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1. Abstract

The hippocampus is a brain structure critical for learning and memory and receives a major

input from the entorhinal cortex, which is itself divided into medial and lateral divisions.

The medial division (MEC) contains grid cells, so named because the locations in space that

increase any specific cell’s firing rate are distributed as a triangular lattice-shaped grid [1].

The neurons of the lateral division (LEC) do not exhibit spatially selective firing [2], but

may instead be involved in providing the hippocampus with information about the objects

in the environment based on its anatomical connections with the perirhinal cortex [3]. The

immediate-early gene Arc codes for a protein involved in synaptic plasticity and its expression

is induced in principal cell populations by active behavior. In this experiment Arc is used to

mark neuronal activation in LEC to test the hypothesis that these regions process different

information about the rat’s experience. Rats were trained to run on a circular track; on

the day of the experiment, animals were divided into four groups: caged controls (negative

control group); maximal electroconvulsive shock controls (positive control group); an A/A

group which ran on a track populated with the same set of objects for two sessions separated

by 20 minutes, and then sacrificed; and an A/B group which encountered two distinct sets of

objects for each session. Arc expression was increased in the A/A and A/B groups relative

to the caged controls; the pattern of Arc-labeled neuron proportions was altered in the A/B

group relative to the A/A group, but no firm evidence of object-selective neurons was found.

This may be due to low statistical power, sampling limitations, or unknown confounds.

2. Introduction and Background

2.1. Spatial Memory and the Hippocampus.
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The hippocampus has been implicated in memory processing since Scoville’s and Milner’s

landmark 1957 study of memory defects in patients with bilateral hippocampal lesions [4].

While the procedural memory of these individuals remained intact, their ability to form new

episodic memories was permanently compromised. Over the subsequent fifty years, knowl-

edge of hippocampal functioning has expanded to include roles in spatial and contextual

learning [5], supporting a view of the hippocampus as a cognitive mapping system [6].

2.1.1. Hippocampal Circuitry.

The hippocampal formation includes the dentate gyrus, the CA1, CA2, and CA3 subfields,

and the subiculum [7]. The trilaminar organization and largely unidirectional information

flow through these structures was determined histologically by Ramón y Cajal as early as

1893 [8][9] and Lorente de Nó in 1934 [10]. Electrophysiological studies later revealed the

sequential activation of each subfield and the excitatory nature of the principle cells within

each field [11]. In the classical circuit, input from the entorhinal cortex reaches the granule

cells of the dentate gyrus via the perforant pathway. The granule cells project to CA3

pyramidal cells via the mossy fiber pathway. From CA3, information flows along Schaffer

collaterals to CA1 pyramidal cells which subsequently target the subiculum, the output

structure of the hippocampal formation [3][12].

2.1.2. Hippocampal Place Cells.

In 1971, O’Keefe and Dostrovsky reported the existence of ‘place cells’ in the hippocampus,

neurons with firing rates dependent upon the spatial position of the animal [13]. Activation of

each place cell occurred at a distinct location – the ‘place field’ of the neuron. The combined

place fields of a cell population can map entire environments [14]. When animals are exposed
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to multiple locations, a fraction of the place cells have fields in both environments, however

the place maps corresponding to each location remain distinct [15]. In addition to spatial

information, place cells have been shown to encode the non-spatial sensory cues within an

environment [16], indicating that place cells can contribute to the representation of multiple

distinct locations, and that the population activity of an ensemble of place cells is critical

for the encoding of unique locations.

When one aspect of a location is altered, the place fields change to varying degrees in a

process called ‘remapping’ [17]. Rate remapping, or changes in place cell firing rates, occurs

in response to minor changes to the environment, such as a change in visual cues within the

same location. Typically, the place fields remain unaltered in space in rate remapping but

the firing rates within the fields decrease. In contrast, global remapping involves arbitrary

differences in the location of place fields and the cells that are active, and accompanies

substantial changes to the environment [18]. While rate remapping provides a mechanism for

encoding slight differences in familiar environments, the process by which the hippocampus

receives information about the environment remains unclear, leading one to focus on the

cortex upstream of the hippocampus, the entorhinal cortex (EC).

