 and the caudal part of the POR after macroscale, but not microscale item-place learning. The caudal part of PRC area 36, the rostral and middle parts of PRC areas 35 and 36, as well as the middle part of the POR responded to neither type of item. These results suggest that macroscale items may contain a strong identity component that is processed by specific compartments of the PRC and POR. In contrast small, microscale items are not encoded by the POR or PRC, indicating that item dimensions may play a role in the involvement of these structures in item processing.
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INTRODUCTION

The parahippocampal regions comprise the perirhinal cortex (PRC), postrhinal cortex (POR), and entorhinal cortex, along with the presubiculum and parasubiculum (Witter et al., 2017). Together, these regions serve as a gateway for unimodal and polymodal associational inputs directed to the hippocampal formation (Furtak et al., 2007). The two-streams hypothesis postulates that, in the parahippocampal regions, two functionally distinct information-processing streams exist: the dorsal stream is specialized in spatial memory (“where” stream) and the ventral stream in non-spatial memory (“what” stream; Ungerleider and Mishkin, 1982; Eichenbaum and Lipton, 2008). According to this hypothesis, spatial information is processed in the POR and sent to the hippocampus via the medial entorhinal cortex (MEC), whereas non-spatial information is processed by the PRC via the lateral entorhinal cortex (LEC) before the hippocampus is involved (Burwell et al., 1995, 2004; Burwell and Amaral, 1998b; Eichenbaum and Lipton, 2008). More recent studies suggest, however, that the functions of the parahippocampal regions do not strictly align to the two-streams hypothesis: both the POR and PRC are involved in different kinds of spatial and non-spatial information processing (Brown and Aggleton, 2001; Ramos, 2002, 2008, 2013a,b, 2017; Burwell et al., 2004; Winters et al., 2004; Ramos and Vaquero, 2005; Furtak et al., 2012; Heimer-McGinn et al., 2017; Ramos, 2017; Burke et al., 2018; LaChance et al., 2019).

Spatial learning and navigation rely on a multimodal cognitive map of the environment (Kelly et al., 2008) that represents allocentric spatial transformations, which encode information about the location of one object concerning other objects, and egocentric perspective transformations that reflect a self-object representational system (Ekstrom et al., 2014; Wang et al., 2020). A potential center for the integration of egocentric and allocentric spatial information in the rat brain is the POR: this structure projects strongly to the MEC that engages in the encoding of information of an allocentric spatial map (Burwell and Amaral, 1998b; Burwell, 2000; Wang et al., 2020). The POR also projects to the LEC, which is involved in the encoding of an egocentric spatial map and in object recognition memory (Burwell, 2000; Wang et al., 2018; Doan et al., 2019; LaChance et al., 2019). These studies support that the POR may act as a conduit for spatial information processing directed to both entorhinal subdivisions (Winters et al., 2004; LaChance et al., 2019). Besides these properties, the POR is also reciprocally connected with visual associational cortices (Burwell and Amaral, 1998a; Agster and Burwell, 2009; Agster et al., 2016) and it supports visual object discrimination (Furtak et al., 2012). Thus, the POR is involved in the processing of both spatial and non-spatial information (Furtak et al., 2012; Heimer-McGinn et al., 2017; Ramos, 2017; Burke et al., 2018).

The PRC plays a role in object recognition memory (Brown and Aggleton, 2001). It has been proposed that it combines different sensory features of the object, which means object identification is facilitated (Eacott et al., 1994, 2001; Murray and Bussey, 1999; Murray et al., 2007). Moreover, this region is involved in ambiguous-feature discrimination learning (Bussey et al., 1999, 2000; Eacott et al., 2001; Eacott and Norman, 2004; Murray et al., 2007), suggesting that it also supports more subtle aspects of item differentiation. The PRC sends an indirect anatomical projection to the hippocampus via the LEC (Burwell and Amaral, 1998a,b) and also sends afferents directly to the CA1 region and the subiculum (Agster and Burwell, 2013). Furthermore, it strongly projects to frontal and other neocortical associational regions (Burwell and Amaral, 1998a,b; Burwell, 2000; Kealy and Commins, 2011). In addition, the PRC receives afferent input from the POR (Burwell and Amaral, 1998a,b; Furtak et al., 2007; Agster and Burwell, 2009). Thus, the PRC is well-positioned to provide information about items and other discrete stimuli to the hippocampus for memory formation, and to neocortical regions for other cognitive functions (Brown and Aggleton, 2001; Kealy and Commins, 2011). Moderate projections of the PRC to thalamic structures suggest that the PRC may also support crossmodal, perceptual, and attentional processing (van der Werf et al., 2002) and results from lesion studies in monkeys indicate that the PRC is necessary for identifying visual novelty (Meunier et al., 1993).

The PRC and LEC are involved in non-spatial information processing (Burwell et al., 1995, 2004; Zhu et al., 1995a,b; Burwell and Amaral, 1998a,b; Hargreaves et al., 2005; Deshmukh et al., 2012). However, the involvement of the PRC in spatial information processing is supported by several studies: In particular, an engagement of the PRC in allocentric spatial learning has been demonstrated (Ramos, 2002, 2008, 2013a,b, 2017; Aggleton et al., 2004; Burwell et al., 2004; Ramos and Vaquero, 2005; Futter et al., 2006). Moreover, it has been reported that lesioning the PRC causes task-learning deficits in the acquisition and retrieval phase of spatial working memory (Meunier et al., 1993; Maioli et al., 2012). Anatomical studies have shown that the PRC can be subdivided into areas 35 and 36 (Brodmann, 1909; Burwell et al., 1995). PRC area 36 occupies the dorsal side and area 35 occupies the ventral side of the rhinal sulcus (Burwell, 2001). Their specific roles in the processing of spatial memory are still unclear.

