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Abstract

Animals occupy territories in which resources such as food and shelter are often distributed
unevenly. While studies of exploratory behavior have typically involved the laboratory rodent as
an experimental subject, questions regarding what constitutes exploration have dominated. A
recent line of research has utilized a descriptive approach to the study of rodent exploration, which
has revealed that this behavior is organized into movement subsystems that can be readily
quantified. The movements include home base behavior, which serves as a central point of
attraction from which rats and mice organize exploratory trips into the remaining environment. In
this review, we describe some of the features of this organized behavior pattern as well as its
modulation by sensory cues and previous experience. We conclude the review by summarizing
research investigating the neurobiological bases of exploration, which we hope will stimulate
renewed interest and research on the neural systems mediating rodent exploratory behavior.
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1. Introduction

Animals occupy territories in which resources such as food and shelter are often distributed
unevenly. Given the challenges involved in securing resources while at the same time
minimizing the risk of predation, it is critical that animals optimize their movements to
efficiently explore the space. While studies of exploratory behavior have been conducted in a
wide number of animal species (Berlyne, 1960; Menzel, 1973; Renner, 1990), research
involving the laboratory rodent as an experimental subject has largely dominated the field
(Barnett, 1963; Drai et al., 2001; Eilam & Golani., 1989; Whishaw & Whishaw, 1996). The
concentration on rodent research stems from the fact that their exploratory activity can be
assessed in a variety of test situations including multi-choice mazes, cylinders, open-fields,
and in response to brain manipulation (Clark et al., 2005; File, 1985; Gharbawie et al., 2004;
Hall, 1934; O’Keefe & Nadel, 1978; Renner, 1990; Whishaw, 1974). An additional
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advantage of using rodents as subjects for experimental study is that, although behavior is
variable from animal to animal, some movements are identifiable across tasks and rodent
species. For instance, orientation responses towards environmental stimuli have been well
characterized (Pavlov, 1927; Sokolov, 1963). Other movements that can be readily measured
include the vertical movements made by animals when rearing up on their hind legs or
against surfaces (Gharbawie et al., 2004; Lever et al., 2006), and general locomotor activity
that takes an animal from one location to another (O’Keefe & Nadel, 1978).

Nevertheless, several challenges to the quantification of exploratory behavior remain. For
example, rodent exploratory movements are often described as stochastic or random, and
lacking moment-to-moment consistency (Morris, 1983; Tchernichovski, 1995). Others have
argued that rodent behavior in open-fields and complex mazes are difficult to describe
quantitatively, and much of the focus has remained on simple end-point measures such as the
cumulative distance traveled, the number of photobeam crossings during a test, and
locomotor speed. A second difficulty in quantification is whether exploratory behavior
should be formulated in terms of the movements involved (Teitelbaum et al., 1980), or in
relation to the underlying motivations or goals (Morris, 1983; Renner, 1990; Whishaw et al.,
2006). Indeed, exploratory activity is often described in terms of concepts such as fear and
anxiety (Blanchard et al., 1974; Gray, 1982; Montgomery, 1955; Russel, 1973), curiosity and
information-gathering (Berlyne, 1960), and the acquisition of spatial “maps” of the
environment (O’Keefe & Nadel, 1978).

A recent line of investigation has utilized a descriptive approach to the study of rodent
exploratory behavior, which involves breaking the movements down into simpler behavioral
subsystems which, when recombined, reconstitute the original full pattern of exploratory
behavior (Golani, 2011; Teitelbaum et al., 1980; Wallace et al., 2003; Whishaw et al., 1994).
Such descriptions have revealed that the structure of exploration is far from random, and is
composed of movement subsystems that can be readily quantified (Eilam & Golani, 1989;
Golani, 2011; Golani et al., 1993; Hines et al., 2005; Wallace et al., 2002; Whishaw et al.,
2001). In this review, we describe some of the central features of this organized behavior
pattern. Much of our discussion will center on the observation that rodent exploratory
behavior is organized to encompass specific environmental locations termed “home bases”
(Chance & Mead, 1955; Eilam & Golani, 1989). It has been argued that home bases serve as
an organizational feature of rodent locomotor activity from which exploratory trips or
excursions are made into the remaining environment. Although this rodent behavior pattern
appears early in development and is likely a behavioral primitive (Loewen et al., 2005), the
organization of these movements can be modulated by sensory cues as well as previous
experience with environment stimuli (Clark et al., 2005; 2006; Hines et al., 2005; Lehmann
et al., 2007). We conclude this review by summarizing work on the neurobiological bases of
rodent exploration, which we hope will stimulate renewed interest and organize future
thinking for the study of exploratory behavior.
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2. Behavioral Subsystems of Rodent Exploration

2.1. Rat Home Base Behavior

Early studies investigating the exploratory movements of rodents have remarked on the
natural tendency of animals to establish preferred “home” locations from which they make
excursions into the remaining environment (Chance & Mead, 1955). For instance, feral rats
maintain home burrows from which they organize their foraging and avoidance of predation
(Barnett, 1963; Whishaw & Whishaw, 1996). Eilam and Golani (1989) provided one of the
first experimental characterizations of home base behavior by placing wild rats in a large
open environment devoid of a shelter or local cues. Over a 1-hour period, rats visited several
locations, but restricted their visits to one or two of these locations. Rats tended to spend a
disproportionate amount of time stopping at a single location (10 times more than the second
location). A stop or pause was defined as the absence of active movement, forward or
backwards, and lasting longer than one second. The duration of stops made at this preferred
home base increased as a function of test duration. Eilam and Golani additionally observed a
particular set of behaviors at the home base. Grooming, for instance, is almost exclusively
expressed at the home base. Bouts of grooming are typically followed by excursions into the
remaining environment, or prolonged crouching in place. Other behaviors at the home base
included long duration rearing movements, and circling or pivoting behavior, that latter of
which likely consists of sniffing the maze substrate. In sum, Eilam and Golani’s seminal
study described a pattern of regionally restricted behavior characterized by grooming,
rearing, and circling behaviors.