2.2. Entorhinal Cortex .

The EC, a component of the parahippocampal region, projects to all regions of the hip-

pocampal formation and throughout the neocortex, and receives input from multiple sensory

modalities. Consequently, it is thought to play a crucial role in memory processing and hip-

pocampal function. The EC is subdivided into the superficial layers (II-III), the cell-sparse
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lamina dissecans (layer IV), and the deep layers (V-VI). The superficial layers provide hip-

pocampal input via the perforant pathway while the deep layers receive hippocampal back

projections and project to the neocortex [19]. Since the work of Brodmann (1909), the EC

has been organized into the medial EC (MEC) and the lateral EC (LEC) based on differ-

ences in anatomy and connectivity (Figure 1); the LEC preferentially receives projections

from the perirhinal cortex, a region of the brain critical for visual recognition memory, while

the postrhinal cortex, an area implicated in spatial navigation, projects to the MEC [3].

2.2.1. Medial EC grid cells.

An important functional distinction between the MEC and LEC was determined in 2005

with the discovery of grid cells in the MEC [1]. The firing pattern of these cells resembles

a tessellation of equilateral triangles spanning the environment and cell activation occurs

when the animal’s position corresponds to the vertex of a triangle (the ‘grid field’ of the

neuron). Neighboring cells have grids of equivalent size with different angles of orientation,

while the overall size of the grid increases along the dorsoventral axis. The scaling behavior

of grid cells allows the spatial dimensions of an arbitrarily-sized environment to be measured.

Grid fields are typically stable, persisting in the absence of external cues and even in the

dark, however the coordinates shift and the field rotates under conditions that lead to global

remapping in the hippocampus [20].

2.2.2. Lateral EC.

In contrast to the MEC, the LEC lacks spatially selective grid cells [2]. We hypothesized

that the LEC may respond instead to visual cues in the environment, such as objects, and

may thus assist in the integration of visual information into the hippocampal map. To test
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this hypothesis, LEC neuronal activity was measured when the animal encountered different

objects in the same environment using the catFISH (cellular compartment analysis of tem-

poral activity by fluorescent in situ hybridization) technique, which involves assessment of

Arc transcription.

2.3. Immediate Early Gene Arc/Arg 3.1 .

Neuronal activity can be assessed by quantifying the numbers of cells that express the

immediate-early gene (IEG) Arc (activity-regulated cytoskeleton-associated protein, also

termed Arg 3.1 ), whose transcription is coupled to behaviorally relevant information pro-

cessing. The neuronal IEG family includes approximately 30-40 genes and can be subdivided

into ‘effector’ IEGs, encoding proteins that function directly at the synapse, or ‘regulatory’

IEGs that encode transcription factors [21].

Arc, an effector IEG, is highly conserved across vertebrates, residing on chromosome 8 in

humans. The cDNA is 3032 bp in length with the longest open reading frame encoding 396

amino acids. The 5’ AUG is identified by the GC rich Kozak consensus sequence [22], a site

recognized by the ribosome during the initiation of translation [23]. The absence of both a

signal sequence and glycosylation sites characterize Arc as a cytosolic protein in contrast to a

membrane–spanning protein. The molecule has a MW of 45.4 kD and multiple possible phos-

phorylation sites serving as targets for protein kinase C and calcium/calmodulin-dependent

kinase 2. Recent studies show Arc protein participates in the endocytic pathway, playing a

role in synaptic plasticity through receptor trafficking [24].

Many IEGs have been shown to function in learning and memory through their role in synap-

tic plasticity – when the strength of the synapse between neurons is altered by convergent
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firing activity onto the post-synaptic neuron [25]. In the process of long-term potentiation

(LTP), coincident activation of pre-synaptic and post-synaptic neurons leads to a strength-

ening of the synapse and an increase in effectiveness of chemical transmission between the

cells, such that future activation of the post-synaptic cell can be achieved with a weaker

stimulus [26]. The converse of LTP, long-term depression (LTD), is a phenomena of activity-

dependent weakening of the synapse between two neurons (reviewed in [27]).

