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Abstract: 

 Since the observation that lesions of the medial temporal lobe (MTL) produced memory 

deficits, it has been understood that this structure is necessary for memory formation. Lesion and 

electrophysiological studies, however, show that the MTL does not act as a unitary structure, but 

rather shows functional specificity. In fact, while lesions of the hippocampus (HPC) in rats lead 

to deficits in spatial memory, lesions of the neighboring perirhinal cortex (PRC) lead to deficits 

in object recognition. Additionally, the activity of neurons in these regions has also shown a 

functional distinction. The PRC is hypothesized to represent information about objects for both 

perceptual and mnemonic functions (Murray et. al., 2007). This experiment was designed to 

determine the role that objects and food awards have in the firing patterns in the PRC. Male rats 

were implanted with a hyperdrive used to advance tetrodes and record the activity of single 

neurons in the PRC. The rats ran two maze epochs on a circular track, separated by a 20-minute 

or 2 hour sleep session. PRC cells exhibited elevated firing patterns at the location of objects and 

food rewards, suggesting a complex sensitivity to space, reward and 3-dimensional objects.  
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Introduction: 

Since the seminal observation that lesions of the medial temporal lobe (MTL) cause 

memory deficits (Scoville and Milner, 1957), scientists have investigated the function and 

physiology of this structure. The MTL is comprised of related anatomical structures that are 

indispensible for explicit memory formation. The area consists of the hippocampal region 

(dentate gyrus, CA fields and subicular complex) and the parahippocampal region [perirhinal 

(PRC), entorhinal (EC) and postrhinal (POR) cortices]. The POR is homologous to the 

parahippocampal cortex of primates (Burwell and Agster, 2008). Although there has been 

substantial amount of research conducted on the HPC and recently the medial EC, there is less 

known about the functional characteristics of some of the other cortical structures, specifically 

the PRC. The PRC is interconnected with other areas of the MTL (such as the hippocampal and 

parahippocampal regions) and the neocortex. The hippocampus receives sensory information 

from the parahippocampal region, and then sends efferent projections to the neocortex through 

the parahippocampal region. PRC lesion studies have shown that this region is involved in object 

recognition. Specifically, when the rats or monkeys have PRC damage, they have difficulty 

discriminating novel from familiar objects. 

Electrophysiological single-unit recordings from the PRC in awake-behaving animals 

have suggested that these neurons have higher firing rates related to novel objects relative to 

familiar ones (Brown et al., 1987, Zhu et al., 1995; Zhu and Brown, 1995; Xiang and Brown, 

1998). Because firing rates of PRC neurons were reported to diminish to a given object as it went 

from being novel to more familiar, it was hypothesized that this response decrement may act as a 

familiarity signal. Recently, however, it has been demonstrated that the firing rates of PRC 

neurons are not modulated by the relative novelty or familiarity of a stimulus under conditions in 
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which rats are freely moving and encountering objects on a circular track (Burke, PhD 

dissertation). This leaves open the question of the contribution of the PRC to stimulus 

recognition. Thus, the aim of this present study is to identify the activity pattern correlations of 

PRC neurons.  

I. Perirhinal Cortical Anatomy 

In rodents, the PRC is adjacent to the rhinal sulcus and lies rostral to the POR. It is 

composed of Brodman’s Areas 35 (ventral) and 36 (dorsal) (Burwell and Amaral, 1998a). Figure 

1 compares hippocampal systems and unfolded maps of the human (a & d), primate (b & e) and 

rat (c & f) brain (Burwell and Agster, 2008).  

 

Figure 1: The hippocampal system of the human (a,d), monkey (b,e), and rat (c,f). The upper panels 
display the relevant structures and the lower panels show the unfolded maps of those structures. Figure 
from Burwell and Agster, 2008.  
 

Areas 35 and 36 share a strong reciprocal connection. Moreover, both areas 35 and 36 

send afferent projections to the POR, but the projection from area 36 is larger relative to area 35. 
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The POR also projects to both areas 35 and 36 of the PRC. Even though there is a strong 

connection between PRC and POR, this projection between these two structures is not reciprocal 

(Burwell and Amaral, 1998a).   

Area 36 of the PRC receives more cortical input than area 35, which is dominated by 

olfactory input from the piriform cortex (Burwell and Agster, 2008). Overall, the PRC receives 

convergent inputs of polymodal sensory information, while the POR receives input mainly from 

visual and spatial regions (Burwell and Amaral, 1998a). Further, the PRC receives inputs from 

visual areas in the ventral temporal cortex and the ventral and dorsal banks of the superior 

temporal sulcus (Lavenex and Amaral, 2000). The PRC projects robustly to piriform, frontal, and 

insular regions, while the POR projects mainly to the EC (Burwell and Agster, 2008).  

The EC is seen as the relay station, projecting information primarily from the cortex to 

the hippocampus via the perforant path. The perforant path can be segregated into the lateral and 

medial pathways depending on which area of the EC it arises from: lateral or medial (LEA and 

MEA, respectively). Layer II of the EC projects to all the neurons in the dentate gyrus (DG) and 

CA3. Specifically, the LEA projects to the outer molecular layer of the DG, and the MEA 

projects to the middle molecular layer. Layer III of the EC projects to area CA1. The LEA 

portion projects to distal CA1 near the subiculum, whereas the MEA projects to proximal CA1. 