Home base behavior by rats has been reproduced in subsequent studies using featureless
environments or in complete darkness (Fig. 1A) (Hines & Whishaw, 2005), but the behavior
can also withstand changes in enclosure size and stimulus complexity (Eilam, 2004; 2014;
Golani et al., 1993; Whishaw et al., 2006). Although these observations indicate that home
base behavior is robust despite changing test situations and contextual features, Eilam and
Golani (1989) noted a tendency for behavior to form at the edges of mazes, especially at the
corners of square open-fields. Thus, home bases can be modulated to some degree by salient
environmental stimuli and environment shape. Whishaw and colleagues investigated this
relationship further by placing objects or small shelters in the proximity of the open-field
(Clark et al., 2005; Hines et al., 2005; Lehmann et al., 2007; Wallace et al., 2002; Whishaw
etal., 2001). For example, Hines & Whishaw (2005) placed a large dark cue next to an open
field, but just out of reach of the rat. It has long been known that rats are attracted to dark
locations in an environment (Whishaw, 1974), and it was therefore hypothesized that
animals would establish their home bases near this cued location. As expected, rats rapidly
visited the cued location and spent a significant amount of time in that segment of the open-
field (Fig. 1B). Home base behavior at the cued location was similar to home base behavior
in featureless environments, including the performance of circling, grooming, rearing, and
slow lingering movements. In a follow-up test, the animal was removed from the field and
the cue was moved to another location along the edge of the open-field. In response, rats
changed their home bases locations so that it was maintained in relation to the moved cue.
Hines and Whishaw (2005) reported that in some test sessions, rats would even establish
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home bases in relation to objects located along the testing room walls, such as a book shelf,
suggesting that the behavior can be influenced by distant room cues.

In some studies, a configuration of proximal cues has been provided within the confines of
the open-field or just adjacent to the field (Lehmann et al., 2007; Yaski & Eilam, 2007).
Whishaw and colleagues have reported a strong tendency for animals to evenly distribute
their home bases across equivalent objects (Clark et al., 2006). However, when competing
objects provide different sensory information, there is a clear preference for one cue over the
other. For instance, Lehmann et al (2007) placed a large black box near one side of an open
field, but far enough away from the maze such that the rat could not touch the object, but
could still be seen. On the opposite side of the maze, a white wall occupied a small segment
of the open-field, and was close enough to the field so that it could be used as a tactile cue.
The two cues were available in a 30 min exploration session repeated over four days.
Although rats formed two home bases, one adjacent to the black box and another next to the
white wall, by the fourth day of testing there was a preference for engaging their home base
next to the white wall (Fig. 2). Thus, rats spent a disproportionate amount of time and
stopped more frequently at the wall segment. The preference for the wall over the large
black box might be related to the perception that the wall offers greater security in the open
field, i.e., rats could rest their bodies against the wall but were unable to do so against the
black cue (Whishaw et al., 2006). Alternatively, the preference may reflect a hierarchy of
sensory control over home base behavior, with tactile cues preferred over visual cues.
Hierarchical control over behavior by sensory cues has been observed in other aspects of
spatial navigation, with some reports concluding that cues located proximal to the animal, or
related to the maze substrate, typically take precedence over other stimulus sources
(Maaswinkel & Whishaw, 1999; Sanchez et al., 2016).

Several studies have reported that prior experience with environmental stimuli can modulate
regional preferences in home base behavior (Eilam, 2014; Hines & Whishaw, 2005;
Lehmann et al., 2007). Interestingly, Hines and Whishaw (2005) monitored the exploratory
behavior of rats in an open field with a large proximal cue placed next to the arena. Animals
were tested in five daily sessions in which the cue occupied the same position, but on the
fifth day the proximal cue was removed from the testing room. Hines and Whishaw
observed that despite the removal of the cue, rats continued to dwell in the location of the
open-field. This observation indicated that animals can learn the fixed relationship between
the cued home base location and the remaining room cues. The persistent behavior in these
locations is reminiscent of the place behavior displayed by rats in the Morris water task and
in other test procedures (Morris et al., 1982; Poucet, 1989). Similar observations have been
reported using a distal cue instead of a proximal cue (Hines & Whishaw, 2005). Moreover,
in studies in which rats established home bases next to two landmarks (e.g., a large black
box and a segment of a white wall), animals continue to preferentially dwell in the two
locations even in the absence of the cues (Lehmann et al., 2007). Nonetheless, it is important
to point out that conditioned home base preferences tend to be short lived such that rats
make several short trips back to the previously cued location, but do not perseverate in
visiting these locations during long probe tests. Indeed, Travis et al (2010) observed that rats
tended to orient and make direct trips back to the cued home base location, but the trips were
largely concentrated in the first half of the 30min probe test. The authors concluded that
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after several visits to the previously cued location, rats likely established home bases in
alternative locations.