In the LTD pathway, Arc functions by endocytosing α-amino-3-hydroxyl-5-methyl-4-isoxazole-

propionate receptors (AMPARs) from the post-synaptic membrane. Type I metabotropic

glutamate receptors (mGluR) induce translation of Arc mRNA in the dendritic spine by

activating the kinase eEF2K via Ca2+ and calmodulin [28]. eEF2K phosphorylates the

elongation factor eEF2, which leads to increased de novo translation of Arc mRNA. Newly

synthesized Arc forms a complex with two proteins, endophilin2/3 (Endo) and dynamin

(Dyn) and the complex is located on the surface of endosomes containing AMPARs [24].

Arc interacts with Dyn, a large GTPase necessary for clatharin-coated vesicle recycling

[29] and endocytosis [30], through the pleckstrin homology (PH) domain (a phospholipid

binding motif [31]) located on Dyn. When incubated with a form of Dyn lacking the PH

domain, Arc does not co-IP, suggesting it binds directly to the domain [24]. Similar to

Dyn, Endo has been implicated in vesicle trafficking [32][33][34], and the C terminus BAR

(Bin/amphiphysin/Rvs) domain on Endo3 mediates the binding of the Arc-Endo2/3-Dyn

complex to the curved lipid surface of the endosome [35].

When Arc is overexpressed, the concentration of surface AMPARs decreases while the rate

of AMPAR endocytosis accelerates. Arc knock-out cells, in contrast, have increased levels

of surface AMPARs and reduced AMPAR endocytosis. Arc is believed to be the limiting
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molecule in the pathway, since AMPAR trafficking is unaffected by increases in levels of Dyn

or Endo2/3 [24].

In addition to its role in LTD, Arc is thought to regulate homeostatic plasticity, a mechanism

that modifies and complements Hebbian forms of plasticity. Homeostatic plasticity scales

synaptic strengths while preserving relative strengths in order to stabilize neural circuits in

the event of perturbations to the system, such as activity-stimulated changes in synaptic

strength or the number of synapses [36].

2.3.1. catFISH.

The catFISH technique measures neuronal activity during distinct behavioral epochs based

on the spatiotemporal precision of Arc transcription. Two minutes following maximum

electroconvulsive shock (MECS) treatment, Arc mRNA appears as punctate foci within

the nucleus and by 30 min has accumulated in the cytoplasm; MECS treatment induces

Arc transcription in every Arc-expressing neuron while behavioral induction is specific to

the neurons involved in the experience-driven activity [37]. Since Arc mRNA is quickly

localized to the dendrites, the signal is absent from the nuclear/perinuclear area one hour

after stimulation [22]. Animals sacrificed from the home cage express only baseline levels of

Arc [37].

Previous studies have indicated approximately 30-50% of CA1 place cells are activated when

the animal explores a location of a given size and the populations of active neurons are

uncorrelated between envionments, as measured by parallel ensemble recording techniques

[14][38][39]. Due to the independence among the cell populations, the proportions of cells

activated in each environment can be predicted: PA and PB represent the percentage of cells
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activated only in environments A and B, respectively. Then PA×PB is the percentage active

in both environments and (1 − PA) × (1 − PB) is the percentage corresponding to neurons

inactive in both environments [37]. In catFISH Arc studies, the animal’s exploration of

environment A and B is separated by 20 min, thus PA corresponds to the population with

Arc mRNA in the cytoplasm, PB represents the cell population with mRNA in the nucleus,

PA × PB is the double-labeled population containing Arc mRNA in the nucleus and the

cytoplasm, and (1−PA)× (1−PB) represents the cells lacking Arc expression. The observed

frequencies from Guzwoski and colleagues’ 1999 study of Arc expression – 24% nuclear

stained, 24% cytoplasmic stained, 16% double labeled, 36% null – matched the predictions,

indicating a strong correlation between place cell activation and Arc mRNA transcription

[37].

2.4. Significance.

Spatial memory deficits commonly occur in aged humans and evidence suggests the hip-

pocampus is particularly vulnerable to age-related declines. The place fields of CA1 neurons

in old rodents (24 months) lack stability relative to the fields of neurons in younger rats (9

months); when aged animals are reintroduced to the same environment, they may fail to

retrieve the correct place-field map [40]. Instead, a new place map may be created, sug-

gesting the animal perceives the environment as novel. Understanding the mechanism by

which spatial memory is encoded provides therapeutic targets for the treatment of memory

loss. Our examination of the EC will identify whether upstream cortical inputs to the hip-

pocampus suffer age-related decline and subsequently contribute to the deficits seen at the

hippocampal level.