The input from the HPC to the PRC originates from the CA1/subiculum area, which as 

mentioned previously, receives input from the LEA. The mossy fibers from the DG granule cells 

can also make synaptic connections with area CA3. CA3 neurons project to CA1 ipsilaterally via 

the Schaffer collateral pathway (SC) and contralaterally via the associational commissural 

pathway (AC). The principal efferent of the HPC is from the CA1 region to the subiculum and 

back to the EC, thus forming a loop (Burwell and Agster, 2008).  
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The HPC via ventral CA1 projects weakly to area 36 of the PRC. Area 36 provides some 

input to both dorsal and ventral CA1 and subiculum, but it projects heavily to the LEA. Like area 

36, area 35 receives a weak projection from the HPC (Furtak et al., 2007). Direct, weak 

connections between PRC and subiculum have been reported and are thought to be functionally 

important (Burwell and Agster, 2008). The POR projects robustly to the HPC system (Burwell 

and Amaral, 1998a). In general, the significant afferents to the PRC include projections from the 

temporal, insular and piriform cortex, the POR and EC, and subcortical areas such as the 

thalamus, amygdala, olfactory areas and ventral tegmental area (VTA). It is important to note 

that the PRC predominately has interconnections with the LEA, whereas the POR has robust 

connections with the lateral band of the MEA (Burwell and Amaral, 1998a).  

The major efferents of the PRC include the same regions as the afferents except for the 

piriform cortex. In addition to projecting to the aforementioned regions, the PRC also projects to 

the frontal and parietal cortices. The PRC’s interconnections with the amygdala and the basal 

ganglia suggest that this region might be involved with processing emotionally relevant stimuli 

such as food rewards. Also, the interconnections that the PRC has with the olfactory, 

somatosensory, auditory and visual areas might suggest a role in processing novel and familiar 

stimuli (Furtak et al., 2007). Figure 2 is from a published paper by Furtak et al. (2007) and shows 

the afferent and efferent connections of areas 35 and 36 of the PRC described above.  
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Figure 2: The major afferents (A) and efferents (B) of the PRC. (A) The afferents of the PRC include: 
cortical structures (temporal, insular and piriform cortices), hippocampal regions (POR and EC), ad 
subcortical regions [thalamus, amygdala, olfactory areas and VTA (not shown)]. (B) The efferents of the 
PRC include: cortical structures (temporal, parietal, frontal and insular cortices), hippocampal regions 
(POR and EC), and subcortical regions (amygdala, basal ganglia, and olfactory areas). Abbreviations: 
PER, perirhinal cortex. Figure from Furtak et al., 2007. 
 

II. Functional differences between subregions of the MTL 

When a rat is placed in an environment, principal neurons of the HPC show an increased 

firing rate in a specific area, referred to as the neuron’s place field (O’Keefe and Dostrovsky, 

1971). In contrast, the PRC shows little place-specific firing (Burwell et al., 1998; Hargreaves et 

al., 2005), and it is hypothesized that the PRC represents information about objects for both 

perceptual and mnemonic functions (Murray et. al., 2007). Although neurons in the ventral CA1 



7 

 

also show a place-specific increase in activity, place fields in the ventral CA1 are larger and 

fewer in number compared to dorsal CA1 (Jung et al., 1994; Maurer et al., 2005; Maurer et al., 

2006). Thus, it has been hypothesized that the dorsal HPC is involved in high-resolution spatial 

information and the ventral HPC is involved in low-resolution information (Jung et al., 1994). 

Moreover, lesions of the ventral HPC lead to reduced food neophobia (Bannerman et al., 2002) 

and phobia of open arms on an elevated plus maze (Kjelstrup et al., 2002). In contrast, lesions of 

the dorsal HPC impair spatial learning (Morris et al., 1982). Thus, the difference in function 

between dorsal and ventral HPC can be due to the varied connections mediated by the EC.  

Other regions of the MTL also show differential affects on behavior when they are 

lesioned. PRC lesions, for example, have a minimal effect on spatial memory, but cause deficits 

in object recognition in both rats (Mumby and Pinel, 1994; Ennaceur et al., 1996; Ennaceur and 

Aggleton, 1997; Bussey et al., 2000; Kesner et al., 2001; Prusky et al., 2004; Gaffan et al., 2004; 

Winters and Bussey, 2005) and monkeys (Meunier et al., 1993; Buffalo et al., 1999; Buffalo et 

al., 2000; Malkova et al., 2001).  

Over the past thirty years, numerous tasks have been designed to measure object 

recognition. One of which is the trial-unique delayed-nonmatching-to-sample (DNMS) task 

(Mishkin and Delacour, 1975), where an animal discriminates between a sample and a novel 

stimulus. First, the animal must displace a single sample object to receive a food reward. After a 

variable time delay, the rat or monkey is presented with two objects, the original sample object 

and a novel object. If the animal displaces the novel object, it is recorded as a correct trial and 

the animal receives a food reward. However, the animal does not receive a food reward if it 

displaces the sample object, and it is recorded as an incorrect trial (Mishkin and Delacour, 1975; 

Mumby et al., 1992; Mumby et al., 1990; Mumby and Pinel, 1994). PRC lesions in monkeys 
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produce impairments on the DNMS task (Meunier et al., 1993; Buffalo et al., 1999; Buffalo et 

al., 2000; Malkova et al., 2001). When a small set of familiar stimuli are used; however, PRC 

lesions in monkeys do not produce a significant impairment on the DNMS task (Eacott et al., 

1994). Additionally, rats with PRC lesions perform worse on the DNMS task relative to control 

animals or to rats with lesions of the amygdala (Mumby and Pinel, 1994).  