Previous studies have revealed that different forms of item-place learning elicit potent and differentiated effects on hippocampal information processing: novel exposure to discretely placed visuo-, audio- or olfacto-spatial (microscale) cues that can only be detected when the animal is close to them facilitates long-term depression (LTD) in the CA1 and CA3 regions of the hippocampus (Kemp and Manahan-Vaughan, 2004, 2008; André and Manahan-Vaughan, 2013; Dietz and Manahan-Vaughan, 2017). By contrast, novel exposure to large, highly visible landmark (macroscale) cues, that can be seen from afar, facilitates input-specific LTD in the dorsal dentate gyrus (DG; Kemp and Manahan-Vaughan, 2008) and CA3 region (Hagena and Manahan-Vaughan, 2011). Regardless of the hippocampal region and whether micro- or macroscale cues are presented, a second exposure to the cues in their previous spatial positions does not facilitate LTD anew, whereas a new spatial configuration of the items enables de novo LTD (Manahan-Vaughan and Braunewell, 1999; Kemp and Manahan-Vaughan, 2004, 2008; Hagena and Manahan-Vaughan, 2011). Novel microscale item-place learning also triggers neuronal encoding in the form of nuclear immediate early gene (IEG) expression: an increase in nuclear IEG expression in the distal CA1 region and proximal CA3 region occurs following microscale item-place learning, whereas novel exposure to macroscale cue configurations results in an increase in nuclear IEG expression in the lower blade of the DG and the proximal CA3 region (Hoang et al., 2018). These findings indicate that: (1) the enabling of synaptic plasticity by item-place exploration is tightly associated with the learning of the spatial location of the items; (2) hippocampal processing of allocentric item information is conducted in a subfield-specific manner that is determined by the spatial content; and (3) item context and/or item dimensions in allocentric space is differentiated during spatial information storage by the hippocampus. Thus, within the hippocampus a clear division of labor is evident in terms of the functional read-outs of macroscale and microscale spatial cue encoding in hippocampal subfields. This raises the question as to whether the hippocampal is supported in these forms of differentiated information processing by parahippocampal regions, and if so, whether functional discrimination also occurs in candidate regions, such as the PRC and POR.

In the present study, we, therefore, explored to what extent POR and PRC are involved in the distinction between microscale and macroscale item-place processing. We used fluorescence in situ hybridization (FISH) to map activity-dependent mRNA expression of the IEG Arc in neurons of the POR and PRC, following microscale and macroscale item-place learning. We observed an increase in Arc mRNA expression in the nuclei of neurons in both area 35 of the caudal part of the PRC, as well as the caudal POR after the exploration of macroscale cues, but not after microscale cue exploration. By contrast, no significant changes in Arc mRNA expression were detected in nuclei of neurons in area 36 of the caudal part of the PRC, the rostral and middle part of PRC areas 35 and 36, or the middle compartment of the POR after exploration of the macroscale or microscale cues. These results support that area 35 of the PRC and caudal POR, are involved in macroscale visuospatial information processing, thereby indicating that these regions can functionally discriminate between different item dimensions and/or context.



MATERIALS AND METHODS

This study was carried out following the European Communities Council directive of 22 September 2010 (2010/63/EU) for the care of laboratory animals, and all experiments were conducted after approval of the ethics committee of the federal government of the state of North Rhine-Westphalia (NRW; Landesamt für Arbeitsschutz, Naturschutz, Umweltschutz und Verbraucherschutz, NRW). All efforts were made to reduce the number of animals used.

Seven- to 9-week-old male adult Wistar rats were used for the study, using a behavioral paradigm that was previously established by our group (Kemp and Manahan-Vaughan, 2004; Hoang et al., 2018). The animals were housed in an animal housing facility in temperature (22 ± 2°C) and humidity (55 ± 5%) monitored containers (Scantainer, Scanbur Technology A/S, Karlslunde, Denmark) on a 12 h light/12 h dark cycle (lights on from 7 a.m. to 7 p.m.). Animals had ad libitum access to water and food.


Novel Item-Place Exploration Task

Novel exploration tasks were performed as described previously (Hoang et al., 2018). In brief, experiments, including habituation, were conducted in gray chambers (washable polyvinyl chloride, 40 cm width × 40 cm length × 50 cm height, open at the top, translucent, and removable front wall, illumination of experimental room: ca. 500 lux). On two consecutive days before the final experiment (test day), animals were handled by the experimenter for 15 min and habituated to the recording chamber for 1 h per day. After the habituation, animals were returned to their home cages. On the test day, animals were again habituated to the same chamber. They resided in the recording chamber for 1 h until the learning tasks were commenced.


Microscale Item-Place Exploration (Figure 1A)

After the final habituation phase on the test day, animals explored a holeboard that was inserted onto the floor of the familiar chamber. The holeboard (39.8 cm width × 39.8 cm length × 5 cm height, gray washable polyvinyl chloride) contained four holes (5.5 cm in diameter, 5 cm depth) that were equidistant (1 cm) from its edge. One of three visually different small objects (ca. 2 cm width × 2 cm length × 4 cm height) was placed inside three of the four holes. These objects did not extend above the surface of the holeboard. Animals could not see the objects from afar and had to approach the holes and put their noses inside them to explore the objects. This task facilitates LTD in the CA1 and CA3 regions of the hippocampus (Manahan-Vaughan and Braunewell, 1999; Kemp and Manahan-Vaughan, 2004, 2008; Hagena and Manahan-Vaughan, 2011) and elevates nuclear Arc mRNA expression in the hippocampus of rats (Hoang et al., 2018). Five minutes after the exploration started, animals’ brains were quickly collected.



Macroscale Item-Place Exploration (Figure 1B)

On the test day, three large landmark objects (object 1: 10 × 8 × 7 cm width × length × height, object 2: 6 cm × 11 cm, and object 3: 8 × 10 cm, diameter × height) were placed on the floor of the recording chamber, after the final habituation phase. The objects were placed at a minimum distance of 3 cm from the walls of the chamber so that the animals could circle them if they so wished. These landmark objects serve as directional cues for navigation and can be viewed from afar. Previous studies have shown that this task induces LTD in the CA3 region and DG of Wistar rats (Kemp and Manahan-Vaughan, 2004, 2008; Hagena and Manahan-Vaughan, 2011). Furthermore, exposure to these landmark objects triggers a significant increase in nuclear IEG expression in the CA3 region and DG (Hoang et al., 2018). Animals explored the objects for 5 min and directly after the end of the exploration, brains were quickly removed.

Control animals underwent the same handling and habituation procedure as both test groups. On the test day, after the habituation phase inside the chamber, brains were extracted.