9



3. Materials and Methods

3.1. Subjects.

Twelve male Fischer 344 rats (11 months old) obtained from the National Institute on Aging

colony at Harlan Sprague Dawley were used in the experiments. The animals were housed

individually in Plexiglas guinea pig tubs on a reverse 12 h light/dark schedule. Prior to

behavioral testing, all rats were handled on three separate days for a period lasting ten

minutes to acclimate the animals to human handling. During the training period and on the

day of the experiment, animals were maintained at 85% of ad libitum body weight on a diet

of mash, applesauce, and nutritional supplements (Ensure, Abbott Labs) with free access to

water.

3.2. Behavior procedures.

3.2.1. Morris Swim Task.

The spatial, visual, and motor abilities of each rat were assessed using the Morris swim task.

Animals were placed in a circular, white-walled pool. Spatial learning and memory were

evaluated by measuring the rat’s ability to locate a hidden platform in six trials per day over

four consecutive days. The animal’s latency in locating the platform determined its spatial

and visual skills.

3.2.2. Training.

All animals were trained to run twenty consecutive clockwise and counter-clockwise laps on

a circular track of circumference 0.327 m (Figure 3). Brightly patterned, visually engaging

posters hung on the walls to provide distal cues. Following completion of a lap, the animal
10



received a food reward on a tongue depressor at the cardboard partition spanning the track.

On the day of the experiment, animals were divided into four groups (n=3/group). The cage

control animals - negative control group - were sacrificed directly from the home cage. The

MECS animals - positive control group - received 1-second stimulation train of 0.5-millisecond

pulses at 100 Hz (85 mA current, generated by a constant-current signal generator; ECT

unit, Ugo Basil) and were sacrificed after a period of five minutes. The two behavioral

groups were designated A/A and A/B. The A/A group ran on the track for five minutes in

the presence of cue condition A, consisting of six visually and tactilely distinct objects placed

equidistant from one another on the track. The animals then rested for twenty minutes in

the home cage before returning to run for an additional five minutes in the presence of cue

condition A. Immediately afterwards, the animals were sacrificed. The A/B group followed

the same behavioral paradigm as the A/A group however, after resting in the home cage for

twenty minutes, the A/B group ran for five minutes in the presence of cue condition B. The

objects of cue condition B occupied the same physical locations on the track as the objects

of cue condition A, yet differed on the basis of size, color, material, and shape.

3.3. Histological processing .

Animals were decapitated by rodent guillotine following anesthetization in a sealed jar con-

taining isofluorane-soaked cotton balls. The brains were immediately extracted and flash-

frozen in -60◦C isopentane for five minutes then wrapped in aluminum foil and stored at

-70◦C. The isopentane was prepared in a freezing bath of dry ice and 95% ethanol. The

left hemispheres of the brains were blocked in frozen tissue-embedding medium (Tissue-Tek

OCT, VWR) and sectioned in the horizontal plane into 20µm thick slices at -18◦C on a
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cryostat. The sections were collected on slides (Superfrost Plus, VWR) and stored at -70◦C

until further processing.

3.3.1. Nissl Staining.

Every twentieth slide was Nissl stained to determine the location of the EC. Slides were

fixed in 4% buffered paraformaldehyde for 20 min and demyelinated for one hour in 1:1

chloroform/ethanol. Following demyelination, slides were slowly hydrated in solutions of

decreasing ethanol concentration (100%, 95%, 70%, 50%) and ddH2O for one minute each,

then incubated in cresyl violet solution (0.1% cresyl violet, 85.33 mM sodium acetate, 34.9

mM acetic acid; filtered prior to each use and discarded after fourth stain) for 8 min, or until

the densely packed cells of the hippocampus were visible. Stained slides were then washed

in ddH2O and dehydrated in solutions of increasing ethanol concentration (50%, 70%, 95%,

100%) for 4 min each. Finally, slides were washed twice in xylene for 5 min each before

coverslipped in permount.

3.3.2. Fluorescence in situ hybridization (FISH).

Four to five sections per brain, spaced across 600 microns of brain volume, were selected

containing EC and stained for Arc using a digoxygenin-labeled riboprobe synthesized using

a commercial kit (RNA Maxiscript, Ambion) and purified on miniquick columns (Roche).

