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1. ABSTRACT
As animals age, there are functional alterations in synaptic connectivity and
plasticity within the hippocampus and the entorhinal cortex. These changes are
associated with age-related spatial memory deficits. Importantly, there is evidence
that at least in some experimental situations aged rats may rely on self-motion
information more than external visual cues for navigation. In order to better
understand differences in the degree to which old and young animals are able to
utilize external cues to update their internal representations of space a novel
behavioral apparatus was developed to allow for complete and immediate control of
all visual cues in the environment. Both old and young rats were able to locate a goal
location after all orienting cues in the apparatus were rotated instantaneously.
Unexpectedly, aged animals tended to change their behavior to realign with the
rotated cues more reliably than did young animals. Young rats tended to visit the
area surrounding the goal location, but appeared to improve over time.
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2. BACKGROUND AND INTRODUCTION
2.1 Memory and the Hippocampus
2.1.1 Function of the Hippocampus
The hippocampus is a brain structure located deep in the medial temporal lobe.
Lesion studies have demonstrated the importance of the hippocampus for normal
memory function, and human cases such as the patient H.M., have shown that
damage to the hippocampus can result in severe anterograde and retrograde amnesia
(1). These patients had difficulty forming new episodic memories, recalling objects,
and locating objects in space (2). Rats with hippocampal damage have also
manifested deficits in learning and memory on spatial tasks (3).
2.1.2 The Hippocampal Circuit
The detailed structure of the mammalian hippocampus has also been studied
extensively. The late 19th century neuroscientist and artist, Ramón y Cajal (also
known as the Father of Modern Neuroscience), pioneered the field of microneuroanatomy by preparing histological slides and drawing what he observed by
hand. One of Cajal’s most famous illustrations depicts the neuronal circuitry within
the hippocampal formation of a rat (4). The hippocampal formation includes most
notably the hippocampus (comprised of the CA1, CA2, and CA3 subfields), the
dentate gyrus, subiculum, presubiculum, parasubiculum, and the entorhinal cortex
(5). The flow of information within the hippocampal formation is predominantly a
unidirectional loop, although with significant contributions from recurrent and
contralateral feedback connections. The majority of neocortical input comes from the
entorhinal cortex via the perforant pathway (Figure 1). The entorhinal cortex
provides the primary cortical input from higher order sensory modalities to the
hippocampus and is therefore critical for the content of the information processed by
the hippocampus. The entorhinal cortex will be discussed in greater detail in a later
section.
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Fig. 1 Schematic representation of the hippocampal circuit in the rodent hippocampus
2.1.3 Hippocampal place cells
In 1971, John O’Keefe along with his student Jonathan Dostrovsky encountered
cells in the hippocampus that had elevated firing in specific places in the
environment. From this observation, O’Keefe and Lynn Nadel hypothesized that
these hippocampal cells could act as a neural substrate of spatial navigation and
hypothesized that the hippocampus may provide a cognitive map of space.
Specifically, single-unit recordings in CA1 of the hippocampus of a rat that was
running freely on a platform revealed cells that had maximum activity when the
animal was in a specific location in the environment (6,7). These cells, termed place
cells, vary their firing rate as a function of the animal’s position in its environment,
and O’Keefe called the place where a given place cell fired maximally the cell’s place
field. The firing rate of a place cell when the animal is moving outside the place field
is low, but when the animal enters the place field, the firing rate increases
significantly. A given place cell will fire in a different location than its neighbor,
allowing the entire environment to be mapped out by the local place cell population.
With this information, the animal’s current location in space can be reconstructed (8).
Each place cell typically has a different place field firing position in different
environments, such that the relationship of the firing fields for the complete place cell
population varies from one environment to the next providing a distinct cognitive
map for every new environment encountered (9).

5

The stimuli within any given environment are important determinants of where a
place cell will fire. Many studies have examined how place cell activity is modulated
by the visual cues in an environment. This can be accomplished by selective control
over various salient landmarks in an animal’s environment such as
rotating/translating visual cues, eliminating certain cues, altering the physical
characteristics of the cues, and moving the entire environment by changing the
location of the testing apparatus to an entirely different room (7,9,10). These
manipulations have shown that the location of a cell’s place field has a complex
relationship to the visual cues in an environment, as will be discussed in greater
detail in section 2.3.