Fluorescence in situ Hybridization (FISH)

We conducted FISH to detect the nuclear expression of Arc mRNA. The Arc gene (also known as Arg3.1) is an effector IEG (Link et al., 1995; Lyford et al., 1995; Brakeman et al., 1997) and its expression can be induced by neural activity (Abraham et al., 1993; Worley et al., 1993) and behavioral training (Hess et al., 1995; Vann et al., 2000).

For FISH, brains were rapidly removed (within 2 min) and shock-frozen in 2-methyl butane at −80°C. Later, 20 μm thick coronal sections (three sections per glass slide) containing the PRC (from ca. −2.7 to −5.8 mm posterior to Bregma) and the POR (ca. −6.6 to −8.1 mm posterior to Bregma; Paxinos and Watson, 2005) were cut on a Cryostat (Leica CM 3050S), mounted directly on glass slides (SuperFrost Plus, Gerhard Menzel GmbH, Braunschweig, Germany) and stored at −80°C until further processing. The differentiation of the PRC and POR into compartments was based on the methodology used by others (Burwell, 2001; Furtak et al., 2007; Albasser et al., 2010, 2013; Agster and Burwell, 2013). Area 35 and 36 of the PRC were analyzed for the rostral (ca. −2.76 to −3.84 mm posterior to Bregma), middle (ca −3.84 to −4.80 mm posterior to Bregma), and caudal PRC (ca. −5.16 to −5.76 mm posterior to Bregma; Albasser et al., 2010, 2013). For the POR, the middle (ca. −6.6 to −7.08 mm posterior to Bregma) and caudal components (ca. −7.2 to −8.04 mm posterior to Bregma) were analyzed (Agster and Burwell, 2009; Kinnavane et al., 2016; Burwell, 2001).

Arc cDNA plasmid (Entelechon, Bad Abbach, Germany) was prepared using a 3 kb Arc transcript according to the sequence of Lyford et al. (1995). The cRNA probes were prepared from the linearized cDNA using Ambion MaxiScript Kit (Invitrogen, Carlsberg, CA, USA) and a premixed RNA labeling nucleotide mix containing digoxigenin-labeled UTP (Invitrogen, Waltham, MA, USA). After purification on Mini Quick SpinRNA columns (Roche Diagnostics, Mannheim, Germany) we verified the yield and integrity of the RNA probes using gel electrophoresis.

For FISH, one slide per animal (with three sections each) was chosen and left at room temperature (RT) for 1 h. From each animal, the slide with sections for the rostral PRC at ca. −3.24 mm, middle PRC at ca. −4.56 mm, caudal PRC at ca. −5.52 mm, middle POR at ca. −6.96 mm, and caudal POR at ca. −7.8 mm posterior from Bregma was chosen (Paxinos and Watson, 2005). FISH for digoxigenin-labeled Arc was performed as described previously (Hoang et al., 2018), adapted from (Guzowski et al., 1999). For this, slides were fixed in ice-cold 4% paraformaldehyde in phosphate-buffered saline (PBS) for 5 min and then washed in 2× saline sodium citrate buffer (SSC) for 2 min. The slides were left in acetic anhydride solution for 10 min, quickly washed five times each 1 min in diethylpyrocarbonate (DEPC)-treated water, and left in 2× SSC finally for 5 min. The humidity chamber was prepared with 2× SSC/50 deionized formamide (Sigma–Aldrich, St. Louis, MO, USA; a/a) soaked filter paper. 100 μl of 1× prehybridization buffer (Sigma–Aldrich, St. Louis, MO, USA) was applied on each slide for 30 min at RT. The slides were covered with a piece of laboratory film (Parafilm®, Bemis, Neenah, WI, USA) to prevent the brain material from drying out. The fluorescein-labeled DNA probe was diluted at a concentration of 1 ng/1 μl in a 1× hybridization buffer (Sigma–Aldrich, St. Louis, MO, USA), heated at 90°C for 5 min and distributed on the slides. The slides were again covered with laboratory film (Parafilm®, Bemis, Neenah, WI, USA) and hybridized for approximately 17 h in a humid chamber at 56°C. Following the hybridization, the stringent washing steps were conducted. Laboratory film (Parafilm®, Bemis, Neenah, WI, USA) was removed and the slides were placed in 2× SSC at 56°C thrice for 5 min each. RNase (Sigma–Aldrich, St. Louis, MO, USA) was dissolved in 2× SSC to a concentration of 100 μg/100 ml 2× SSC and stored at 37°C. The slides were placed into the RNase-solution for 15 min at 37°C, followed by a 10 min 2× SSC buffer at 37°C. Stringent washing was continued in 0.5× SSC for 10 min at 56°C, 0.5× SSC for 30 min at 56°C, 0.5× SSC for 10 min at RT, hydrogen peroxidase (30% H2O2 in 1× SSC) for 15 min, three times 5 min in 1× SSC at RT and finally rinsed in tris-buffered saline (TBS) at RT for 5 min. Signal detection was carried out by immunohistochemistry. Arc-digoxigenin was detected by Anti-digoxigenin (Roche Holding AG, Basel, Switzerland) in 1% n-goat serum and 100 μl TBS for 120 min. The slides were then washed three times each 5 min in TBS-Tween. The Arc mRNA signal was visualized using Streptavidin Cy5 (Dianova, Hamburg, Germany), then the slides were washed with TBS Tween for 5 min. After slides were rinsed in TBS, they were washed in distilled water and dipped in 70% ethanol several times. The sections were stained using 1% Sudan black B (Sigma–Aldrich, St. Louis, MO, USA) in 70% ethanol (Oliveira et al., 2010). Then, slides were washed with distilled water and air-dried overnight. The nuclei were visualized using 4′,6-diamidino-2-phenylindole (DAPI) in mounting medium (Cat No. SCR: 38448, Dianova, Hamburg, Germany).



Image Acquisition

Arc mRNA expression was examined within the nuclei of pyramidal and non-pyramidal cells in layer 2 of the PRC and POR. Z-stacks were obtained at 63× magnification using a fluorescence microscope (Zeiss ApoTome) that permits structured illumination microscopy (Schaefer et al., 2004). For each region, three z-stacks from three consecutive slices were obtained for each animal.