The fact that rats express a conditioned preference for a previously cued location suggests
the possibility that other forms of reinforcement can guide regional preferences for home
base establishment. It has previously been speculated that the point of entry into an
environment may serve as an organizing spatial feature to solve spatial problems and guide
subsequent behavior (Clark et al., 2015; Eilam & Golani, 1988; Golani, 2011; Martin et al.,
1997). In a seminal study by Golani et al (1981), it was shown that when rats are first placed
in an unfamiliar location, animals subsequently display a sequence of “warm-up” behaviors
composed of successive horizontal and vertical movements that escalate in size from the
point of placement in the field. The expression of these warm-ups in relation to the point of
entry point suggests that the first point of contact may form an organizational feature for
subsequent exploration and home base behavior. Nemati and Whishaw (2007) tested this
hypothesis by placing rats on a large circular open-field in the presence or absence of
proximal cues, or in complete darkness. Regardless of test condition, rats showed a strong
preference in establishing their home bases near the initial place of entry. Specifically, rats
organized their excursions from and returns to this location, stopped at that location more
frequently, and spent a significantly greater amount of time there. Home base behavior was
exhibited at the entry point regardless of where the place was located in the open-field (edge
vs. center of the arena). In addition, home base preference at the entry point was
proportional to the salience of nearby proximal cues, suggesting that local stimuli can be
rapidly associated with home base locations. Again, it is possible that home bases at entry
may serve to optimize security, while at the same time organize subsequent exploratory
movements. However, the behavior may also be organized in relation to path integration—a
navigation strategy utilized in unfamiliar and featureless environments that enables accurate
orientation in relation to a home location (Gallistel, 1990; Etienne & Jeffery, 2004; Whishaw
& Tomie, 1997). Because path integration relies on self-movement cues (e.g., vestibular,
motor, proprioceptive) in featureless environments, this form of navigation can be prone to
errors and therefore requires frequent updating in relation to a stable reference. Thus, returns
to the point of entry might be linked to a general need to correct inaccuracies in the path
integration process (Hines & Whishaw, 2005; Nemati & Whishaw, 2007; Redish, 1999).

2.2. Mouse Home Base Behavior

It is well documented that wild mice set-up home sites or nests from which they secure
resources and avoid predation (Blanchard et al., 2001). However, reports on the home base
behavior of mice in laboratory settings have largely been inconsistent. Notably, several
studies have reported that mice, when placed in a featureless open-field, generally differ
from rats in that they fail to restrict their stops, grooming, and rearing to specific locations
(Fig. 3) (Clark et al., 2006; Drai & Golani, 2001; Gorny et al., 2002). The absence of
regionally restricted stopping behavior in featureless environments has been replicated in a
number of mouse strains (Dvorkin et al., 2008; Fonio et al., 2006; Lipkind et al., 2004). It is
important to note, however, that some studies have described home base-like behavior in
featureless environments by mice. The behaviors reported includ tight circling movements
restricted typically to a single location in an open-field (Dvorkin et al., 2010). Golani and
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colleagues have referred to this tight circling behavior as “knots” which are seemingly
enhanced after the administration of fear or anxiety inducing stimuli. Thus, knot-behavior
might be motivated to achieve security in a similar manner to the classic home base routines
observed in the rat (Whishaw et al., 2006). Nonetheless, these knot-behaviors by mice are
absent of other classic home base behaviors such as grooming, rearing, and long duration
stops.

In contrast to the absence of clear-cut home base behavior in featureless test enclosures,
several studies have reported that mice can establish home bases near physical objects or
nesting material (Clark et al., 2006; Drai et al., 2001; Eilam, 2004; Fonio et al., 2009; Gorny
et al., 2002). One notable exception is that the routine of movements near these physical
bases do not include grooming and rearing, but involve long duration stops near the object.
Importantly, mice appear to organize their exploratory excursions in relation to these cued
sites (Drai et al., 2001; Gorny et al., 2002). This was demonstrated by Gorny et al (2002)
who used bedding to encourage home base formation. The authors noted that mice
performed long exploratory excursions from the nest that were indirect and interrupted by
stops, especially along the edge of the open-field. The final stop in an excursion was
followed by a direct and rapid return back to the nest. This pattern of indirect-outward and
direct-inward trajectories has been well characterized in the rat (Wallace et al., 2002;
Whishaw et al., 2001), and provides evidence that a cued home base can serve to organize
the exploratory movements of mice in a similar manner.

Given that mice are seemingly more reliant on physical objects, Whishaw and colleagues
(Clark et al., 2006) aimed to test the range of environmental and contextual cues that might
influence mouse exploration. In this work, Clark et al (2006) were particularly interested in
the relationship between visual stimuli and mouse home base behavior. This question
stemmed from reports that mice have poor visual acuity relative to rats (Prusky et al., 2000),
which could ultimately influence their reliance on environmental cues for home base
establishment. In a series of experiments, Clark et al (2006) tested mice on a circular open
table around which both visual cues and tactile cues were manipulated. As in the rat studies
described in the previous section (Clark et al., 2005; Hines & Whishaw, 2005), visual cues
were placed near the open-field, but were out of the reach of the mouse. First, mice were
tested in conditions of impoverished cues, either in darkness or in normal light. Consistent
with previous reports, mice displayed little regional preference in their movements, and no
clear home base behaviors were exhibited (Fig. 3). However, when visual cues were placed
adjacent to the table, mice spent a disproportionate amount of time, made a greater number
of stops, and performed longer duration stops in the segment of the open field that was near
the visual cue. When two identical visual cues were presented on opposite sides of the maze,
mice distributed their home base behavior equally between the two cued locations.