2.2 Spatial memory in the Entorhinal Cortex
2.2.1 The Entorhinal Cortex
The entorhinal cortex is located in the medial temporal lobe and is the main
interface between the hippocampus and the neocortex (11), as was pointed out in
section 2.1.2 (also see Figure 1). Lesion studies in rats have shown that this structure
is necessary for spatial learning and memory processes (12). The entorhinal cortex is
divided into the medial entorhinal cortex (MEC) and the lateral entorhinal cortex
(LEC). MEC is thought to provide the hippocampus with spatial context (the where),
while LEC provides information about objects (the what) (13,14,15). While it was
hypothesized that place cell activity may be generated intrinsically within the
hippocampus, it was later observed that the place cells can maintain their spatial
tuning even after removal of the inputs from the dentate gyrus and CA3 (16). These
findings prompted the field to shift their focus to the cells upstream of the
hippocampus in the entorhinal cortex.

2.2.2 Head Direction cells
A decade after O’Keefe reported place cells in the hippocampus, James B. Ranck
recorded what he called head direction cells in the presubiculum of rats (17). These
cells have subsequently been found in a number of brain regions, including the
entorhinal cortex (18). A single head direction cell has preferential firing for a
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specific head orientation, independent of location. Specifically, head direction cells
fire maximally when the animal’s head is facing in a preferred direction and the
angular tuning of these cells is heavily dependent on vestibular and visual input (19).
All head directions are equally represented within the entire population of head
direction cells.
In order for a head direction cell to maintain its directional tuning, it must be
anchored to some salient landmarks in the environment (17). When polarizing cues
are held fixed, the firing properties of head direction cells are stable and remain
constant from trial-to-trial. Importantly, however, when cues are rotated, the
directional tuning of the head direction system will rotate with them (20). This is not
the case, however, when animals are disoriented prior to being introduced to the
environment (21).

2.2.3 Grid cells
An important spatial cell type was found in the medial entorhinal cortex nearly
30 years after the discovery of place cells. These cells, discovered by Edvard and
May-Britt Moser with Marianne Fynn and Torkel Hafting in their laboratory, were
called grid cells because of their unique firing pattern. A single grid cell will fire
multiple times in an environment and the firing fields form a grid of tessellating
triangles (22). Grid cells retain their firing pattern after visual or olfactory landmarks
are removed and pairs of grid cells will maintain their spatial firing relative to one
another across environments (22,23). Due to such consistency in their firing patterns,
these cells have been proposed to provide a primitive metric of space (22) and
subserve the path integration mechanism (see section 2.3.2).The grid of a grid cell can
also have various defining characteristics including: orientation (the tilt of the grid),
spacing (distance between the adjacent firing fields), and spatial phase (the actual xy
placement of the grid overlaid on the environment).
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2.2.4 Border cells
Several years after the discovery of grid cells, two laboratories reported another
spatial cell type, known as the border cell or boundary cell, although the existence of
such a cell was theorized years before (24,25,26). Border cells are found in all of the
regions of the hippocampal formation. By manipulating the geometry of an
environment, it was found that border cells fire when an animal is close to the
boundaries of the environment and are fixed to that boundary (25). The existence of
these cells affirms that external cues from an animal’s environment are critical
sources of information for accurate spatial navigation.