Data Analysis

For the analysis of the behavioral data, the total exploration time (of the total exposure time of 5 min) inside the chamber was determined for each animal. Here, exploration was defined as all behaviors excluding resting, sleeping, and grooming. Furthermore, the exploration time of each of the three objects or each of the four holes was determined, to ensure that microscale and macroscale cues were explored (no exploration of a hole or object was set as an exclusion criterion for further analysis). The exploration time of the objects inside the holes of a holeboard was defined as the sum of all times the animals dipped its nose into each specific hole. For the exploration times of the macroscale cues, the animals’ nose had to be directed to the object as close as <l cm or touching the object for at least 2 s. For each of the three objects, the sum of these times was calculated. Also, the number of rears in the chamber was counted. A rear was defined as an event where the animal rose onto its hind paws. The front paws had either no contact with a wall, or one or both paws made contact with the wall or (during macroscale cue exploration) a landmark object, to support rearing.

The total exploration time and the exploration time per hole or object are calculated in seconds (s) ± standard error of the mean (SEM). Datasets were verified for normal distribution using the Kolmogorov–Smirnov test. For statistical analysis of the exploration time per object one-way ANOVA was performed with subsequent post hoc (Fisher’s LSD) analysis (Statistica, TIBCO Software Inc., Palo Alto, CA, USA). The total exploration time inside the chamber and the number of rears during microscale and macroscale cue exploration were compared and analyzed using one-way ANOVA. Post hoc values in the results section are only included if they revealed a significant result.

For the analysis of Arc mRNA expression in layer 2 of the POR and PRC compartments, complete nuclei were chosen and Arc positive signals were identified by examining each z-stack using ImageJ software (Schindelin et al., 2012). During “experimenter-blind” analysis, nuclei that contain Arc mRNA signal were counted and the percentage of Arc positive nuclei from all nuclei was calculated separately for each z-stack. Nuclei were analyzed in each z-stack of all regions and groups of the rostral PRC [21 ± 2.8 SD (standard deviation)], the middle PRC (20 ± 4.08 SD), the caudal (15 ± 2.77 SD), the middle POR (19 ± 4.10 SD) and the caudal POR (22 ± 3.82 SD). For each animal, the mean of the percentage of Arc mRNA expression of three z-stacks, for each region, was used for further analysis. For each region, the mean percentage ± SEM of all animals of a group (microscale cues, macroscale cues, or control) was calculated. The normal distribution of datasets of PRC and POR was confirmed using the Kolmogorov–Smirnov test. For statistical analysis of Arc mRNA expression, one-way ANOVA with subsequent post hoc analysis (Fisher’s LSD test) was performed to examine for each region differences elicited by microscale and macroscale item-place exploration compared to control animals. Post hoc values are only included in the results section if they revealed a significant difference between groups.






RESULTS


Macroscale and Microscale Item-Place Exploration

This study aimed to clarify whether the perirhinal and postrhinal cortices engage in the processing and encoding of novel microscale and macroscale item-place information (Figures 1A,B). Animals explored three small novel items (microscale cues) that were placed within three of four holes of a holeboard (Figure 1A), or three large novel objects (macroscale cues) that were placed on the floor of the chamber (Figure 1B). We refer to these tasks as macroscale (large, overt) and microscale (small, discrete) item-place learning, respectively, and compared effects of sizes of the cues (large vs. small) and their presentation strategy (overt vs. discrete) in item-place learning.
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FIGURE 1. Schema of item-place configurations and object exploration behavior. (A,B) Animals either explored (A) three small novel objects (microscale cues) that were placed within three of four holes of a holeboard, or (B) three large novel objects (macroscale cues) that were placed on the floor of the chamber, for 5 min. (C) During microscale item-place exploration, the animals explored holes 2, 3, and 4 that contained microscale cues and hole 1 that did not contain an object, equally. ANOVA F(3,60) = 0.2514, p = 0.860057. (D) During macroscale item-place exploration, no preference was evident concerning the time spent exploring objects 1, 2, and 3. ANOVA F(2,36) = 1.9840, p = 0.152276. (E) No difference was evident between the total exploration times inside the chamber during microscale or macroscale item-place exposure. ANOVA F(1,27) = 0.000, p = 0.98764. (F) Animals that explored microscale item-place configurations engaged in a significantly higher number of rears compared to animals that were exposed to macroscale item-place configurations. ANOVA F(1,27) = 24.8538, p = 0.000032. (C–F) Mean ± SEM. (F) ANOVA: ***p < 0.001.



During microscale cue exploration (Figure 1C) we observed that the animals did not show item preference between holes 2, 3, and 4 that contained microscale cues and hole 1, which did not contain an object (one-way ANOVA: F(3,60) = 0.2514, p = 0.860057). When the animals explored the three macroscale cues (Figure 1D), they also did not exhibit a preference for an individual object (one-way ANOVA: F(2,36) = 1.9840, p = 0.152276). These results confirm that the animals did not show an item or hole bias during cue exposure.

To compare the exploration between the two test conditions, the total exploration time of the chamber during exposure to the microscale or macroscale cues was examined (Figure 1E). The total exploration time during exposure to both test conditions was equivalent (one-way ANOVA: F(1,27) = 0.000, p = 0.987640). Furthermore, the number of rears during the 5 min exposure to micro- and macroscale item-place configurations was examined (Figure 1F). Animals that explored microscale cues showed a significantly higher number of rears, compared to animals that were exposed to macroscale cues (one-way ANOVA: F(1,27) = 24.8538, p = 0.000032). This difference in rears may reflect the fact that whereas macroscale cues could be seen from afar and thus readily placed within a proximal and distal visual reference frame, microscale cues could only be seen when the animals poked their noses into the holes, requiring more effort to build a reference frame within a proximo-distal visuospatial context.