In a second series of experiments, Clark et al (2006) placed the visual cue in competition
with a tactile cue located on the opposite side of the maze. As in the studies with rats, the
tactile cue was a white wall occupying a small segment of the open-field. Competition
between the two cues was assessed across four days of testing. With both the white wall and
visual cue present, home base behavior was initially equivalent in regions adjacent to the
cues. However, after four days of repeated exposure to the open field and the cues, home
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base behavior in relation to the visual cue was significantly reduced. Thus, by the fourth day,
mice generally preferred to form their bases next to the tactile cue. This pattern of behavior
and preference for the tactile cue over a visual cue is consistent between both rat and mice
species (Lehmann et al., 2007). Again, as with the experiments using rats, mice could rest
their bodies against the wall but were unable to do so against the black cue. Thus, the
preference for the wall over the visual cue could be explained by a simple unifying rule of
finding the location that offers the greatest tactile security, and remaining at this location
(Clark et al., 2006; Whishaw et al., 2006).

Lastly, as in the home base studies in rats, Clark et al (2006) examined whether experience
with cued locations could influence the future home base behavior of mice. This was
conducted similarly to previous studies with a cue removal probe test occurring 24-hours
after four daily exposures to the cues (Hines & Whishaw, 2005; Lehmann et al., 2007). In
contrast to rats, Clark et al found that mice showed relatively weak preferences for the
previously cued home base location. A similar finding was observed even when the more
salient tactile cue was used as a home base location, suggesting that mice fail to exhibit
home bases in the absence of salient landmarks, even when locations are conditioned with
repeated testing and experience. In contrast to this report, a recent study indicated that some
home base-like behaviors (tight circling or “knot” behavior) are regionally specific across
testing days even in the absence of environmental cues (Dvorkin et al., 2010). Nevertheless,
our observations are consistent with studies using other forms of mouse place preference
tests. For example, some studies have reported difficulties in encouraging mice to form place
responses by escaping to a refuge from a Barnes maze, and in learning a hidden platform
location in a Morris water task (Koopmans et al., 2003; Pompl et al., 1999; Whishaw, 1995;
Whishaw & Tomie, 1996). Thus, although home base tests could possibly be used for the
study of spatial memory in mice, it may not offer an obvious advantage over other
procedures.

2.3. Excursions from the home base

The work above presents evidence that both rats and mice establish home bases which serve
as a point of attraction from which animals appear to obtain their security. While the home
base behavior of rats and mice tend to differ in the sense that mice do not set-up clear home
bases in the absence of cues, the central features of exploratory behaviors away from these
locations are persevered between species (Drai et al., 2001). When placed in a novel
environment, animals initially make short exploratory excursions or trips away from the
home base (Tchernichovski et al., 1998). These short warm-up excursions are followed by a
gradual increase in excursion length, perhaps reflecting an animal’s familiarization with the
environment. Typically, excursions away from the home site are longer, less direct, and
interrupted by episodes of stopping and rearing, while returns to the home base are direct
and occur at a greater speed with animals typically galloping or running (Eilam & Golani,
1989; Wallace et al., 2002; 2006; Whishaw et al., 2001). When stopping, animals perform
lateral scanning head movements, and sniffing with their snout along the maze substrate
(Drai et al., 2001; Golani et al., 1993; Whishaw et al., 1994). Golani and colleagues (1993)
have noted that there is an upper limit to the number of stops made by animals during an
excursion, with some estimates suggesting up to 8-10 stops. Nevertheless, the upper limit
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appears to be idiosyncratic to each animal, but once reached, animals conclude their
excursions by making a rapid, and direct trip back to the home base. The pattern of indirect-
excursion from, and direct-returns home, occurs similarly in darkness and in lighted
conditions, suggesting that the organization of exploratory excursions constitute an
unconditioned behavior (Gorny et al., 2002; Wallace et al., 2002; Whishaw et al., 2001).

While exploratory excursions can be characterized as a pattern of forward progressions that
carry the animal from one place to another, stopping and scanning may allow animals to
gather information regarding the test environment (Golani et al., 1993; Whishaw et al.,
1994). Notably, head scanning movements during stops are reminiscent of the behaviors
made by rodents at choice points in T-mazes and other similar environments, also known as
vicarious trial and error behavior (see Redish, 2016 for review). Certainly, previous work
showing that environmental context can influence the stopping behavior of rodents at home
bases seems to support this view. Nevertheless, few studies have featured environmental
stimuli as an experimental variable in the study of exploratory excursions. Further, some
studies have reported poor replicability of mouse exploratory behavior between similar
laboratory set-ups (Crabbe et al., 1999; Wahlsten, 2001). Again, this observation could be
related to the fact that the environmental context has a modulating influence on exploratory
excursions. Motivated by these issues, Clark et al (2006) sought to examine this relationship
in mice by measuring the distribution of excursions, stops, and speed of movement in an
open-field in varying contexts. First, mice were placed in a large circular open-field, and
allowed to explore the environment during tests in which the room was lighted or was in
complete darkness. In darkness, general locomotion was elevated, with a greater number of
paths taken through the center of the maze (Fig. 3). In lighted conditions, and without the
presence of proximal visual or tactile cues, locomotor activity was reduced compared to
darkness. In addition, mice tended to shorten their paths and made a greater number of stops
along the edges of the open-field, suggesting that simple changes in lighting condition
produced significant changes in the excursion patterns of mice.