2.3 Spatial Navigation and the Cognitive Map
2.3.1 The Cognitive Map
The cognitive map serves as an internal representation of each environment we
have experienced. It is now thought that the collective activity of place cells, head
direction cells, grid cells, and border cells all participate in the generation of the
cognitive map.
The idea that the brain could contain a cognitive map which subserves the
navigation process was first suggested by psychologist, Edward C. Tolman. He
conducted a number of experiments on rats running in mazes and observed that rats
were very successful at place-learning (associating reward with a specific location on
a maze) (27). In one of his experiments, rats were trained on a 4-arm maze to locate
the single arm that was rewarded. The prevailing view on learning at this time was
that it relied strictly on a stimulus-response strategy and that spatial navigation was
accomplished by learning to find a reward location by turning right or left at a
specific landmark in the environment. Tolman’s view, however, was that a rat was
able to form a cognitive map of the maze and had stored information about where
the reward was located on that map.
Following the discoveries by John O’Keefe and Jonathan Dostrovsky of
hippocampal place cells, O’Keefe and Lynn Nadel elaborated on these discoveries
and developed a theoretical framework for how place cells could provide the neural
substrate for Tolman’s cognitive map (6, 28). Since then a number of theoretical
models have been developed to explain how the cognitive map might be
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implemented in the brain. These models suggested that an exemplary map for
successful navigation would include a goal, a compass, a component that updates the
current position of the animal, a system for triangulating position to environmental
cues, and a platform for integrating all of these elements. It is now widely believed
that the collective activity of place cells, grid cells, head direction cells, and border
cells do indeed perform a critical function in maintaining and updating the cognitive
map of space (28,29).
Animals are capable of using both an egocentric navigation strategy which utilizes
self-motion information such as vestibular and motor feedback, as well as an
allocentric navigation strategy which utilizes the configuration of salient external cues
such as the distinct symmetry-breaking visual landmarks of an environment. Both
strategies are needed to anchor a given map to a specific environment and smoothly
update the animal’s spatial representation (30).
2.3.2 Path Integration
The concept of path integration dates back to observations made by Darwin. He
recognized that animals are able to keep track of their location relative to a starting
position by solely using self-motion cues (e.g., in complete darkness). One
particularly compelling source of evidence for path integration in mammals came
from investigations of the ability of female gerbils to leave their nest, take a circuitous
path in search for her lost pups, and carry them back to the nest along a direct path in
complete darkness (31,32). The computation performed by the path integrator is
essentially to sum up vectors composed of distance and direction travelled from the
start position to estimate the final position at the end and use to this to determine a
direct path back to “home”. Without stable visual cues, however, path integration is
often not precise enough to maintain stable spatial tuning over time. For instance,
when access to visual stimuli was removed by blindfolding rats, head direction cells
maintained their direction-specific firing, but their preferred firing directions became
less stable and less accurate over time, which in turn resulted in imprecise navigation
to a goal (33). Consequently, it has been thought that the optimum navigation
system would utilize both the path integrator, based on self-motion information, and
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a complimentary system which can correct errors based on stable external
landmarks.
Although we now know that the hippocampus is likely not the source of path
integration, place cell activity is at least in part modulated by a path integrator
system. Evidence for this include studies in which place fields were preserved even
after the polarizing landmarks in a familiar environment were removed (34), as well
as in complete darkness (35). Furthermore, Gothard et al. showed that place cells
appear to be able to shift between a self-motion (path integrator) reference frame and
external cue reference frame dynamically. Rats were trained to run on a linear track
that had a fixed reward location at the end of the track and a movable box at the start
location. It was found that when the start box was moved forward, place fields
tended to fire relative to the start box at the beginning of the outbound journey (in a
self-motion reference frame) and tended to shift to firing relative to the goal location
toward the end of the track (in a room reference frame) (36). Collectively, these
findings provided evidence that a place field’s preferred position can be updated
both by path integration mechanisms as well as an external cue-based system.
It is now believed that the MEC is the most likely site for path integration to be
performed. Unlike hippocampal place cells which have relative spatial firing that is
unpredictable from one environment to the next, the firing locations of any two grid
cells is constant (relative to each other) across all environments (22). Given the
invariant nature of grid field spacing between environments, they could provide a
more primitive metric of space which is linked more strongly to an animal’s motion
and less to the specific features within an environment. Furthermore, it has recently
been found that a subset of cells, termed speed cells, within the MEC have firing rates
which are predictive of an animals velocity. A similar class of cells is also present in
the hippocampus, but in this case, changes in the cell firing rates follow a change in
velocity and are not predictive of it (37). Given that a real time representation of
speed and/or distance is critical for performing path integration, the fact that MEC
contains speed cells is strong evidence that MEC may be the site of the path
integrator.
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2.3.3 External Cue-based Navigation
For an animal to create and maintain a stable internal representation of space for a
specific environment, the cognitive map must utilize incoming sensory information
both from self-motion feedback and environment features. Recall that animals can
use either self-motion information (egocentric navigation) or salient external cues in
the environment (allocentric navigation) to update their current position in space.
Within the context of allocentric/external cue-based navigation, there are also
several strategies that an animal can use to locate a goal in space. A local cue strategy
utilizes salient cues in close proximity to a goal location. A place strategy can also be
used and involves the use of the full panorama of external cues in an environment to
guide navigation and this strategy is thought to be hippocampus-dependent (34). A
place strategy provides a basis for a flexible type of spatial learning in that an animal
can locate a goal from a variety of starting positions and along a variety of running
trajectories. The third strategy is a response learning strategy which involves making a
decision about a sequence of responses such as whether to make a right then a left
turn (or a right then another right turn). Different behavioral paradigms may require
an animal to utilize a specific navigational strategy, but all are important for
successful navigation under differing conditions.