Exploration of a Novel Microscale or Macroscale Item-Place Configuration Does Not Trigger Immediate Early Gene Expression in Areas 35 and 36 of the Rostral and Middle PRC

We previously reported that exploration of novel item-place constellations significantly elevated Arc mRNA expression in distinct subregions of the hippocampus (Hoang et al., 2018). Given the fact that the PRC sends direct and indirect anatomical projections to the hippocampus (Burwell and Amaral, 1998b; Agster and Burwell, 2009, 2013), we analyzed nuclear Arc mRNA levels following the same experimental conditions along the anterior-posterior axis of the PRC (Figures 2–4).
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FIGURE 2. Exploration of item-place configurations does not trigger immediate early gene (IEG) expression in the rostral part of the perirhinal cortex (PRC). (A) Illustration of the rostral part of the PRC (outlined by a red square) in a DAPI-stained coronal section (ca. −3.24 mm posterior to Bregma) of the rat brain (left) and enlargement of the outlined area to show the rostral PRC (right) in which outlines of area 36 (top) and 35 (bottom) are included (indicated by red rectangles). (B–G) Representative images of Arc mRNA expression (red dots, indicated by white arrows) in rostral PRC area 36 (B–D) and area 35 (E–G) after novel exploration of microscale (C,F), or macroscale (D,G) item-place configurations, compared to controls (B,E). Images were taken using a 63× objective. Nuclei were stained with DAPI (blue). (H,I) Bar charts show the relative percentage of Arc-positive nuclei in the rostral PRC area 36 (H) and area 35 (I) following item-place exploration, compared to controls (mean ± SEM). Nuclear Arc mRNA expression in rostral PRC area 36 and area 35 remained unchanged after novel item-place exploration compared to control animals (ANOVA; area 36: F(2,20) = 0.0756, p = 0.927454; area 35: F(2,19) = 0.13803, p = 0.871941).
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FIGURE 3. IEG expression in the middle part of perirhinal cortex area 35 and area 36 is unaffected by exposure to novel item-place configurations. (A) The left panel shows a DAPI-stained coronal section (ca. −4.56 mm posterior to Bregma) of the rat brain and the outline of the middle PRC (red square). The right panel shows an enlargement of the outlined area to show the middle PRC in which outlines of area 36 and 35 (red squares) are indicated, where z-stacks were taken for analysis. (B–G) Representative images of nuclear Arc mRNA positive nuclei (red dots, indicated by white arrows) in the middle PRC, area 36 (B–D) and PRC area 35 (E–G) following exploration of microscale cues (C,F), or macroscale cues (D,G) compared to controls (B,E). Blue: nuclear counterstaining with DAPI. Images were obtained using a 63× objective. (H,I) Bar charts describe the relative percentage of nuclei expressing Arc mRNA in the middle PRC after novel item-place exploration, compared to responses detected in control animals (mean ± SEM). No significant changes in nuclear Arc mRNA expression occured in PRC area 36 (H) or area 35 (I) in both experimental conditions, compared to controls (ANOVA; middle PRC area 36 F(2,19) = 0.0630, p = 0.939180; middle PRC area 35 F(2,19)= 0.2444, p = 0.785604).
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FIGURE 4. Exposure to a novel macroscale item-place configuration induces an increase in IEG expression in the caudal part of perirhinal cortex area 35, but not in area 36. (A) The left panel shows a DAPI-stained coronal section (ca. −5.52 mm posterior to Bregma) of the rat brain with the caudal PRC highlighted by a red rectangle. The right panel shows a magnification of the caudal PRC area. Z-stacks were created in the caudal PRC area 36 and 35, indicated by red squares. (B–G) Photomicrographs, taken using a 63× objective, show nuclear Arc mRNA expression (red points, indicated by white arrows) in the caudal PRC (B–D) area 36 and (E–G) area 35 following (C,F) microscale and (D,G) macroscale item-place exploration, or IEG expression in corresponding brain sections from control animals (control; B,E). Cell nuclei (blue) are stained with DAPI. (H–I) Bar charts represent the mean percentage (mean ± SEM) of Arc mRNA positive nuclei in caudal PRC area 36 (H) or PRC area 35 (I) under control or test conditions (ANOVA; caudal PRC area 35: F(2,21) = 7.9498, p = 0.002689; area 36: F(2,20) = 1.18071, p = 0.327571). Exploration of microscale item-place cues does not lead to significant changes in Arc mRNA expression in caudal PRC areas 35 and 36, relative to controls (microscale vs. control, post hoc Fisher’s LSD test, p > 0.05, each). Caudal PRC area 35, but not area 36, responds to macroscale item-place information (post hoc Fisher’s LSD test; area 36 p > 0.05; area 35: ***p < 0.001 for macroscale vs. control and *p < 0.05 for macroscale vs. microscale).



In area 36 of the rostral PRC (Figures 2B–D,H), novel exploration of microscale (n = 8) and macroscale (n = 7) item-place configurations did not change nuclear Arc mRNA expression (one-way ANOVA: F(2,20) = 0.0756, p = 0.927454) compared to controls (n = 8). A similar result was detected for area 35 of the rostral PRC (Figures 2E–G,I). Here, too, IEG expression remained unchanged (one-way ANOVA: F(2,19) = 0.13803, p = 0.871941) in animals that explored microscale and macroscale item-place configurations (n = 7, each) compared to controls (n = 8).

Examination of areas 35 and 36 of the middle part of the PRC (Figure 3) revealed that novel item-place learning has no influence on IEG expression in these regions. Compared to controls (n = 8, each) microscale (n = 7, each) and macroscale (n = 7, each) item-place learning did not change Arc mRNA levels in area 35 (Figures 3E–G,I; one-way ANOVA: F(2,19) = 0.2444, p = 0.785604) and area 36 (Figures 3B–D,H; one-way ANOVA: F(2,19) = 0.063, p = 0.93918) of the middle PRC. These findings suggest that areas 35 and 36 of the rostral and middle part of the PRC are not involved in microscale and macroscale visuospatial information processing.



Nuclear mRNA Expression of Arc in Area 36 of the Caudal PRC Remains Unchanged Upon Exposure to Novel Item-Place Configurations

Examination of the caudal PRC revealed that exploration of a novel microscale (n = 8) or macroscale (n = 7) item-place configuration did not change IEG expression in the caudal PRC area 36 (Figures 4B–D,H; one-way ANOVA: F(2,20) = 1.18071, p = 0.327571) compared to controls (n = 8). This result indicates that the caudal PRC area 36 is not involved in this kind of microscale and macroscale visuospatial information processing.



Exposure to a Novel Macroscale Item-Place Configuration Triggers Nuclear Arc mRNA Expression in the Caudal PRC Area 35

In contrast, to the caudal PRC area 36, the caudal PRC area 35 engages in macroscale item-place learning (Figures 4E–G,I). Arc mRNA expression was significantly increased in the PRC area 35 of animals that explored macroscale item-place configurations, compared to control animals (n = 8, each; one-way ANOVA F(2,21) = 7.9498, p = 0.002689). Exposure to microscale cues did not result in any significant differences in Arc mRNA expression, however, compared to the control group (n = 8, each post hoc Fisher’s LSD test p = 0.498398). Furthermore, the post hoc analysis revealed that the Arc mRNA expression level was significantly higher in animals that explored a novel macroscale item-place configuration compared to controls (Fisher’s LSD test: p = 0.000865) and to animals that explored a microscale item-place configuration (Fisher’s LSD test: p = 0.012388).