The original DNA template was generated from a plasmid containing the full length Arc

cDNA transcript and the integrity of the probe was confirmed by gel electrophoresis (1%

agarose gel containing 0.5µg/ml ethidium bromide run at 200mV in 0.5-1x TBE for 20 min).

Slide-mounted brain sections were thawed to -20◦C overnight and to room temperature for

∼5 hours prior to fixation for five minutes in 4% buffered paraformalydehyde (filtered and
12



chilled to 4◦C). Slides were equilibrated in 2x SSC for 2 min at room temperature, then

treated with 0.5% acetic anhydride/1.5% triethanolamine for 10 min. After a brief dip in

DEPC, slides were incubated for 5 min in 1:1 acetone/methanol at -20◦C. Equilibrated slides

were coverslipped with 1x prehybridization buffer (Sigma) for 30 min at room temperature

in a chamber containing blotting paper soaked in 50% formamide/1x SSC to stabilize single

stranded nucleic acids. Coverslips were removed in 2x SSC and slides were re-coverslipped in

hybridization buffer (Amersham) and 3.0% riboprobe (heated at 90◦C for 7 min to denature

the RNA then put on ice for 3 min) for 18 hours at 56◦C. All containers were treated with

RNAse Away and rinsed 3x in DEPC before use on the first day.

On day two, slides were treated with RNAse A (2 mg in 2x SSC) at 37◦C for 15 min to

remove unhybridized RNA. Following washes in TBS-T, the slides were blocked (5% NShS in

TSA blocking buffer) at room temperature for 30 min in a chamber lined with TBS treated

blotting paper. Slides were coverslipped with a horseradish peroxidase (HRP)-antibody

conjugate directed against digoxygenin (1:400, in 0.5% TSA blocking buffer) at 4◦C for 18

hours.

On day three, coverslips were removed and slides were washed in TBS-T before staining with

fluorescent Cy3 directed against HRP (1:50, in diluent) for 30 min at room temperature to

visualize Arc mRNA. Following a wash in TBS, slides were coverslipped in the nuclear stain

TOPRO (1:1000, in TBS) for 30 min at room temperature then coverslipped in Vectashield

and stored at 4◦C until imaging.

3.4. Analysis and statistics.
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Nissl-stained slides were imaged on a scanning microscope (Dmetrix) and z stacks of FISH-

labeled slides were collected using confocal microscopy (Zeiss). Two confocal image stacks,

each spanning layers 2 and 3 of LEC, were collected per section. To prevent researcher bias,

brains were randomly assigned a one-letter code for quantification.

Confocal image data was converted from a proprietary file format to tagged image file format

and analyzed using molecular imaging software (Metamorph version 4.6, Molecular Devices).

Cells in focus on planes in the median 20% were analyzed for Arc signal. The nuclei of

neurons were distinguished from glial nuclei by size and intensity of stain: neuronal nuclei

are larger and have a textured appearance in addition to a lower stain intensity compared

to glial nuclei. Signal persisting over a minimum of three planes was designated Arc mRNA

to separate it from background noise. Neurons were characterized as nuclear-positive if

signal was contained within the nucleus; cytoplasmic-positive neurons contained signal in

the cytoplasm, directly adjacent to the nucleus or on planes immediately above or below the

nucleus (Figure 3).

The data was first analyzed using a factorial ANOVA with Behavioral Group (caged control,

A/A, A/B) as one factor and Localization of Arc Signal (nuclear, cytoplasmic, double-

labeled) as a second factor. Data was then organized by behavioral period for the A/A and

A/B groups. The percentage of total neurons activated during the first period of track-

running (epoch 1; equaling the sum of cytoplasmic-positive and double-labeled cells divided

by the total number of cells) and the percentage of total neurons activated during the second

period of track-running (epoch 2; equaling the sum of nuclear-positive and double-labeled
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cells divided by the total number of cells) were calculated. After sorting by epoch, a re-

peated measures ANOVA was performed on this data to investigate differences in the total

percentage of cells activated by the separate behavioral periods.