In other tests, Clark et al (2006) surrounded the open-field with visual and tactile wall cues.
When two large visual cues were placed near the edge of the open-field, the distribution of
mouse excursions and stops tended to be directed towards the cues (Fig. 3A). Interestingly,
in some cases, mice would take repeated direct paths towards cues located on opposite sides
of the maze, demonstrating that the presence of salient cues could significantly alter their
trip organization. A similar observation was made when one of the visual cues was replaced
with a tactile wall segment, however, movements toward the visual cue was reduced. To
evaluate this further, Clark et al added walls to the open-field such that the walls now
surrounded the open-field, but still included a dark cue along part of the wall. Again, under
these conditions, excursions made toward the visual cue was limited in large part because
stops and excursions were mostly restricted along the walls.

In addition to changes in the distribution of exploratory excursions and stops, Clark et al
(2006) characterized changes in the locomotor speed of mice in response to contextual
manipulations. Locomotion between stops were analyzed according to slow, medium, and
fast movement speeds, which were conceptually similar to the first, second, and third
“gears” of motion described by Drai et al (2000). In darkness or in a featureless lighted
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environment, animals typically made faster locomotion . When the cues were present,
locomotion between stops were generally slower, especially near the cues and along the
edge of the table (Fig. 3B). Faster modes of motion tended to occur in the center of the maze
particularly along routes taken between the two cues. In an open-field that had surrounding
walls, animals generally made faster movements in the presence of walls which surrounded
an open-field. Again, faster locomotion were located in the center of the maze, while slower
modes of motion occurred along the edge. The latter findings are consistent with the
proclivity of rodents to stop near the edge of the maze and perform rapid and direct
homeward trajectories across the center of the open field (Drai et al., 2000; Gorny et al.,
2002; Wallace et al., 2002).

2.4. Summary, Conclusions, and Future Directions

To summarize, the work above shows that while mice and rats show similar preferences in
forming home bases to environmental cues, mice fail to form home bases in the absence of
salient environmental cues. Further, mice appear to express weaker home base memory in
the absence of the cues. Nonetheless, the exploratory movements from home bases are
similarly organized between species, with animals taking indirect excursions away from the
home base, but short, direct, and fast returns to the home base.

The mechanism underlying species differences in home base formation in darkened or
featureless environments is unclear, but may involve differences in the relative use of
internal or external stimulus sources. For instance, tests in impoverished conditions may
require path integration processes in which self-movement cues (e.g., proprioceptive,
vestibular, and motor cues) are monitored to guide home base behavior and returns to the
home location (Gallistel, 1990; Etienne & Jeffery, 2004; Whishaw & Tomie, 1997).
Certainly, the fact that rats establish instantaneous home bases in cue deprived environments
is supportive of this notion (Hines & Whishaw, 2005; Nemati & Whishaw, 2007). Previous
studies have shown that when a physical home base is provided, mice can use path
integration for accurate spatial orientation (Alyan, 1996; Gorny et al., 2002; Yoder et al.,
2015). However, in the absence of external cues, path integration and self-motion cues might
not be sufficient to guide home base establishment in the mouse. Recent evidence showing
the loss of spatial specificity by entorhinal grid cells in the mouse while locomoting in a
dark, featureless arena, seemingly supports this hypothesis (Chen et al., 2016). Weaker
salience of self-movement cue processing could also explain the heightened sensitivity of
mice to contextual features, the observed faster modes of motion in darkness and in the
absence of a prominent cue, and the reports of poor replicability between lab environments
(Crabbe et al., 1999; Wahlsten, 2001). Further work is needed to address this possibility, but
to also discriminate this hypothesis from other alternatives including the possibility that
mice might be responding to heightened anxiety in featureless environments. Finally, future
work should be directed at determining the range of sensory cues (e.g., olfactory, thermal,
etc.) that control exploratory behavior. A better understanding of the sensory hierarchy
involved in exploration would facilitate future design and tests of locomotor behavior by
mice.
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3. Neural Subsystems in Rodent Exploratory Behavior

Very little is known regarding the neurobiological mechanisms of exploratory behavior. The
organized patterns described in the previous sections however lends itself uniquely to
measuring the effects of brain manipulations on exploration. If exploration is a mechanism
for the acquisition of environmental information, then studies of spatial memory could
benefit from a better understanding of the neural basis behind these movement subsystems.
Indeed, the relationship between exploratory behavior and spatial memory was a central
theme in O’Keefe & Nadel’s (1978) seminal work. Their summary of the literature led to a
cognitive-mapping theory which suggested that as animals explore environments, the
hippocampal formation generates spatial representations of that environment. This
environmental map is then used to guide subsequent exploration and navigation to specific
places in the same environment. Thus, a central hypothesis stemming from the spatial
mapping theory is that damage to the hippocampus should abolish the expression of
exploratory behaviors (O’Keefe & Nadel, 1978, pg. 242). Several studies have investigated
this hypothesis in relation to novelty detection (Clark et al., 2000; Cohen et al., 2013;
Mumby et al., 2002; Poucet, 2003; Save et al., 1992; Sutherland, 1985; Thinus-Blanc et al.,
1991), but we focus our discussion below on the work measuring changes in home base
behavior and exploratory excursion organization in animals with hippocampal lesions.