Exploration of Novel Item-Place Configurations Do Not Change Nuclear Arc mRNA Expression in the Middle POR

The POR projects to the LEC and MEC, which in turn project to the hippocampus (Kerr et al., 2007; Agster and Burwell, 2013). We, therefore, explored whether the POR is involved in the processing of information about microscale and macroscale item-place configurations. We examined nuclear Arc mRNA expression in the middle and caudal POR following microscale (n = 8, each) and macroscale (n = 7, each) visuospatial learning (Figures 5A,B). In the middle POR nuclear Arc mRNA expression remained unchanged for both types of item-place learning (Figures 5C–E,I; one-way ANOVA: F(2,19) = 1.19376, p = 0.324814) compared to controls (n = 7) suggesting that this compartment of the POR is not involved in item-place learning.


[image: image]

FIGURE 5. Differentiated IEG expression in the middle and caudal parts of the postrhinal cortex (POR) following the exploration of novel item-place configurations. (A,B) DAPI-stained coronal sections of the rat brain show the regions of interest examined in the (A) middle and (B) caudal parts of the POR, as indicated by red squares and the respective magnified images (middle). The red squares in enlarged images indicate areas where z-stacks were obtained for the middle POR (ca. −6.96 mm posterior to Bregma) and for the caudal POR (ca. −7.8 mm posterior to Bregma). (C–H) Photomicrographs represent nuclear Arc mRNA expression (red dots, indicated by white arrows) in the middle POR (C–E) and caudal POR (F–H) of control animals (C,F) or animals that participated in microscale (D,G) or macroscale item-place exploration (E,H). Nuclei (blue) were stained with DAPI. Images were taken using a 63× objective. (I,J) Bar charts showing the relative percentage of positive Arc mRNA nuclei in the middle POR (I) and caudal POR (J) of controls and for both experimental conditions (mean ± SEM). No significant changes can be observed in the middle POR (I) following microscale and macroscale item-place exploration compared to the control group (ANOVA F(2,19) = 1.19376, p = 0.324814). Interestingly, in caudal POR (J), a significant difference in Arc mRNA expression can be detected in animals that participated in macroscale item-place exploration compared to the control group (post hoc Fisher’s LSD test, *p < 0.05), whereas exposure to microscale cues does not change Arc mRNA expression (p > 0.05).





Novel Macroscale Item-Place Exploration Results in an Increase in Nuclear Arc mRNA Expression in the Caudal POR

Next, we examined the caudal POR (Figures 5F–H,J). For the caudal POR, microscale item-place learning had no effect on IEG expression in this structure compared to control animals (n = 8; one-way ANOVA: F(2,20) = 2.4708, p = 0.109915). By contrast, the post hoc analysis revealed that Arc mRNA levels were significantly changed after macroscale item-place learning compared to control animals (Fisher’s LSD test: p = 0.040014).

These results indicate that the PRC and POR are not involved in the processing of microscale visuospatial information. Strikingly, the caudal PRC area 35 and caudal POR only engage in the processing of macroscale item-place information, suggesting that the recruitment of these areas into item encoding may depend on the size of the visuospatial cue.




DISCUSSION

The present study examined activity-regulated cytoskeletal-associated (Arc) mRNA expression in the POR and PRC following the participation of rats in two kinds of item-place learning tasks. The tasks differed in terms of the size of the cues (large vs. small) and their presentation strategy (overt vs. discrete). We refer to these tasks as macroscale (large, overt) and microscale (small, discrete) item-place learning, respectively. Microscale item-place learning did not affect Arc mRNA expression in the POR (middle and caudal) and areas 35 and 36 of the rostral, middle, and caudal PRC, whereas macroscale item-place learning resulted in an increase in nuclear Arc mRNA expression in the caudal PRC area 35 and the caudal POR. In all other regions that were analyzed, including the caudal PRC area 36, rostral and middle PRC areas 35 and 36, and middle POR, macroscale item-place learning did not affect Arc mRNA expression.

The two types of novel item-place exploration tasks were chosen because they enable synaptic plasticity and trigger nuclear IEG expression in the hippocampus (Kemp and Manahan-Vaughan, 2004, 2008; Hagena and Manahan-Vaughan, 2011; Hoang et al., 2018). Furthermore, a former study demonstrated that 5 min of exposure to either microscale or macroscale cue configurations are sufficient to form memories (Hoang et al., 2018). In both tasks, exchanging one of the cues for a novel cue results in an increase in the exploration of the novel cue, supporting the interpretation that cues and locations are recognized (Hoang et al., 2018). In the present study, the cues within each of the two tasks were explored equally, thus there was no preference for, or avoidance of, single objects. Exploration times of the cues in the microscale and macroscale item-place tasks are comparable to previous results (Hoang et al., 2018).

In the rat brain, the PRC is located along the rhinal sulcus and it is composed of Brodmann areas 35 and 36 (Brodmann, 1909) and the caudally adjacent POR (Burwell, 2001). Area 36 occupies the dorsal bank of the rhinal sulcus and area 35 occupies the ventral bank (Burwell, 2001). Lesion studies have demonstrated that the PRC is involved in object recognition and supports the solving of navigational problems during allocentric spatial learning (Aggleton et al., 1997; Ramos, 2002, 2008, 2013a,b, 2017; Ramos and Vaquero, 2005; Albasser et al., 2009,2011; Albasser et al., 2015). Moreover, the PRC plays an essential role in tactile discrimination tasks in rats (Ramos, 2014a,b, 2016). The PRC can be further subdivided into the rostral, middle, and caudal regions along the anterior-posterior axis (Burwell, 2001; Agster and Burwell, 2009; Albasser et al., 2010, 2013). Information from the neocortex, entorhinal cortices, and temporal cortices terminate heavily in and around layers 1, 2, and 3 (Burwell et al., 1995; Burwell and Amaral, 1998a,b), whereas layer 2/3 and 5 receive input from the insular cortex, cingulate area, somatosensory regions and the visual associational cortex (Burwell and Amaral, 1998a). A recent electrophysiological study has shown that three-dimensional objects can activate neurons in layers 2 and 5 of the PRC (Burke et al., 2012b). Electrophysiological recordings from layer 2/3 of the PRC demonstrate that short- and long-term forms of synaptic plasticity exist in the PRC, which may play a role in the neuronal responses associated with visual recognition memory (Ziakopoulos et al., 1999). In our study, we investigated the involvement of layer 2 of PRC in novel item-place learning. We found, that caudal PRC area 36 and rostral and middle PRC areas 35 and 36 did not respond to macroscale item-place learning, whereas macroscale item-place learning triggered a significant increase in Arc mRNA expression in the caudal PRC area 35.