2.4 Memory performance with aging
Remembering a place you have been before and being able to use the visual cues
in the environment to navigate within that place is a crucial skill to possess. In all
species examined (mice, rats, dogs, monkeys, and humans), aged animals have
shown deficits in learning and memory and this is apparent in spatial memory tasks.
Although the cause of such deficits is unknown, the hippocampus is a likely source
of memory deficits as it is critical for episodic memory.
2.4.1 Cellular changes in the aged brain
There are a number of changes that occur within the brain as a consequence of
normal aging. It was thought early on that normal aging was accompanied by
significant cell loss (38,39) and changes in dendritic branching (40). With the
emergence of new techniques, however, it was found that decreased neuronal

11

density in the neocortex and hippocampus is not characteristic in normal aging
(41,42,43). Along with changes in gene expression, mitochondrial dysfunction, and
DNA damage (44), the most significant changes actually observed in aging brains are
synapse loss and changes in synaptic plasticity (45,46). These functional alterations in
synaptic connectivity have been associated with age-related spatial memory deficits
in rodents (47).
2.4.2 Spatial memory deficits as a result of age
It is apparent from many behavioral studies that aged rats have impaired
performance on spatial navigation tasks in comparison to young rats (47,48,49,50,51).
Barnes et al. trained rats on a T-maze where animals could use any of three
navigational strategies: cue, place, or response to navigate to a reward location (52).
There was no significant age difference during training sessions, but probe trials
revealed that when searching out the reward location, young rats were more likely to
adopt a place strategy while old rats relied on a response strategy. Recall that a place
strategy allows for more flexibility in locating a goal. If place learning is more
susceptible to age-related decline than other navigation strategies, this inflexibility
could explain the age differences found in spatial navigation.
It has also been shown that when visual cues were moved to a new position in a
familiar environment, aged animals were delayed in realigning place fields with the
shifted visual cues (53). In a later study using the moving start-box behavioral task
similar to that of Gothard et al. described in section 2.3.2, place fields of aged animals
were delayed in realigning to the external cues (room reference frame) (54). Together
these findings suggest that aged animals tend to utilize an external-cue reference
frame less and rely more on a self-motion reference frame (egocentric navigation) or
other non-hippocampal-dependent strategies to navigate a familiar environment (55).
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2.5 Specific Aims
The degree to which spatial representations within the MEC and hippocampus
maintain their alignment to external cues when egocentric and allocentric reference
frames are put into conflict is currently unknown. Furthermore, the precise timing
with which the cognitive map is updated in aged animals compared to young
animals has also not been investigated.
The primary aim of this project is to identify candidate sources of age-related
spatial navigation impairments in external cue-based navigation in the rodent. This
will be accomplished by using a novel behavioral method to assess the ability of a rat
to use visual information in the environment to locate a goal. The timing and degree
to which old and young animals are able to update their internal representations of
space can be evaluated by instantaneously rotating all orienting cues in the
environment without interacting with the animal or interfering with its self-motion
information. Such a manipulation will produce a mismatch between the egocentric
(self-motion) and the allocentric (external cue) spatial reference frames because the
animal’s absolute position will be held constant while the cues are moved.
It is hypothesized that young animals will tend to rely more on an external-cuebased navigation strategy and be more accurate at locating the goal location while
old animals will be less successful in navigating due to their greater reliance on selfmotion information.
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3. MATERIALS AND METHODS
3.1 Instantaneous Cue Rotation Arena
The Instantaneous Cue Rotation (ICR) Arena was constructed to allow for direct
and immediate control over all orienting visual cues in the environment.