Aside from the DNMS task, another way to assess object recognition in rodents is the 

spontaneous object recognition (SOR) task, which requires no prior training. The SOR task 

stems from the natural behavior of a rat spending more time exploring novel objects relative to 

familiar stimuli (Ennaceur and Delacour, 1988). For this task, a rat is placed in a familiar testing 

arena with two identical novel objects and is given several minutes to explore them. After this 

sample phase, there is a variable time delay, and the rat is returned to the same testing arena but 

with two different objects in the arena, the testing phase. One object is a triplicate copy of one of 

the objects (familiar) used during the sample phase, while the other object is novel. The rat is 

given several minutes to explore the objects. With this task, young rats will show significant 

novelty discrimination, spending more time exploring the novel object relative to the familiar 

object.  

Rats with PRC lesions do not perform well on the SOR task at delays longer than five 

minutes because they do not explore the novel object significantly more than the familiar one 

(Ennaceur et al., 1996; Ennaceur and Aggleton, 1997; Norman and Eacott, 2005; Winters and 

Bussey, 2005).  

In addition to deficits discriminating novel from familiar objects, rats and monkeys with 

PRC lesions also have perceptual impairments. When rats are tested on the SOR task with no 

delay between the sample and test phase, and the novel and the familiar objects presented to the 
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rat in the test phase contain overlapping features, rats with PRC lesions do not preferentially 

explore the novel object more than the familiar object. This finding is not observed when the test 

objects are highly dissimilar, and rats with a lesion centered on the PRC can show normal object 

recognition. Hence, the PRC is necessary for an animal to detect differences between stimuli that 

share common elements (Bartko et al., 2007). This PRC function was also tested in control 

monkeys and monkeys with PRC lesions. There were a series of discriminations in which the 

number of object pairs was held constant, but the degree of feature ambiguity was varied. 

Monkeys were exposed to three possible conditions: Maximum Feature Ambiguity (all features 

explicitly ambiguous); Intermediate Feature Ambiguity (half of features explicitly ambiguous); 

and Minimum Feature Ambiguity (no features explicitly ambiguous). Monkeys with PRC lesions 

were not impaired in the Minimum Feature Ambiguity condition, slightly impaired in the 

Intermediate Feature Ambiguity condition and severely impaired in the Maximum Feature 

Ambiguity condition. These results show that the PRC is essential to distinguish differences 

between complex stimuli that share common elements (Bussey et al., 2002).  

Murray & Bussey (1999) were the first to outline a role for the PRC in both perception 

and memory. Figure 3 shows a schematic representation of how the PRC (rostral) binds the 

features represented in lower association cortices (caudal): 
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Because rodents naturally explore novel objects, and object recognition depends heavily 

on the PRC, a logical set of experiments would be to conduct PRC electrophysiological 

recordings in rodents while they traverse a track with novel and familiar objects. The aim of the 

current investigation was to assess the extent that PRC neuron activity was modulated by objects 

and rewards.    

 

Methods  

I. Subjects and behavioral training 

Electrophysiological studies were conducted on seven young (8-10 months old) Fisher-344 

male rats. The rats were housed individually and maintained on a 12:12 light–dark cycle. Before 

Figure 3: The proposed convergence of object-feature representations as information 
passes through sequential processing stages in the ventral visual stream. A, B, C and D 
represent simple visual features encoded in early regions of the ventral visual stream. These 
features combine to form representations of increasing complexity. The PRC acts to bind 
together these features. Dotted lines represent putative divisions between adjacent cortical 
fields in inferotemporal cortex (IT). Figure from Murray & Bussey, 1999.  
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rats were implanted with the hyperdrive recording device, they were screened for spatial memory 

impairments and normal vision using the Morris swim task (Morris, 1984). All animals were 

tested over 4 days with 6 spatial trials on each day. Animals were then screened for visual ability 

with 2 days of cued visual trials (6 trials/day) in which the escape platform was above the surface 

of the water but the position of the platform changed between each trial. This procedure has been 

described in detail previously (Barnes et al., 1996; Shen et al., 1996). Rats’ performance on the 

swim task was analyzed offline with either in-house software (WMAZE, M. Williams) or a 

commercial software application (ANY-maze, Wood Dale, IL). Because different release 

locations and differences in swimming velocity produce variability in the latency to reach the 

escape platform, a corrected integrated path length (CIPL) was calculated to ensure 

comparability of the rats’ performance across different release locations (Gallagher et al., 1993). 

All rats used for this experiment did not show any memory or visual deficits.  

During electrophysiological recordings, the animals were food deprived to about 85% of 

its ad libitum weight and trained to run on a circular track (~335 cm in circumference) in both 

the counterclockwise and clockwise directions for food reinforcement. The food reward was a 

mixture of rat food pellets made soft by soaking them in water, applesauce, and the diet 

supplement Ensure. All electrophysiological recordings took place during the dark phase of the 

rats’ light–dark cycle. Food rewards were given in a small plastic food dish (4 cm x 4 cm) at two 

positions on the track. Both food dishes were located at the position on the track that marked the 

completion of one lap on opposite sides of a barrier, that is, where the rat was required to turn 

around and run in the opposite direction. During all electrophysiological recording sessions, the 

rats were required to run 20 laps (10 in the counterclockwise direction and 10 in the clockwise 

direction) during two distinct episodes of behavior. Each track running epoch was flanked by a 
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rest period in which the rat was placed in a towel-lined pot located in a position that was central 

to the circumference of the track. Thus, the activity of PRC neurons was monitored during an 

initial rest session (before behavior), during the first epoch of track running, during a second rest 

session after epoch 1 that was either 20 min or 2 hr long, during a second epoch of track running, 

and then finally during a third rest period. Data from the rest periods were used to assess firing 

stability across the entire recording session. The procedure explained below was conducted for 

six of the seven young rats. The procedure for the seventh rat will be explained subsequently.  