The caudal PRC, and in particular, area 36 receives strong inputs from the visual associational cortices and temporal areas (Burwell and Amaral, 1998a; Burwell, 2000; Furtak et al., 2007). Others reported that the rostral part of the PRC is mainly involved in recognition memory in darkness (Albasser et al., 2013). By contrast, areas 35 and 36 of the caudal PRC specifically exhibit an important role in identifying object novelty in the presence of light (Albasser et al., 2010). In the present study, the experiment was conducted under illuminated conditions and we observed no changes in Arc mRNA expression in the rostral PRC following the exploration of item-place configurations. This result is in line with the finding from Albasser et al. (2013). Furthermore, our results demonstrate that only area 35 of the caudal PRC is involved in the processing of macroscale item-place learning, thereby being only partially in line with a previous study examining object recognition in light (Albasser et al., 2010). Neuroanatomical and functional connectivity studies have shown that parahippocampal structures such as LEC, MEC, POR, and PRC are highly interconnected (Furtak et al., 2007; Kealy and Commins, 2011). Even though the interconnectivity is not very strong, dorsal hippocampal structures project more strongly to caudal PRC area 35, than to caudal PRC area 36 (Furtak et al., 2007; Agster and Burwell, 2009, 2013). Caudal PRC area 35 receives the strongest inputs from the dorsal CA1 region and subiculum compared to caudal PRC area 36 (Furtak et al., 2007; Kealy and Commins, 2011; Agster and Burwell, 2013). Cortical and subcortical inputs to the caudal PRC support its role in the processing of detailed and multimodal information about objects, including their behavioral relevance, such as familiarity (Burwell and Amaral, 1998a,b; Burwell, 2001; Furtak et al., 2007; Sia and Bourne, 2008). Caudal PRC area 35 receives a moderate projection from the midline thalamic structures, involved in attention, and different aspect of awareness, and the nucleus reuniens, important for crossmodal processing and multimodal sensory information processing (van der Werf et al., 2002; Furtak et al., 2007; Agster et al., 2016). Furthermore, the ventral midline thalamus nuclei are distinctively involved in cue-dependent spatial information processing of CA1 place cells (Jung et al., 2019). Viewed from this perspective, our observation, that the caudal PRC area 35 is involved in macroscale item-place learning, seems logical.

Interestingly, in our study, area 36 of the PRC (rostral to caudal) neither responded to macroscale, nor microscale cue presentation. One study showed that caudal PRC areas 35 and 36 are activated equally when an animal explored novel objects compared to familiar objects (Albasser et al., 2010). In the current study the task differed from the one used by Albasser and colleagues, in that we used two kinds of item sizes and they were presented in spatial constellations. The results of caudal PRC area 35 suggest that attention capture, due to the difference in the size of the items, plays a role in learning (Proulx, 2010). As already mentioned, caudal PRC area 35 receives moderate inputs from thalamic midline nuclei involved in attention (van der Werf et al., 2002; Furtak et al., 2007; Agster et al., 2016). By contrast, PRC area 36 is less strongly connected with hippocampal and some parahippocampal regions e.g., entorhinal cortices, whereas the connections to PRC/POR are stronger, compared to caudal PRC area 35 (Furtak et al., 2007). This difference in anatomical connections could be the reason why both caudal PRC subregions are differently activated after this kind of microscale and macroscale item-place exploration.

For the POR, involvement in the encoding of the spatial arrangement of objects, or context has been suggested (Burwell, 2000; Wang et al., 2018, 2020; Doan et al., 2019; LaChance et al., 2019). Furthermore, the POR may be involved in the processing of non-spatial information (Furtak et al., 2012). Hippocampal, cortical, and subcortical inputs differ across rostral to caudal regions of the POR (Agster and Burwell, 2009; Agster et al., 2016; Tomás Pereira et al., 2016), suggesting a functional differentiation along the rostrocaudal axis of the POR in learning and memory. Tracing studies demonstrate that all rostral to caudal POR regions have efferent and afferent projections to the hippocampus, cortical and subcortical regions, but the heaviest projections are sent and received by the caudal POR (Agster and Burwell, 2009; Agster et al., 2016; Tomás Pereira et al., 2016). Subcortical inputs to caudal POR are dominated by the dorsal thalamus, especially by the lateral posterior nucleus (Tomás Pereira et al., 2016), suggesting the involvement of caudal POR in visuospatial attention (Posner and Petersen, 1990; Shipp, 2004). This implies a dominance of caudal POR over middle and rostral POR in visuospatial information processing. Our results from the present study suggest that the middle and caudal POR do not respond to microscale item-place learning, whereas solely the caudal POR is involved in the encoding of macroscale item-place information.