Fig. 2 Computer rendering of the outside of the ICR arena
This apparatus is composed of a 1.4 m diameter circular track which is
surrounded by 68 cm tall cylindrical walls made out of a material used for backprojecting images. The track is suspended from the ceiling and there are four
projectors arranged around the outside of the apparatus, projecting images onto the
walls. A camera mounted above the apparatus is used to track the rat’s position and
acquire video data of each session. There are 36 identical feeder dishes equally
spaced along the track, but only one of the feeder dishes dispenses a food reward for
a given rat. Animals must use the visual cues projected onto the walls of the arena to
locate their particular rewarded feeder. Apart from the projected images, there are no
visual cues that can be used to orient as all structural elements of the apparatus are
identical every 10 degrees. White noise is produced by speakers directly above the
arena to mask any auditory cues outside of the recording room.
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Fig. 3 Computer rendering of the inside of the ICR arena

3.2 Animals
Procedures involving the handling, care and experimentation on the rodents used
in these experiments have been reviewed and approved by the Institutional Animal
Care and Use Committee of the University of Arizona. Male Fischer 344 rats, 5 young
(12-17 months) and 5 aged (31-34 months) at the time of testing were obtained from
the National Institute of Aging’s colony at Charles River. Animals were housed in
separate cages and maintained on a reverse 12hr:12hr light/dark cycle. Each rat was
restricted to a regulated diet to maintain their weight at 85% of their original body
weight in order to motivate the animals to run for food reward. Animals had ad
libitum access to water. Appendix Table 1 includes a summary of individual rat
information and the conditions they received.
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3.3 Training
3.3.1 Morris water navigation task
Upon entrance into the study, rats’ cognitive abilities and visual acuity were
assessed using the Morris water navigation task protocol (56,57). This task is
routinely used to evaluate hippocampal-dependent episodic/spatial memory. There
were two training protocols in this task, a cue discrimination test and a spatial
discrimination test. The cue discrimination trials consisted of placing the animal at a
randomized starting position around the edge of a circular pool filled with opaque
water at which point animals had to swim and find a visible platform to escape the
water. In spatial discrimination trials, each rat was once again placed into the pool
and was required to locate a now hidden platform approximately 2 cm beneath the
water level. The starting position was randomly varied across trials which restricted
the animal to using the visual cues in the room to navigate within the pool. On each
trial, the animal was placed in the water at one of the start locations and had 60
seconds to locate the platform. If the animal was unable to find the platform, they
were guided to the platform and remained there for 30 seconds between trials. The
escape latency and path length to find the platform were measures used to indicate
the ability of the animal to learn the location of the platform. Cue discrimination
trials were either administered before or after the spatial discrimination trials.
3.3.2 Circular Track training
Prior to being introduced to the ICR arena,
animals were first pre-trained on a simple circular
track, approximately 90 cm in diameter. The
animals learned to run consecutive laps for
reward in the clock-wise direction and to associate
a blinking white LED lit square (local visual cue)
with a single rewarded feeder on the track. Upon
Fig. 4 Circular Track setup

delivery of food reward, a 1500 Hz tone sounded
for 1 second. To graduate to the next training level

(3.3.3), animals needed to be able to consistently run 20 laps for food reward with no
assistance from the experimenter for a minimum of three consecutive days.
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3.3.3 ICR task
Once an animal reached criteria for the circular track task, they were transitioned
over to the ICR arena. The start location for each session was randomly selected from
one of four points on the track (northwest, northeast, southwest, or southeast). At the
start of the ICR training phase of the experiment, the same light cue (i.e., local visual
cue) that was associated with reward on the circular track was also projected in the
ICR above an animals given reward feeder in order to facilitate learning of the
rewarded feeder location. Rats were trained to run consecutive clock-wise laps to the
feeder with the projected light cue, stop for 1.5 seconds, and receive reward. Upon
delivery of food reward a 1500 Hz tone sounded for 1 second. Over time, as the
animal learned the task, the light cue was taken away forcing the animals to rely only
on the panorama of projected cues on the walls to locate the rewarded feeder. The
ICR training was divided into four separate training levels of increasing difficulty
summarized in the table below. A rat was graduated to the next training level when
they could consistently run 20 laps in less than 20 minutes.
Reward Delay