3.1. Home Bases in Hippocampal Lesioned Animals

A consistent observation in early lesion studies is that hippocampal damage results in
heightened locomotion or “hyperactivity” in open-field tests (Jarrard, 1968; Kimble, 1963;
O’Keefe & Nadel, 1978). Locomotor hyperactivity may have many sources, for example, the
loss of normal home base behavior could lead to a wider distribution of movements in the
environment and excessive locomotion over time. Hines and Whishaw (2005) investigated
this possibility in a series of experiments where control and hippocampal lesioned rats
explored an open-field either in complete darkness or with a prominent cue located near the
table. In the first experiment, both control and hippocampal lesioned rats explored the table
under lighted conditions and were found to perform long duration stops adjacent to the
proximal cue. Behaviors typically associated with home bases were also selectively
performed near the cue, suggesting that lesions of the hippocampus do not abolish this
feature of exploratory behavior. Indeed, several subsequent studies have replicated this
finding (Fig. 4A) (Clark et al., 2005; Lehmann et al., 2007; Travis et al., 2010), and has
shown that home base behavior in lesioned animals persist in the cued locations, even when
the cue is removed during a probe test.

The results above suggested that the hippocampus is not required for home base behavior
when visual cues are available, but whether hippocampal lesioned animals can establish
bases in the absence of visual cues was generally unknown. To evaluate this question, Hines
and Whishaw (2005) allowed control and hippocampal lesioned animals to explore an open-
field under darkened conditions, thereby removing access to the proximal and distal visual
features of the environment. The authors observed that while control rats clearly established
home bases in darkness, hippocampal rats did not (Fig. 4B). Specifically, hippocampal
animals distributed their activity evenly throughout the maze and failed to restrict their
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stopping, grooming, and other home base behaviors to specific regions of the environment.
In the same experiment, Hines and Whishaw tested rats with damage to the olfactory bulb in
the darkened open-field, and observed that animals were shown to form normal home base
behavior. In other reports, hippocampal animals are capable of establishing home base
locations in darkness when a physical shelter is provided (Wallace & Whishaw, 2003). In
sum, this work clearly illustrated that hippocampal lesions selectively disrupt home base
behavior in darkness, but not when external cues are provided.

3.2. Exploratory Excursions by Hippocampal Lesioned Animals

Although impairments in home base behavior may provide an explanation for locomotor
hyperactivity, alterations in other movement characteristics could also play a role. In
particular, hyperactivity could be influenced by the distance travelled between stops, the
speed of movement, or the duration of stops. With respect to stopping behaviors, fewer or
shorter stops could encourage longer periods of travel. Whishaw and colleagues (1994)
examined this possibility in rats with fimbria-fornix damage, which disconnects the
hippocampus from its subcortical afferents. Whishaw et al confirmed that lesioned animals
walked more (were hyperactive) in tests of open-field behavior, but reported that the source
of heightened locomotion was related to the duration of their stops. Specifically, lesioned
animals performed a greater number pauses during locomotion, but these stops were of a
shorter duration compared to control animals, allowing for more overall movement.
Nevertheless, locomotor speed of individual progressions did not differ between lesion and
control groups. In sum, these results suggested that hippocampal lesioned animals made
more stops, made more shorter stops, and therefore locomoted more than control animals.
Thus, the impairment was not in their locomotor behavior, but in their stopping behavior.
Because home bases are characterized by long duration stops, the proclivity for shorter stops
in hippocampal lesioned animals could explain the absence of clear home bases in visually
impoverished conditions.

A follow-up study by Clark et al (2005) replicated the observations above, but also
determined that the exploratory movements by hippocampal lesioned animals fail to
habituate with repeated testing, even after up to 4 days of exposure to same environment.
Clark et al reported that on the first day of testing, both control and hippocampal rats formed
a home base near a proximal cue, made equivalent numbers of exploratory excursions and
stops away from the home base, and made similar numbers of head scans directed to
different portions of the environment and to the cue. Although control rats and hippocampal
rats were not different on the first test day, by the fourth day of testing, control animals were
less active on all measures, except immobility near the cued home base. In contrast, the
behavior of hippocampal rats was unchanged. Because the pattern of behavior exhibited by
hippocampal rats on the fourth day resembles that of both groups on the first day, it could be
argued that they were hyperexploratory rather than hyperactive. Whether the
“hyperexploration” by lesioned animals on Day 4 reflects a general deficit in habituation and
spatial mapping (O’Keefe & Nadel, 1978), or reflects heightened anxiety-like behavior
(Whishaw et al., 2006), was not evaluated in the study. Nevertheless, provided that lesioned
animals can retain a cued home base, even with the landmark removed from the environment
(Clark et al., 2005; Lehmann et al., 2007; Travis et al., 2010), suggests that hippocampal
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lesioned animals can indeed acquire spatial information while exploring. Thus, the failure to
modify their behavior with experience might not be related to impairments in spatial

mapping.

Finally, it is important to note the studies reporting that lesions of the fimbria-fornix or
hippocampus produce specific impairments in the homeward component of exploratory
excursions (Gorny et al., 2002; Wallace et al., 2002; Wallace & Whishaw, 2003; Whishaw et
al, 2001; Winter et al., 2013). As described in previous sections, normal rats typically make
direct and rapid return trips to the home base. However, a similar pattern of homebound
behavior is not observed in hippocampal lesioned rats. Animals with damage to the
hippocampus tend to slowly follow the perimeter of the environment until they reach the
base location. This tendency is much more pronounced under darkened conditions,
suggesting that the impairment might be specific to the use of self-motion cues and dead
reckoning. Additionally, measures of return velocity have indicated that control rats travel
significantly faster than lesioned animals (Wallace et al., 2002; Wallace & Whishaw, 2003).