Several studies suggest that hippocampal subregions, comprising the distal CA1 region (close to the subiculum) and the proximal CA3 region (close to the DG) preferentially process an item’s features (“what” stream), whereas the proximal CA1 region and the distal CA3 region (both close to the CA2 region) preferentially process spatial information (“where” stream; Amaral and Witter, 1989; Witter et al., 1989, 2000; Witter, 2007; Sauvage et al., 2013; Hoang et al., 2018). According to the two-streams hypothesis, the POR and MEC are part of the “where” stream (Burwell, 2000; Hargreaves et al., 2005; Eichenbaum and Lipton, 2008; Eichenbaum et al., 2012), whereas the “what” stream is proposed to include the PRC and LEC (Burwell, 2000; Hargreaves et al., 2005; Eichenbaum and Lipton, 2008). We previously provided evidence that microscale item-place configurations may contain a stronger “what” informational component, compared to “where” information (Hoang et al., 2018). In that study, microscale item-place exploration induces an increase in IEG expression in the distal CA1 region (belonging to the “what” stream), but not in the proximal CA1 region (associated with the “where” stream) and also induces an increase in IEG expression in the proximal (“what” stream) but not the distal CA3 region (“where” stream; Burwell, 2000; Hargreaves et al., 2005; Eichenbaum and Lipton, 2008; Hoang et al., 2018). Information from the POR converges on hippocampal regions of the CA1 and subiculum, but more importantly, the POR has a stronger influence on the proximal CA1 region that is associated with the “where” stream (Burwell and Amaral, 1998a,b; Agster and Burwell, 2009). Together with the results from Hoang et al. (2018), our results confirm microscale item-place configurations have a stronger “what” component than “where” component. This suggests, in turn, that this form of learning did not meet the criteria required for the recruitment of the POR.

Nonetheless, several studies have contradicted the clear differentiation of the two-stream hypothesis, and indicate that the POR is also involved in non-spatial information processing (Furtak et al., 2012; Heimer-McGinn et al., 2017; Burke et al., 2018). Anatomical data suggest the caudal POR is more heavily connected with the visual associational cortex and dorsal thalamus than middle POR (Agster and Burwell, 2009; Agster et al., 2016; Tomás Pereira et al., 2016). Another study examining the POR supports a role for this structure in visual object discrimination (Furtak et al., 2012). The POR projects to both entorhinal cortices and a recent electrophysiological study suggests that LEC layer 2 receives input from POR and projections towards the MEC from POR are less prominent than previously suggested (Burwell and Amaral, 1998a,b; Doan et al., 2019). Furthermore, the POR is believed to receive information about items from the PRC to integrate a contextual representation (Heimer-McGinn et al., 2017; Park et al., 2017; Burke et al., 2018). Thus, the POR is involved not only in the encoding of egocentric and allocentric spatial maps (LaChance et al., 2019; Wang et al., 2020), but also in multi-sensory information processing (Doan et al., 2019). As stated above, we previously reported that macroscale item-place configurations induce an increase in IEG expression in the proximal (“what” stream) but not the distal CA3 region (“where” stream; Burwell, 2000; Hargreaves et al., 2005; Eichenbaum and Lipton, 2008; Hoang et al., 2018). This finding suggests that a strong “what” component is a feature of learning about macroscale item-place configurations (Hoang et al., 2018). As supported by anatomical and neurophysiological studies, the caudal POR seems to be involved in “what” information processing (Burwell and Amaral, 1998a; Agster and Burwell, 2009; Furtak et al., 2012). Here, we detected a significant elevation of Arc mRNA expression after macroscale cue exploration in the caudal POR, but not in the middle POR. In line with this, it has been reported that the POR can be recruited into spatial information processing when spatial navigation is a major component of the generation of spatial representation (Burwell and Hafeman, 2003; Heimer-McGinn et al., 2017; Park et al., 2017), even though this is an aspect that may have played a subordinate role in the present study. Nevertheless, the caudal POR could play a role in spatial perception during navigation of the macroscale item-place configuration in the present study, and even more likely, in item-place mnemonics in a spatial context.

Even though the PRC and POR have been reported to be involved in the recognition of objects in context (Burke et al., 2012b; Furtak et al., 2012; Barker and Warburton, 2015; Heimer-McGinn et al., 2017; Hernandez et al., 2017; Park et al., 2017), in our study we observed that the PRC and POR failed to respond to microscale item-place learning. These results are striking, given that higher levels of rears occurred during microscale compared to macroscale item-place exploration, suggesting that the former type of item-place learning required a greater degree of effort and recruited higher levels of attention. By contrast, the exploration time for each of the microscale cues was shorter than the times for the large, overt objects during macroscale item-place learning. These shorter exploration times of the microscale cues could lead to the assumption that the item-place locations were less effectively encoded. However, a comparison of item exploration times with a former study using the same item-place tasks to trigger hippocampal IEG encoding (Hoang et al., 2018) can directly vitiate this conclusion: the exploration times of microscale cues were similar in the present and the previous and thus, were likely to have been sufficient for the encoding of item-place locations. Microscale cues are smaller and more discrete compared to the macroscale cues that are large and overt. A large object can indeed capture attention in a stimulus-driven manner if one is strongly engaging in orientation in space, compared to a smaller object (Proulx, 2010). In our present study, microscale cues hidden in the holes did not extend above the floor level and could not be seen until the animals approached the holes and explored the cues. Under these circumstances, we detected no changes in Arc mRNA expression in PRC and POR. This experimental design contrasts with approaches used by other scientists where objects were visible from afar and where PRC and POR activation was triggered (Furtak et al., 2012; Barker and Warburton, 2015; Heimer-McGinn et al., 2017; Hernandez et al., 2017; Park et al., 2017; Ramos, 2017). This latter strategy enables that the features of the objects can be detected without a close approach and permits that the animals can predict and interpret their positions respective to the objects. This may explain why both the PRC and POR could be activated in those experiments. Taking this into account, our findings suggest that the size of an item and how the item is presented in a given context can determine the extent of information processing in the subregions of the PRC and POR.



CONCLUSIONS

In this study, we explored whether microscale and macroscale item-place learning triggers nuclear mRNA expression of the IEG Arc in the middle and caudal POR as well as in the rostral, middle, and caudal PRC areas 35 and 36. We observed that Arc mRNA expression was unchanged in the middle POR, caudal PRC area 36, and rostral and middle PRC areas 35 and 36 by either form of item-place learning. By contrast, macroscale item-place exploration, but not microscale item-place exploration, induces an increase in IEG expression in the caudal POR, but not middle POR, supporting a role of the caudal POR in item-place learning. Similarly, the caudal PRC exhibited an increase of nuclear IEG expression in area 35, but not area 36, in response to macroscale item-place, but not microscale item-place learning, supporting involvement of the caudal, but not rostral and middle RPC in the encoding of macroscale visuospatial information. This suggests that item dimensions may play a role in the engagement of the PRC and POR in item-place processing. Moreover, our data support that a functional differentiation between areas 35 and 36 of the rostral, middle and caudal PRC, as well as middle and caudal POR, exists in information processing concerning the encoding of item-place configurations.
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