Six rats participated in the same behavioral procedures. During the first procedure (day 1) 

rats ran on an empty track (no objects; Figure 4A) for both epochs of behavior (no objects 

condition). A 20 minute rest period occurred between epoch 1 and epoch 2. For the second 

procedure (day 2), during epoch 1, eight novel objects that varied in size, color and texture were 

placed at eight different locations along the track. The side of the track that the objects were 

placed on alternated between the left and the right side and the rat had to run past these objects in 

order to obtain the food reward. Following either a 20 min or a 2 hr rest period, during epoch 2, 

six of the same objects used in epoch 1 remained in the same location on the track and two 

objects that were on the track during epoch 1 were replaced with two novel objects (objects-both 

epochs condition; Figure 4B). During the third procedure (day 3), the same eight objects that 

were placed around the track during epoch 2 from the previous day of recording were again 

placed on the track in the same positions as in day 2 for the first epoch of behavior. The rats ran 

20 laps around these familiar objects, and then rested for 20 minutes. Following the 20 minute 

rest period, the rats ran another 20 laps. During this epoch of behavior, however, the positions of 

the eight familiar objects were pseudo-randomly shuffled such that no object was located in the 

same position between epochs 1 and 2 (configuration change condition; Figure 4B). Each rat 
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completed all of these behavioral procedures on three consecutive days, and this process was 

repeated a minimum of 2 times and a maximum of 6 times.  

 

The experiment designed for the seventh rat sought to control for object specificity, 

spatial location of objects and reward location. During the first condition (day 1), the rat ran on 

an empty track for both epochs of behavior (no objects condition, same as in six other rats; 

Figure 5A). A 20 minute rest period occurred between epoch 1 and epoch 2. For the second 

Figure 4: Behavioral procedures used for electrophysiological recordings. The track used 
for behavior. Rats were required to run 20 laps bi-directionally (10 counterclockwise, 10 
clockwise) for a food reward. (A) Rewards were given in two food dishes located on opposite 
sides of a barrier, at the position where the rat was required to turn around. The “X” indicates the 
location of the pot that the rat was placed in during rest episodes. (B) Examples of behavioral 
procedures where objects were placed on the track. In the “objects-both epochs” condition 8 
novel objects were placed at discrete locations around the track for the first epoch of behavior 
(top panel), and the rat had to run past the objects to obtain the food reward. During the second 
epoch of behavior (bottom panel), 6 of the 8 objects used in epoch 1 were placed on the track at 
the same location as in epoch 1, while 2 of the 8 objects were removed and substituted with 2 
novel objects. The grey squares indicate the two novel objects that replaced the objects from the 
first epoch of track running. The “configuration change” condition occurred on the day following 
the objects-both epochs condition. For this behavioral procedure, the same objects used in 
epoch 1 from the previous day were again placed on the track at the same location as in epoch 
1, and the rat ran 20 laps (top panel). During the second epoch of track-running, the positions of 
the eight familiar objects were pseudo-randomly shuffled such that no object was at the same 
position between epoch 1 and 2 (bottom panel).  
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condition (day 2), during epoch 1, six novel objects that varied in size, color and texture were 

placed at six different locations along the track (Figure 5B-Novel Objects). The side of the track 

that the objects were placed on alternated between the left and the right side and the rat had to 

run past these objects in order to obtain the food reward. Following a 20 min rest period, during 

epoch 2, a different set of six novel objects were placed along the track. During the third 

condition (day 3), the same six objects that were placed around the track during epoch 2 from the 

previous day of recording were again placed on the track in the same positions as in day 2 for the 

second epoch of behavior (Figure 5B-Object Removal). The rat ran 20 laps around these familiar 

objects, and then rested for 20 minutes. Following the 20 minute rest period, the rat ran another 

50-60 laps. During this epoch of behavior, however, one of the objects from epoch 1 was chosen 

at random to be removed such that no object was located at that position. The place where the 

object was removed was now the new location where the rat would receive its food 

reinforcement. To ensure that the animal would explore the full length of the track, food was 

randomly placed in the food dishes near the food barriers. For the fourth condition (day 4), 3 

pairs of identical objects (i.e., A and A*; B and B*; C and C*) were placed around the track for 

epoch 1 (Figure 5B-Identical Objects). After the 20 minute rest period, the same 3 pairs of 

objects were used. During this second epoch, however, the locations of the object pairs were 

swapped. For example, A was placed in the location of A*, and vice versa. Each rat completed 

all of these behavioral conditions on four consecutive days, and this process was repeated 6 