Local Cue

Level 1

No delay

Cued every lap

Level 2

1.5 second delay

Cued every lap

Level 3

1.5 second delay

Cued every other lap

Level 4

1.5 second delay

No local cue

3.4 Rotation Sessions
Each rat experienced a total of 2 – 6 rotation sessions (see Appendix Table 1).
Each rotation session began the same as the training sessions: animals began the
session in a random start position and ran to the learned feeder for their food reward.
After the animal ran between 2-10 baseline laps, a rotation was triggered on the
following lap at some pseudo-randomly assigned distance away from the rewarded
feeder (either 90 degrees, 180 degrees, or 270 degrees away). When the animal
passed this location on the track, all of the projected cues rotated by 40 degrees,
clockwise or counter-clockwise. Following rotations, animals had to stop at a
different feeder which maintained the same location relative to the visual cues – i.e.,
the rewarded feeder was shifted by 40 degrees, clockwise or counter-clockwise.
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Fig. 5 Top-down view of the ICR arena track in the baseline cue configuration (left) and the
40 degree counter-clockwise rotation configuration, seen post-rotation (right). The rat later
experiences a second rotation back to the 0-degree feeder condition
If the animal was using the visual cues to orient, they would successfully locate the
new feeder, whereas using self-motion feedback would result in a failure to locate
the correct feeder because the animal would either over- or under-shoot the location
of the new feeder by 40 degrees. A second rotation back to the original configuration
of cues occurred later in the session requiring the animal to use the cues again to
locate the original 0-degree feeder.
4. RESULTS
4.1 Morris Water Navigation Task Results
We compared the Corrected Integrated Path Length (CIPL) which measures in
cm the distance each animal had to swim to reach the escape platform taking into
account the different starting location for each trial. For the cue discrimination
portion of the Water Navigation Task both young (18.9 ± 3.6, mean ± S.E.M.) and old
(19.4 ± 4.6, mean ± S.E.M.) rats performed similarly. As expected, however, for the
spatial discrimination portion of the task, young rats (21.3 ± 4.8, mean ± S.E.M.) took
a shorter path than old rats (28.0 ± 2.3, mean ± S.E.M.) to reach the hidden escape
platform. Based on these findings we concluded that the visual acuity of our aged
rats was comparable to that of our young rats while spatial memory showed the
expected age-related decline.
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4.2 Circular Track Training and ICR Training Results
Performance during training sessions was similar for both old and young animals
(see Appendix Table 2). There was no significant age difference in the number of
sessions needed to master the circular track (CT) training (old: 37.6 ± 4.0, young:
31.8± 12.1, mean ± S.E.M.). There was also no difference in the average number of
sessions needed to master ICR training levels between old (4.35 ± 3.0, mean ± S.E.M.)
and young animals (2.5 ± 1.7, mean ± S.E.M.).
There was no age difference in running velocity (cm/s) for ICR training sessions
(old: 29.5 ± 4.1, young: 20.7 ± 3.7, mean ± S.E.M.), although the running speed of old
rats tended to decrease over the course of training, while the running speed of young
rats tended to increase.
4.3 Rotation Session Performance
Old and young animals were able to locate the rewarded feeder after all global
cues were instantaneously rotated by 40 degrees, although there was some variation
in performance within each age group. There were also notable difference in
performance between age groups. For instance, we observed that a number of old
rats were able to accurately locate the rewarded feeder on the first lap following a
rotation, while young rats showed a tendency to stop mid-way between the learned
standard feeder and the new 40-degree offset feeder. In addition, young rats also
tended to spend more time in areas surrounding the rewarded feeder while old rats
tended to run directly to the rewarded feeder.
Appendix Figure 5 shows the average amount of time old and young rats spent
in every position along the track for standard ‘Baseline’ laps, the ‘40-degree’ rotated
condition, and for the ‘0-degree’ condition. Performance in all three conditions
appears similar for both age groups. Appendix Figure 6, a cross-correlation of
baseline and rotated conditions, yields similar results for both old and young rats. It
appears, however, that when the global cues are rotated back to the 0-degree
condition, young rats tend to be less precise in locating the rewarded feeder. This is
reflected in the wider distribution in the cross-correlation around 0 degrees for
young rats. The narrower distribution around the 0 degree peak for old rats is an
indication that old rats were more precise in locating the correct feeder.