4. Results

The results of the factorial ANOVA revealed a significant main effect (p<.05) of Behavioral

Group as well as a significant interaction (p<.05) between the Behavioral Group and Lo-

calization of Arc Signal factors. Tukey HSD post hoc tests were used to explore the main

effects. Following up the main effect of Behavioral Group revealed significant differences in

the comparisons between the caged control and both the A/A and A/B groups. Addition-

ally, there was a trend toward significance in the comparison between the A/A and A/B

groups (p=.08). Following up the Behavioral Group-Arc Localization interaction revealed

several significant comparisons. Comparisons which reached significance for the Behavioral

Group-Localization of Arc Signal interaction were a significant difference in the percentages

of double-labeled neurons and cytoplasmically labeled neurons in the A/B group, and a sig-

nificant difference in the percentage of double-labeled neurons in the A/B group compared

to the percentage of nuclear-labeled neurons in the A/A group.

The results of the repeated measures ANOVA found no significant differences between the

percentages of LEC neurons activated during the first behavioral epoch (e.g., the first A in

A/A) compared to the second behavioral epoch (e.g., the second A in A/A) (Figure 5).
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5. Discussion

The aim of this study was to determine if LEC neurons were responsive to specific objects

in the environment. To investigate this possibility, animals were divided into two groups,

A/A and A/B. The A/A group encountered the same set of objects during both epochs of

track-running while the A/B group encountered a distinct set of objects during the second

behavioral epoch compared to the first epoch. In both cases, the objects were encountered

in the same place on the track. If the LEC does contain neurons which respond selectively

to distinct objects, the prediction was that the A/A group would have a greater proportion

of double-labeled neurons than the A/B group due to identical objects being encountered in

both discrete periods of track-running. Conversely, the A/B group would encounter separate

groups of objects, and thus have a greater proportion of both nuclear- and cytoplasmic-

positive neurons compared to the A/A group. Relative to the track-running groups, the

caged controls should show low levels of Arc.

The pattern of staining observed in our experiment did not conform to these predictions.

The caged control group had a mean percentage of Arc-labeled neurons equaling 3.5%. This

was significantly lower than both the A/A (12.2%) and A/B (16.7%) groups as indicated

by the significant main effect of Behavioral Group. Contrary to our prediction, there was

no significant difference in the double-labeled cell populations between the A/A and A/B

groups; in fact, the mean percentage of double-labeled cells in the A/B group was 23%, a

higher value than the mean percentage of double-labeled cells in the A/A group, which was

15% (Figure 4). Additionally, there was no significant difference between the A/A and A/B

groups in the mean percentages of nuclear-positive and cytoplasmic-positive neurons. While
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these comparisons were not significant, the pattern did shift so that there were more nuclear-

positive neurons and slightly less cytoplasmic-positive neurons in the A/B group compared

to the A/A group. Furthermore, there was a statistically significant difference between the

cytoplasmic-positive category and the double-labeled category in the A/B group (Figure 4).

The lack of significant differences in the percentages of nuclear-positive, cytoplasmic-positive,

and double-labeled neurons between the A/A and A/B groups may be due to low statistical

power. For instance, the mean proportion of both nuclear and double-labeled neurons is

nearly double in the A/B group compared to the A/A group. But these differences failed to

reach significance. The emerging pattern in these initial data seems to suggest an increase

in double-labeled cells and nuclear-positive neurons with a slight decrease in cytoplasmic-

positive neurons in the A/B group relative to the A/A. A larger sample size will be required

to determine if this pattern can be confirmed, but if the pattern were to hold, it would suggest

that the change of objects in the A/B condition does affect the activity of the LEC, but not

according to our hypothesis. The current data suggests that while new neurons might be

recruited by the second object condition, as evidenced by a possible increase in nuclear-

positive neurons in the A/B group, many of the neurons activated during the first epoch

are also activated by the second epoch as revealed by a decrease in cytoplasmic staining

and increase in double-labeled cells. An increase in proportion of double-labeled neurons

activated during the second epoch of the A/B group could be due to unexpected objects

encountered in the same spatial location on the track. One possibility is that there are

separate populations of neurons in the LEC; some respond to object-specific features, while

others respond to the presence of any object in conjunction with specific spatial locations

of the environment. In the A/B group, the objects are different between epochs, but still
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occupy the same spatial locations on the track. For the A/A group, it was expected that

the population responding to objects in those locations would be active during both epochs,

and would increase the double-labeled proportion. Instead, there was what appeared to be a

“suppression” of cell activity to the second exposure to the same objects in the same position.