times.   
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Figure 5: Behavioral procedures used for electrophysiological recordings. The track used for 
behavior. The rat was required to run 20 laps bi-directionally (10 counterclockwise, 10 clockwise) for a 
food reward. (A) Rewards were given in two food dishes located on opposite sides of a barrier, at the 
position where the rat was required to turn around. The “X” indicates the location of the pot that the rat 
was placed in during rest episodes. (B) Examples of behavioral procedures where objects were placed on 
the track. In the “novel objects” condition, 6 novel objects were placed at discrete locations around the 
track for the first epoch of behavior (top left panel), and the rat had to run past the objects to obtain the 
food reward. During the second epoch of behavior (top right panel), a different set of 6 novel objects were 
placed on the track at the same location as in epoch 1. The “object removal” condition occurred on the 
day following the novel objects condition. For this behavioral procedure, the same objects used in epoch 1 
from the previous day were again placed on the track at the same location as in epoch 1, and the rat ran 20 
laps (middle left panel). During the second epoch of track-running, one object was removed (marked with 
red box) such that no object was at that position (middle right panel). The rat ran 50-60 laps, and the 
location where the object was removed was the place where the rat received a food reward. The “identical 
object” condition followed the object removal condition. 3 pairs of identical objects (i.e., A and A*; B 
and B*; C and C*) were placed around the track for epoch 1 (bottom left panel). After the 20 minute rest 
period, the locations of the object pairs were swapped (A placed in the location of A*, and vice versa) 
(bottom right panel).  
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For all conditions in which objects were placed on the track, the objects were fixed in 

place using Velcro, thus, the rat could actively explore, rear, and climb on the objects without 

displacing them. Additionally, during all rest periods the objects were removed from the track so 

that the rat could not see them during the intervening delay period.    

II. Surgical Procedures 

Surgery was conducted according to National Institutes of Health guidelines for rodents 

and protocols approved by the University of Arizona Institutional Animal Care and Use 

Committee. Prior to surgery, the rat was administered penicillin G (30,000 units intramuscularly 

in each hind limb) to combat infection. The animal was implanted with a “hyperdrive” 

manipulator device that held an array of 14 separately moveable tetrode recording probes. 

During surgical implantation the rat was maintained under anesthesia with isoflurane 

administered at doses ranging from 0.5% to 2.5%. The hyperdrive recording device, implantation 

methods, and the parallel recording methods have been described in detail elsewhere (Gothard et 

al., 1996). Briefly, each hyperdrive consisted of 14 drive screws coupled by a nut to a guide 

cannula. Twelve of these cannulas contained tetrodes (McNaughton et al., 1983; Recce and 

O'Keefe, 1989), four-channel electrodes constructed by twisting together four strands of 

insulated 13 µm nichrome wire (H. P. Reid, Inc., Neptune, NJ). Two additional tetrodes with 

their individual wires shorted together served as an indifferent reference and an 

electroencephalogram (EEG) recording probe. A full turn of the screw advanced the tetrode 318 

µm and all tetrodes were lowered between 4.0 and 6.0 mm ventral to the surface of brain. In the 

rat, recordings were made from the middle to caudal PRC region (between 4.0 and 6.5 posterior, 

6.0 lateral to bregma, and angled 14° towards the midline). Following experimental procedures, 

20 µA of DC current was administered to each tetrode and tetrode location was verified 
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histologically. Only the units recorded from tetrodes in the PRC were used in the current 

analyses and neurons recorded from other brain regions (e.g. ventral CA1 or area TE of the 

inferotemporal cortex) were excluded.  

The implant was cemented in place with dental acrylic anchored by small screws. 

Immediately after surgery, all tetrodes were lowered approximately 1 mm into the cortex, and rat 

was orally administered 26 mg of acetaminophen (Children’s Tylenol Elixir, McNeil, PA) for 

analgesia. Oral administration of acetaminophen was continued for 3-5 days after surgery. 

Additionally, the rat was given either 25 mg of ampicillin (Bicillin, Wyeth Laboratories, 

Madison, NJ) or a combination of 20 mg of sulfamethoxale and 0.4 mg trimethoprin (Hi-Tech 

Pharmacal Co., Inc, Amityville, NY) on a 10 days on/10 days off regimen for the duration of the 

experiment. 

 

 

 

aged ratyoung ratyoung ratA Baged ratyoung ratyoung ratA B

Figure 6: Location of perirhinal cortical recordings. (A) Coronal Nissl stained sections of two 
rat brains (left and right panels) showing representative tetrode tracks (black lines) and lesions 
(red circles) for perirhinal cortical recordings. The red arrows indicate the location of the rhinal 
sulcus. (B) An unfolded flat map of the perirhinal and postrhinal cortices. The red oval delineates 
the location of perirhinal cortical recordings. Flat map image is from Burwell, 2001. 

Rostral
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III. Neurophysiology 

After surgery, tetrodes were lowered into the PRC over several weeks. The neutral 

reference electrode was advanced with other tetrodes and when an area of cortex was reached 

that did not record any unit activity, it was not moved again. The four channels of each tetrode 

were attached to a 50-channel unity-gain head stage (Neuralynx, Inc., Tucson, AZ). A multi-wire 

cable connected the head stage to digitally programmable amplifiers (Neuralynx, Inc.). The spike 

signals were amplified by a factor of 1,000 – 5,000, band pass-filtered between 600 Hz and 6 

kHz, and transmitted to the Cheetah Data Acquisition system (Neuralynx, Inc.). Signals were 

digitized at 32 kHz, and events that reached a predetermined threshold were recorded for a 

duration of 1 ms. Spikes were sorted offline on the basis of the amplitude and principal 

components from the four tetrode channels by means of a semiautomatic clustering algorithm 

(KlustaKwik, author: K. D. Harris, Rutgers–Newark). The resulting classification was corrected 

and refined manually with custom-written software (MClust, author: A. D. Redish, University of 

Minnesota; updated by S. L. Cowen and D. R. Euston, University of Arizona), resulting in a 

spike-train time series for each of the well-isolated cells. No attempt was made to match cells 

from one daily session to the next. Therefore, the numbers of recorded cells reported does not 

take into account possible recordings from the same cells on consecutive days.  