19

We next investigated whether the navigation performance of old and young rats
changed over successive laps after rotation of cues (see Appendix Figures 7 and 8).
Unexpectedly, neither age group showed a clear improvement over the course of
three successive laps following a rotation. Although both young and old rats often
visited both the correct 40-degree rotated feeder and the incorrect standard feeder,
young rats had less correct feeder visits than old rats. After rotating back to the 0degree condition, however, old rats had more incorrect feeder visits to the 40 degree
feeder.
4.4 ICR Performance across Days
The performance of animals on the ICR task for the first 2 days was analyzed as
shown in Appendix Figures 9 and 10. Old rats exhibited no significant improvement
on the second rotation session. Young rats showed some improvement in
performance by visiting the correct feeder more and visiting the incorrect feeder less
after a rotation to the 40-degree configuration (see Appendix Figure 9). More
rotation data are needed to determine if this improvement is more than a trend.
5. DISCUSSION
This behavioral study aimed to identify any change across age in rats’ use of
external cue-based stimuli to guide navigation. Both young and old rats were able to
utilize a visual cue-based navigation strategy to successfully locate a goal even after
visual and self-motion information were put into conflict.
Contrary to what was expected, old rats were more precise at navigating directly
to the rotated feeder while a number of young rats often stopped between the
learned standard feeder and the new 40-degree feeder. In addition, young rats spent
more time in areas immediately around the correct 40-degree feeder rather than
running directly to the rewarded feeder as aged rats tended to do. One interpretation
of these results is that young animals rely more strongly on self-motion information
to determine their current position. This, however, is not consistent with the findings
of Rosenzweig et al. (54) who found that aged animals tended to utilize an externalcue reference frame less, relying more on a self-motion reference frame. One reason
for this may be that the orienting cues of the current study were more numerous,
closer to the animal and took up more of the animal’s field of view. The cues used by
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Rosenzweig et al. included only the boundary at the end of the running platform and
distal cues in the room which were hung several feet from the behavioral apparatus.
Another interesting distinction that was found between age groups in our study
was that old rats tended to continue visiting the 40-degree feeder even after cues
were rotated back to the 0-degree condition. This may be a result of aged rats
perseverating to the 40-degree feeder, although it is not a general perseveration
deficit as old rats did not persist in going to the incorrect 0 degree feeder after the
first 40 degree rotation. More data is required to determine if this trend is robust. It
was also observed that young rats exhibited slight improvement in the task over the
course of rotation sessions while old rats maintained the same behavior. Additional
data is also required to confirm this age difference and to see whether this
improvement continues over more than two rotation sessions.
Although there were small differences in behavior between old and young
animals, both age groups were successful at using an external cue-based navigation
strategy very rapidly, often within tens of seconds of the cues being rotated. In order
to observe what is going on at a cellular level in the brain, the next step will be to
perform extracellular recordings as the rats perform the ICR task. Grid cells, head
direction cells, speed cells and border cells in the MEC as well as hippocampal place
cells will be recorded using a surgically-implanted split bundle drive. This drive
houses an assembly of recording electrodes that will be split between the two regions
of interest. The specific firing pattern of the spatially-tuned cells within these two
regions will be assessed prior to the rotation to get a baseline of where these cells
tend to fire on the track relative to the global cues. Immediately following the cue
rotation, the firing fields will be assessed to identify how strongly they realign with
the rotated cues in old and young animals and precisely when this realignment takes
place down to millisecond time-scales.
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7. APPENDIX
Rat
9790