We also explored the possibility that the object switch condition might lead to an increase

in the overall percentage of neurons active in the second epoch using a repeated measures

ANOVA with Epoch as one factor and Behavioral group as a second factor, but found no

significant differences. Once again, this may be due to low statistical power due to too

few subjects (see Figure 5). An alternative to the preceding explanation is the possibility

that LEC neurons respond not only to the introduction of novel objects, but also to the

subsequent removal of a previously encountered object.

While the difficulty in detecting object-sensitive neurons in the LEC may be due to low

numbers of subjects, other sampling limitations may be a factor. The posterior LEC, a

small subregion of the cortex, was targeted for sampling in response to constraints in time

and materials. This area receives strong projections from the perirhinal cortex [3] and was

thought to provide the greatest probability of locating cells whose activity was selective for

objects. The perirhinal cortex functions in visual recognition memory [41] and processes

information from the visual cortex. In fact, response decrement such as observed in the

present A/A condition might have been predicted to have been found in perirhinal cortex,

based on observations from primate recordings of reduced firing rate in those neurons as

stimuli transition from being novel to familiar. While the decision to quantify sections from

only the posterior LEC was guided by anatomy, this sampling size may have been too small
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to discern a population of object-selective cells in the event that object representations are

more widely distributed across the cortical region.

In addition to receiving visual input via projections from the perirhinal cortex, the EC

receives information from all other sensory modalities, including olfaction and tactile infor-

mation from whisking, for example. When the animal explores an environment, neurons

within the EC most likely transcribe Arc in response to visual and non-visual cues alike

and the expression pattern of Arc mRNA measured by catFISH does not differentiate be-

tween them. While the location and the track remained constant throughout the experiment,

other non-visual aspects of the environment may not have been strictly controlled. The most

prominent alteration was the change in objects experienced by the A/B group, however these

objects differed not only in visual appearance but also in shape and texture- differences that

may have been detected by the whisking of the rat. The current results do not disprove the

existence of object-selective neurons in the LEC; it is very possible that such a population

exists, but may be intermixed with neurons that are selective for other types of sensory input

which were not altered for any of the trials, and thus would lead to an increased proportion of

double labeled neurons in both the A/A and A/B rats. Our level of sampling may have been

insufficient to detect a change in a putatively small subpopulation of object-driven neurons.

In the future, LEC neuronal activity should be assessed when other sensory cues are more

stringently controlled to determine with more precision the stimuli to which these neurons

are responsive. Increased sampling and inclusion of the entire structure would also increase

the ability to detect changes of small magnitude, and an examination of LEC activity in

aged animals would provide a measure of the stability of LEC neurons during senescence.
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6. Legends

Figure 1. Nissl stained section in the horizontal plane containing the EC. Arrows indicate

the boundaries between the MEC and LEC.

Figure 2. A schematic depiction of the track. Top: A/A group explores the track in the

presence of object set A during both behavioral epochs. Bottom: group A/B encounters a

new set of objects during the second epoch.

Figure 3. Arc mRNA expression in LEC layer 2/3. Top, left : caged controls express low

levels of mRNA; top, right : MECS induces mRNA transcription in all Arc expressing

neurons; bottom: experimental A/A and A/B groups have double-labeled and

single-labeled neuronal populations.

Figure 4. Percentages of nuclear-positive, cytoplasmic-positive, and double-labeled

neurons in the superficial layers of LEC in each behavioral group (A/A, A/B, caged

control). Error bars are standard error of the mean (SEM).

Figure 5. Percentages of Arc-positive cells in the superficial layers of LEC during epoch 1

and epoch 2 in A/A and A/B groups. Error bars are SEM.
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Table 1. Mean Proportion of Arc labeled Cell Populations in Superficial LEC

Nuclear+ Cytoplasmic+ Double-labeled

A/A 0.094 0.126 0.147

A/B 0.178 0.089 0.234

MECS 0.819 0.004 0.087

CC 0.027 0.056 0.023
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