Putative principal neurons in the deep and superficial layers of the PRC were identified 

by means of their waveform characteristics and autocorrelogram features (Bartho et al., 2004). 

Specifically, neocortical principal cells tend to have auto-correlograms with peaks at 3-6 ms 

followed by an exponential decay, which is indicative of “bursting” cells, or an auto-correlogram 

with an exponential rise from 1 to tens of milliseconds. These cells are considered regular-
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spiking neurons. In contrast, the autocorrelograms of putative interneurons are not as fast 

decaying or slow rising as those of pyramidal neurons (Bartho et al., 2004).   

Continuous recording was also taken from each tetrode. Several diodes were mounted on 

the head stage to allow position tracking. The position of the diode array was detected by a TV 

camera placed directly above the experimental apparatus and recorded with a sampling 

frequency of 60 Hz. The sampling resolution was such that a pixel was approximately 0.3 cm. 

IV. Analyses and Statistics 

Spike activity diagrams were constructed by plotting the circular trajectories of the 

animal on a linearized, one-dimensional scale, using a linear interpolation (Maurer et al., 2005).  

 

Results  

I. Behavioral correlates of perirhinal activity 

As previously reported (Burke, PhD dissertation), in this experiment, many of the PRC 

neurons portrayed selective firing rate increases at specific object locations. This occurred when 

objects were both novel and familiar. This increase in spiking activity near objects will be 

referred to as ‘object fields’. Moreover, during the no objects condition, many PRC neurons had 

high firing rates at the food dishes compared to other areas of the track, which will be referred to 

as ‘food dish fields’. Figure 7 shows a representation of the activity of three PRC neurons with 

objects present on the track (left panel), and without objects (middle and right panel). Because 

the object positions alternated between the left and the right side of the track, the rats modified 

their path in order to weave through them. This also ensured that the rats had to briefly view the 

objects in order to avoid colliding with them.  
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Figure 7: Behavioral correlates of PRC neuron activity. (A) The activity of three representative PRC 
neurons under conditions with objects on the track (left panel) or without objects (middle and right 
panels). The black trace indicates the path of the rats and the red spots indicate the locations of spikes. In 
the left panel, the blue numbers represent the locations of objects. Notice that in this example, the neuron 
fires at locations 6 and 8. In the no objects conditions, many PRC cells increase their firing rates near the 
food dish locations (middle panel), or selectively show activity at the food dish (right panel). (B) The 
occupancy-normalized firing rate maps of the cells shown in A.  
 

 

The proportion of cells with ‘object fields’ was determined using criteria described 

elsewhere (Burke, PhD dissertation). Specifically, a PRC neuron was considered to have an 

object field if its information score was above 0.5 bits/spike (Skaggs, et al., 1993) when the food 

dish regions were excluded, and there were at least four consecutive 4.1 cm bins where the 

neuron’s firing rate exceeded the mean firing rate. Additionally, the boundaries of an object field 

had to overlap with a region of the track that contained an object. A PRC neuron was considered 

to have a ‘food dish field’ if its information score was greater than 0.5 bits/spike when no objects 

were on the track, and the mean occupancy normalized firing rate at the food dish exceeded the 

mean firing rate for the entire track.  
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Post hoc comparisons indicated that during the no objects condition, significantly fewer 

neurons met the criteria for having object fields relative to all three behavioral conditions with 

objects (p < 0.05 for all comparisons; Tukey HSD). Figure 8 shows the mean proportion of PRC 

neurons that had object fields for the different behavioral conditions when the food regions were 

excluded.  

 

Figure 8: Proportion of PRC cells with object fields. During the no objects condition, less than 15% of 
PRC neurons had information scores above 0.5 bits/spike and activity that exceeded the mean occupancy 
normalized firing for at least 4 consecutive 4.1cm bins. Error bars represent +/- 1 SEM.  

 

The proportion of PRC neurons showing food dish fields were evaluated using the 

criteria that a cell have a spatial information score above 0.5 bits/spike and a mean occupancy 

normalized firing rate for the 7 bins located at and before the food dish that exceeded the total 

mean firing rate for the entire track. Additionally, cells that were active as the rat was leaving the 

food dish were excluded. Finally, cells that had a food dish field at only one food dish were  
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Figure 9: Food dish-associated activity of PRC neurons. The proportion of PRC neurons with no food 
dish fields (white bar, solid line), with 1 food dish field (dark blue bar), with fields at both of the food 
dishes (grey bar), and the chance probability for observing two food dish fields (white bar, dashed line) if 
having a field at one food dish was not correlated with having a field at the other food dish. The 
proportion of PRC neurons showing increased activity at both food dishes was significantly greater than 
what was expected by chance (p<0.05; one sample T test). 

 

counted separately from the cells that showed an increase in activity at both food dishes. These 

neurons were analyzed separately because a single food dish field implies that the neuron was 

responsive to both the food dish and space, while a neuron that is active at both food dishes may 

be responding the reward regardless of the spatial location. Figure 9 shows the proportion of 

PRC neurons that showed no food dish activity (white bar, solid line), an activity at 1 food dish 

(dark blue bar) or at both food dishes (grey bar). The white bar with the dashed line is the 

probability for observing two food dish fields by chance. The proportion of PRC neurons 

showing increased activity at both food dishes was significantly greater than what was expected 

by chance (p < 0.05 for both comparisons; one-sample T test). This suggests that although some 

PRC neurons only responded to one food dish, and may have been selective for the different 

food dish locations, a proportion of the PRC neurons (both food dishes – chance = ~6%) showed 
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increased activity near a food dish, regardless of its location. This could mean that these cells are 

selective for the food reward itself. 