Age (months)
17

9793

16

9794

16

9808

Age Group

Rotation Sessions
5

CW/CCW
CCW

8

CCW

2

CCW

15

2

CCW

9830

12

3

CW

9802
9803

34
34

3
4

CCW
CW

9804
9837

34
34

2
2

CW
CW

9857

31

6

CW

YOUNG

OLD

Appendix Table 1 Summary of animals involved in the study and their ICR conditions: number of
rotation sessions they participated in and whether they experienced a clockwise rotation (CW) or a
counterclockwise rotation (CCW)
Rat

9790
9793
9794
9808
9830
9802
9803
9804
9837
9857

Age

YOUNG

OLD

CT
Training
Sessions

ICR
Level 1
Sessions

ICR
Level 2
Sessions

ICR
Level 3
Sessions

ICR
Level 4
Sessions

16
8
77
34
24
49
39
39
24
37

1
2
12
10
2
5
21
4
2
1

1
1
2
1
1
1
2
16
1
1

3
1
2
1
1
1
1
1
3
1

1
3
2
2
1
6
1
15
2
2

Appendix Table 2 Training performance of young and old rats for circular track (CT) training and
Instantaneous Cue Rotation (ICR) training. The number of sessions needed to master each ICR
training level for all rats is shown.
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[9793]

Appendix Fig. 1
Running trajectory of an example young rat for a rotation session. The gray lines show the path of the
rat, squares indicate when a rotation occurred, circles denote delivery of reward, and vertical lines
indicate the location of the rewarded feeder. Blue elements are in the baseline condition (0 degrees) and
red elements are in the rotated condition (40 degrees).

[9802]

Appendix Fig. 2
Running trajectory of an example old rat for a rotation session. The gray lines show the path of the rat,
squares indicate when a rotation occurred, circles denote delivery of reward, and vertical lines indicate
the location of the rewarded feeder. Blue elements are in the baseline condition (0 degrees) and red
elements are in the rotated condition (40 degrees).
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[9793]

Appendix Fig. 3 Occupancy time histogram for one young rat’s first rotation session. Grey bars
indicate the baseline condition (pre-rotation), red bars indicate the 40-degree rotated condition, and
blue bars indicate the 0-degree rotated condition

[9802]

Appendix Fig. 4 Occupancy time histogram for one old rat’s first rotation session. Grey bars
indicate the baseline condition (pre-rotation), red bars indicate the 40-degree rotated condition, and
blue bars indicate the 0-degree rotated condition
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Appendix Fig. 5 Occupancy time histograms for the baseline, 40-degree rotated, and the 0-degree
rotated conditions for all animal subjects

Appendix Fig. 6 Cross correlation between the occupancy time in the 40 degree and baseline
conditions (top) and cross correlation between the 0-degree and baseline conditions (bottom). Old
(purple) and young (green) groups exhibited similar behavior, although old rats tended to “snap”
directly to the correct feeder, while young rats tended to visit the area surrounding the rewarded feeder
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Appendix Fig. 7 Cross-correlations of the 40-degree and baseline conditions over the course of the
first 3 laps after the cues rotated to the 40-degree condition. Note that both age groups often visited
both the correct 40-degree feeder and the incorrect 0-degree feeder after a rotation. Aged rats visit the
correct feeder more often than young rats.
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Appendix Fig. 8 Cross-correlations of the 0-degree and baseline conditions over the course of the first
3 laps after the cues rotated back to the 0-degree condition. Notice that old rats tended to continue to
visit both feeders following rotation while young rats on average only stopped at the correct,
0-degree feeder
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Appendix Fig. 9 Cross-correlation between the occupancy times in the 40-degree condition and
baseline laps for the first two rotation sessions. Notice that on average, young animals (green)
improved performance on the second day by visiting the learned standard feeder less and visiting the
correct 40-degree offset feeder more

Appendix Fig. 10 Cross-correlation between the occupancy times in the 0-degree condition and
baseline laps for the first two rotation sessions. Performance for both age groups remained consistent
on the second rotation session
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