3.3. Neurophysiology and Exploratory Behavior

While much of the previous research has focused on examining the effects of hippocampal
damage on exploratory movements, a large body of research has taken the approach of
monitoring neural activity in the hippocampus and associated limbic regions while rodents
locomote and explore environments (Moser et al., 2008; O’Keefe & Nadel, 1978; Taube,
2007). This work has led to the discovery of hippocampal place cells, which fire when an
animal locomotes through specific locations within an environment (see Fig. 5) (O’Keefe &
Dostrovsky, 1971). In the parahippocampal cortex, neurons also encode an animal’s
environmental location, but discharge in multiple locations forming interlocking equilateral
triangles called grid cells (Hafting et al., 2005; Boccara et al., 2010). A third cell type
identified throughout the limbic system, called head direction (HD) cells, provide
information regarding an animal’s directional orientation in space (Ranck, 1984; Taube et
al., 1990). Finally, a fourth type of spatial cell located in parahippocampal cortex is
specifically tuned to the borders of the environment, but most frequently a single border
(Lever et al., 2009; Savelli et al., 2008; Solstad et al., 2008). Together, spatial signals in the
hippocampus and limbic system provide information about position, distance, direction, and
environmental boundaries, which are sufficient to construct an accurate representation of the
animal’s changing position in an environment.

Despite considerable interest in the relationship between the spatial signals above and
navigation, few studies have provided a systematic assessment of their relationship with
exploratory movements. Some exceptions comes from a study where HD cells have been
recorded in a food hoarding task in which rats exit a home shelter located along the edge of a
large open field, and return to this location after obtaining a food pellet in the open field.
Interestingly, when the shelter is rotated to a new location along the edge of the open field,
the preferred direction of HD cells have been observed to change their orientation by a
similar angular distance and direction (Valerio & Taube, unpublished observations). Blair
and Sharp (1996) made a similar observation, but in a circular open field without a home
shelter. For each recording sessions, Blair and Sharp placed rats at a unique point of entry
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along the edge of the circular environment and found that HD cells changed their orientation
by a corresponding magnitude. Thus, the orientation of HD cells were “set” by the animals
initial entry position which, as noted in previous sections, has a significant influence on the
location of home base establishment. Finally, Valerio & Taube (2012) have reported that HD
cells can undergo changes, or “corrections”, in their orientation while the animal is at the
home base, and these changes may influence subsequent navigation in the open field (see
Winter et al., this issue for discussion). Thus, these collective observations point to the
possibility that the home base can serve as a salient source of control over HD cell activity,
but may additionally provide a locus for updating and processing spatial representations.

In addition to a general linkage between home bases and HD signal processing, recent work
by Knierim and colleagues (Monaco et al., 2014) has indicated that hippocampal place cell
activity is significantly influenced by the lateral head movements typically performed during
stopping behavior. Specifically, the authors recorded hippocampal place cells while rats
locomoted along a circular track. In this task, as in open field environments, rats punctuated
their forward locomotion with stops, during which they would performed lateral head
scanning movements. The authors showed that head scanning behavior at stops were
correlated with the sudden onset of a place field at that location. In other cases, a place field
appeared the very next time the rat visited that location. Thus, the study demonstrated that
place cell activity can be potentiated at stop/scan locations in the environment, providing
further support for the conclusion that exploration may serve to update and influence the
expression of spatial representations (O’Keefe & Nadel, 1978).

3.4. Summary, Conclusions, and Future Directions

In summary, the work above shows that although hippocampal lesions do not completely
abolish exploration, as predicted by spatial mapping theory, lesions can produce alterations
to specific behavioral subsystems. Hyperlocomotor activity by hippocampal animals could
be related to the reported absence of home base behavior in impoverished environments
(Hines & Whishaw, 2005), shorter stop duration (Whishaw et al., 1994), and the failure to
habituate exploration with repeated testing (Clark et al., 2005). Several hypotheses have
been put forward to explain these behavioral changes, but the notion that hippocampal
lesions disrupt the capacity to process self-movement cues for path integration has received
considerable support (McNaughton et al., 1996; Wallace & Whishaw, 2003; Wallace et al.,
2002; Whishaw & Tomie, 1997; Whishaw et al., 1994; 2001; 2006; Winter et al., 2013). The
observations that hippocampal lesions impair home base behavior in darkness, and impair
the ability to generate direct return paths to home locations in darkness is particularly
supportive of this hypothesis (Wallace & Whishaw, 2003). In addition, disruptions of the
vestibular system produce similar impairments in exploratory behavior (Avni et al., 2009;
Blankenship et al., 2017; Wallace at al., 2002; Yoder et al., 2015; Zheng et al., 2006).

Finally, although the relationship between spatial signals in the hippocampus and limbic
system (Fig. 5) and the subsystems of rodent exploratory behavior has received little
attention, some notable observations have been made. First, previous work has shown that
“corrections” or updates to HD cell orientation occur at the home base (Valerio & Taube,
2012). Secondly, stopping behavior, and the head scanning movements that typically occur
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at these locations, have a fundamental role in organizing the onset and later expression of
place cell activity at those locations (Monaco et al., 2014). Collectively, these findings
suggest that exploratory subsystems have a role in updating neural representations of space.
Other features of spatial firing activity have yet to be investigated, notably the correlates of
parahippocampal grid cell and border cell signals with exploratory movements. That grid/
border cell activity and exploratory movements are both sensitive to environmental cue
manipulations, such as borders and landmarks (Barry et al., 2007; Krupic et al., 2015; Lever
et al., 2009), and responsive changes in self-motion stimuli (Winter et al., 2015b), lends
itself well to this possibility.