II. PRC neurons without object or food dish fields  

Not all the PRC neurons had firing activity at objects or food dishes during episodes of 

track running. Some neurons were virtually silent during track running, while others had non-

selective activity. Behavioral conditions did not show a significant effect on the proportion of 

inactive neurons (F[3,40] = 0.82, p = 0.49; repeated-measures ANOVA). Figure 10A shows the 

mean proportion of PRC neurons that did not show activity on the track for the four different 

behavioral conditions. Because there was no difference in the numbers of inactive cells between 

different behavioral conditions but the proportion of object fields significantly increases between 

no objects condition and the conditions with objects, it does not appear that the ‘quiet neurons’ 

were the cells that acquired objects or food dish fields.  

 

A 
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Figure 10: The proportion of inactive and non-selective PRC neurons during track running. (A) 
There was no difference in the numbers of inactive cells between different behavioral conditions. (B) The 
proportions of neurons that were active on the maze, but did not show selective spiking at an object 
location or a food dish were significantly greater for the no objects condition relative to the conditions 
with objects. Error bars are +/- 1 SEM.  

 

Figure 10B shows the proportions of neurons that showed non-selective activity on the track 

during the four different behavioral conditions. There was a significant effect of condition on the 

proportion of neurons with non-selective spiking on the track (F[3,40] = 15.14, p < 0.001; 

repeated-measures ANOVA). Specifically, significantly more PRC neurons showed non-

selective activity on the track during the no objects conditions relative to the conditions with 

objects (p < 0.5 for all comparisons). These data indicate that it is the neurons with non-selective 

activity on the track that will potentially develop object or food dish fields when stimuli are 

added to the track. Thus, it is possible that a level of baseline activity prepares a portion of the 

PRC neuron population to respond when a salient feature is encountered in an environment.  

 

B 
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III. Object-related activity across delays 

In order to evaluate if PRC neuron activity patterns were similar between epochs, the 

correlation of PRC neuron firing rates between epoch 1 and epoch 2 was calculated for the 

different behavioral conditions. To determine the correlated activity patterns between epochs, the 

track was divided into 80 bins of ~4.1 cm, and the firing rate of an individual neuron was 

calculated for each bin. Laps that the rats ran in the counterclockwise direction were separated 

from laps where the running direction was clockwise, and bins within ~28.7 cm of either food 

dish (14 bins) were excluded because these regions of the track show elevated firing rates 

regardless of the behavioral condition and could inflate the measure of correlated activity. 

Therefore, the firing rate was determined for a total of 156 bins resulting in a 156 x 1 firing rate 

vector. The Pearson’s correlation coefficient between the epoch 1 and the epoch 2 firing rate 

vectors was then calculated for all PRC neurons across the four different behavioral conditions.  

Activity correlations between epochs were significantly modulated by behavioral 

condition (F[3,15] = 4.14, p < 0.05; repeated-measures ANOVA). Specifically, activity correlation 

between epochs was significantly higher for the objects, both epochs conditions compared to the 

configuration change and the no objects conditions (p < 0.05 for all comparisons). Figure 11 

shows the mean activity correlations between epochs 1 and 2 for the different behavioral 

conditions. These data suggest that when objects and their locations do not change between 

epochs of track running, ensemble activity in the PRC between epochs is similarly correlated. 

This was observed even when there was a 2 hr delay between epochs. In contrast, when the 

locations of objects was changed between epoch 1 and epoch 2 (configuration change condition), 

the activity of PRC cells was less correlated between epochs relative to the objects-both epochs 

conditions.  
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Figure 11: Correlated activity patterns of PRC neurons between behavioral epochs. The mean 
Pearson’s correlation coefficient of binned firing rats between epoch 1 and epoch 2 for the different 
behavioral conditions. For the configuration change condition, the activity of PRC cells was less 
correlated between epochs relative to the objects-both epochs conditions. 

 

Discussion and Future Experiments 

I. Summary 

After conducting this experiment, several novel discoveries have been made: the firing 

characteristics of PRC neurons are increased in areas of the track in which objects were located. 

These areas of higher firing rate near object locations are referred to as ‘object fields’. 

Additionally, many PRC neurons exhibit firing rate increases at the food dishes, which will be 

referred to as ‘food dish fields’. Also, the activity patterns of PRC neurons between epochs 1 and 

2 were greater for conditions with either sleep delay with objects relative to the behavioral 

conditions with the configuration change and the no objects. These data, however, cannot 
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address questions relating to object specificity, spatial location of objects and reward location. 

To answer these questions, data is being obtained from a seventh rat (procedure described in 

Figure 5). Unfortunately, the analyses of the data collected from this animal were not completed 

and thus cannot be reported in this thesis. The rationale for these additional experiments and the 

predicted outcomes, however, will be discussed here.  

II. Object Specificity 
 
In the experiment described, a PRC neuron had an object field if its spatial information 

score was above 0.5 bits/spike, had at least four consecutive 4.1 cm bins where the neuron’s 

firing rate exceeded the mean firing rate, and its boundaries overlapped with a region of the track 

that contained an object. Even though a sizable proportion (~33%) of PRC neurons had object 

fields (Figure 8), those neurons did not fire at every object on the track. Thus, to a certain extent 

PRC neurons do exhibit object specificity. Also, it has been shown that object fields are stable 

between epochs of track running. However, once the location of the object was changed 

(configuration change), PRC cell activity was less correlated between the two epochs (Figure 

11). This finding led to the conception of the current experiment. It is still unclear whether PRC 

object fields encode for a specific stimulus in a particular location, or any stimulus at that 

location will cause the same PRC cell activity. Therefore, a ‘novel objects-both epochs’ 

condition has been implemented in which there is a complete exchange of objects between the 

two epochs, so during both epochs 1 and 2 a different set of novel objects are placed on the track. 

If PRC neurons are in fact object specific, one could hypothesize that the PRC cell activity 

would be less correlated between the two epochs with the novel objects condition.  
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III. Reward location 
 

PRC neurons showing food dish fields were evaluated using the criteria that cells have a 

spatial information score above 0.5 bits/spike and a mean occupancy normalized firing rate for 

the 7 bins located at and before the food dish that exceeded the total mean firing rate for the 

entire track. First, it is important to discuss the rationale in changing the number of objects on the 

track from eight (discussed experiment) to six (current experiment). As shown in the Results 

section, there were many PRC neurons that had selective firing patterns at one or more food dish 

locations (Figure 9). One difficulty encountered was distinguishing between PRC neurons firing 

at a food dish versus firing at an object (Objects 1 and 8, for example) closest to the food dish. 

Often times, these spikes between the food dish and the object could not be separated. In the 

current experiment, in order to avoid problems of ambiguity near the food dishes, we decreased 

the number of objects placed on the track from eight to six.  

As described in the current PRC experiment, a large set of PRC neurons were active at 

the food dishes, having more activity than any one object on the track. The rats were always 

given a food reward at a food dish as they approached it. These data suggest that PRC neurons 

either respond heavily to just the food reward or respond to relevant behavioral stimuli. The 

current experiment attempted to address the connection between food dishes and reward 

locations, to see whether the food dish field activity would persist if the food reward was not 

given at the food dish and changed to a different location. For the ‘object removal’ condition-

epoch 2, a food reward was only given at the location where the object was removed. 

Occasionally, a food reward was given at the food dishes to ensure that the animal would 

traverse the entire track.  
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Based on the feature conjunctive model proposed by Murray and Bussey (1999), one 

could speculate that it is the conjunction of both the food reward and the object (food dish) that is 

eliciting this high PRC activity. Thus, if the food reward was not given at the food dish, these 

food dish fields should diminish. Additionally, with respect to PRC cell activity at the location 

where the rat is receiving the majority of its food rewards, the food rewards are not associated 

with an object (because it is removed), and as a result PRC neuron activity should be lower 

compared to the food dish + food reward activity.  

Aside from the food reward being behaviorally relevant, the PRC might be 

dopaminergically modulated by the basal ganglia. Dopamine is linked with the pleasure system 

of the brain, being centrally involved with associating actions with reward-related stimuli 

(Schultz, 2000). Dopamine neurons are effective in transforming prediction errors to signals to 

certain parts of the brain for acquiring new behavior responses (Schultz, 1998). It is known that 

dopamine neurons fire when an unexpected reward is presented (food reward at different 

location on track) and suppressed when an expected reward is omitted (no food reward at food 

dishes). As an unexpected reward becomes familiar, the dopamine neurons no longer show 

bursts of activity (Schultz and Dickinson, 2000). Thus, receiving food rewards at a location 

without an object may elicit a ‘reward field’ due to the projection to the PRC from the basal 

ganglia. One could infer, however, that it would not be as strong as the conjunction of the food 

reward and an object.  

IV. Spatial location of object 

To further test whether PRC neurons respond to the conjunction of a particular object in a 

specific location in space, another manipulation was developed. In the ‘identical objects’ 

condition, 3 pairs of identical objects (i.e., A and A*; B and B*; C and C*) were placed around 
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the track for epoch 1. After the 20 minute rest period, the locations of the object pairs were 

swapped (for example, A placed in the location of A*, and vice versa) for epoch 2 to ensure that 

the pairs of objects were indistinguishable to the rodent. Specifically, there could be some odor 

variation between the objects that the rat could potentially use to differentiate the identical 

objects, thus making it object specific but not because of a difference in spatial location. If PRC 

neurons are object-specific and depend on object location, one could hypothesize that a PRC 

neuron with an object field at A would not necessarily have an object field at A*.  

V. Conclusion 

It has been implied that PRC object fields play a crucial role in object recognition, but 

their function in memory with respect to the greater MTL region has not been fully discussed. 

Accordingly, the HPC may be involved in tasks that depend on combining information from 

multiple sources. This type of memory is called episodic memory (Squire et al., 2004). For a 

normal animal to have episodic memory, the HPC needs to relate information about context 

(time and place the episode occurred) and specific details of that experience (visual features, 

items, etc). It is proposed that these object fields created by the PRC might represent the non-

spatial content of memory by providing the details of the experience. This notion is supported by 

the observation that objects not only affect the PRC, but also ventral CA1 activity in the HPC 

(Burke, PhD dissertation). Objects could affect the activity of both regions because of the 

interconnectivity of the MTL. The HPC via the CA1 projects to the PRC, and the PRC then 

provides some input to both dorsal and ventral CA1 and subiculum, thus forming a loop. For 

many years, it was thought that the PRC provided a familiarity signal to the brain via a response 

decrement. Not only has the described experiment refuted this idea, but the current experiments 

will hopefully shed more light on the PRC functions.  
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