4. General Conclusion

In the present review, we have summarized a large body of work directed toward
understanding the movement subsystems involved in rodent exploratory behavior. We
present extensive evidence suggesting that rodents readily establish home bases, defined as
regionally restricted bouts of grooming, rearing, tight turning, and long duration stops
(Eilam & Golani, 1989; Golani, 2014; Wallace & Whishaw, 2003). The home base therefore
acts as a central feature of the organized pattern of exploratory movements made by rodents,
and is possibly guided by the necessity to optimize security while securing resources in
novel environments (Whishaw & Whishaw, 1996; Whishaw et al., 2006). Home bases are
central to the organization of exploratory excursions to the rest of the environment, and are
expressed such that animals initially make short trips followed by a gradual increase in
excursion length over time (Golani et al., 1983; Tchernichovski et al., 1998; Wallace &
Whishaw, 2003). Excursions away from the home site are longer, less direct, and interrupted
by episodes of stopping, head scanning, and rearing, while returns to the home base are
direct and occur at a greater speed with animals typically galloping or running (Wallace &
Whishaw, 2003; Whishaw et al., 2001). Although these behavior subsystems have some
variability from animal to animal and between test sessions, they have features of an action
pattern that can be readily recognized and are therefore well-suited for the study of brain-
behavior relationships (Krakauer et al., 2017).

This organization of exploratory behavior has been quantified and utilized to distinguish
between rodent species and strains, and to examine the neurobiological basis of movement
organization. Nonetheless, several major gaps in the literature exist. For example, research
aimed at discriminating between theories of hippocampal involvement in exploration is
needed. In addition, work focusing on the relationship between exploration and circuits
beyond the hippocampus is greatly needed. A number of cortical and subcortical limbic
circuits have been linked to the processing of spatial information, including circuits involved
in the expression of place, grid, and head direction signals (Fig. 5) (Clark & Harvey, 2016;
Clark & Taube, 2009; Clark et al., 2012; 2013; Taube, 2007; Wilber et al., 2015; Winter et
al., 2015a). The relationship between these signals and exploratory behavior, and whether
they play an important role in the organization of exploratory movements, will be of
significant importance in developing a complete understanding of the neurobiology of
spatial behavior. Our hope is that this review will assist future research examining the
behavioral and neural subsystems underlying rodent exploration.
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Figure 1.

(A?) Representative path (left) and stops (right) made by a rat (n = 1) during a 30 min
exploration test in darkness. Stop duration is represented by the diameter of the circles
(modified from Hines & Whishaw, 2005). (B) Composite of the paths (left) and stops (right)
made by a group of rats (n = 6) tested in a 30min session in an open-field in lighted
conditions (modified from Clark et al., 2005). The black square represents the location of a
proximal visual cue placed next to the open-field. Note that rats display regional preferences
in stopping behavior, but that the stops tend to cluster adjacent to the proximal cue when it is
provided.
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Figure 2.
Representative paths (left) and stops (right) from a rat tested in the presence of a cue and a

segment of a white wall (pictured is the location of the black visual cue and the white wall
segment; note that the black cue was located a short distance from the open-field but the
while wall was continuous with the open-field). Stops made by rats tended to cluster near the
visual cue on Day 1, but stops clustered near the wall on Day 4 (modified from Lehmann et
al., 2007).
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No Cue Dark One Cue Two Cues

Figure 3.
Paths (top row), stops (middle row), and locomotor speed (bottom row) from representative

mice tested in the presence of no cue, in darkness, with a single proximal cue, and with two
proximal cues (black square = proximal cue) for 30 minutes (modified from Clark et al.,
2006). Data from a different mouse is shown for each condition. Note that stops made by the
mouse tended to cluster adjacent to the proximal cues, but do not display regional specificity
in the absence of a proximal cue and in darkness. Locomotion speed is shown by color
(green = 1- 20 cm/s, blue = 20-40 cm/s, red = 40+ cm/s). Note that higher locomotion speed
(blue and red lines) occur in the dark and no cue conditions as well as in the center of the
field in the cued conditions.
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Figure 4.
(A) Representative path (left) and stops (right) from a hippocampal lesioned rat tested in the

presence of a cue and a segment of a white wall (modified from Lehmann et al., 2007). Note
that the white wall was continuous with the open-field, but is separated in the illustration for
display purposes. (B) Representative path (left) and stops (right) from a hippocampal
lesioned rat tested in darkness (modified from Hines & Whishaw, 2005). Note that regional
specificity in home base behavior is absent only in darkness.
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Figure 5.
Color-coded rate maps for a hippocampal place cell, a parahippocampal grid cell, and a

border cell (Red = maximum firing rate; blue = minimum firing rate). The size of the testing
arena is shown below each rate map. Polar plots of firing rate (spikes/sec) by direction are
shown for an ensemble of head direction cells (P, peak firing rate in spikes/s). Place cell and
head direction cells are from Berkowitz and Clark (unpublished), and grid and border cells
are from Winter et al (2015a; 2015b).
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