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ABSTRACT 

One major challenge in animal research on spatial learning and memory pertains to designing 

methods to dissociate spatial strategies (allocentric vs. egocentric).  This is crucial for understanding 

the underlying cognitive processes and neural circuits that are recruited in navigational tasks. Taking 

the egocentric reference frames as a starting point, this review argues that in many extensively used 

spatial paradigms, multiple spatial reference frames are often available to the animals but remain 

unaccounted for. We discuss the implications this has for the inferences that can be made and propose 

a decision-algorithm to construct spatial learning paradigms that can reduce the influence of these 

confounding variables. Furthermore, with these considerations in mind, we review the role of the 

hippocampus in egocentric navigation forms, i.e. in response learning, egocentric sequential learning 

and path integration. This choice is based on the controversy surrounding the role of hippocampus in 

these spatial paradigms. We discuss the possible methodological confounders that may explain the 

inconclusive results.  
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1. Introduction 

 

The ability to learn and successfully navigate in both novel and familiar environments is a vital skill 

for humans and other animals. The question of how the brain makes sense of the various multisensory 

signals it receives during navigation and integrates them into a coherent representation to support 

spatial learning is undoubtedly complex. This is not surprising given the intricacy of the behaviour 

itself, which involves several components such as perception (which may include one or several 

sensory modalities), memory (e.g. episodic and/or implicit memory), planning of motor actions (goal-

oriented behaviour), executing movements (locomotion) and adapting them to the specific context 

(e.g. recalling actions based on their spatiotemporal association). In particular, information gained 

from external visual cues (Morris, 1981) as well as cues generated internally by movement 

(McGauran et al., 2005) has been shown to be important for successful navigation.  

In order to distinguish between different navigational strategies and understand how animals learn 

about their environments, it is necessary to define how information is treated and represented by the 

navigator. For example, if an animal learns to rely on a set of visual cues to locate a goal position and 

after much practice navigates the route accurately, then it is relevant to consider whether the animal 

locates the goal by using the relative position of the cues to each other, the position of cues with 

respect to the position and orientation of the animal itself or both. More specifically, if the position 

of the animal is defined as a point on a Cartesian coordinate system in Euclidean space, then it is 

important to consider the position of the origin point as it pertains to how locations are encoded by 

the animal, i.e. whether the origin is centred on the animal itself or fixed on a point in the environment. 

In this context, the concept of reference frames is often used to characterise how information is 

represented by the navigator. For example, one common way to distinguish between types of spatial 

strategies and navigation is by splitting navigation up into allocentric (observer independent) and 



 

5 
 

egocentric (observer dependent) reference frames in which the origin point is centred on a point in 

the environment and the observer, respectively. In line with this, allocentric navigation refers to 

learning based on the spatial relationship between cues and has been suggested to be represented in a 

cognitive map (O’keefe and Nadel, 1978). This is often referred to as a mapping strategy (O’keefe 

and Nadel, 1978), place learning (Packard and McGaugh, 1996) or distal-cue orientation (Morris, 

1981; Rudy et al., 1987). For example, an animal may learn about the relative location of cues in an 

environment and associate these spatial relations with a goal.  

Egocentric navigation refers to spatial learning based on stimuli with respect to body position and 

orientation of the navigator (Moghaddam and Bures, 1996). For example, animals may learn to 

approach a specific object, which can either be the goal itself or spatially related to the goal, e.g. a 

certain distance and angle relative to the cue. If the object is a salient spatial cue, it can be referred to 

as a landmark (Trullier et al., 1997), and if it marks the goal or is close to it, the landmark can be 

referred to as a beacon (Barnes et al., 1990).  

This very fundamental type of egocentric navigation entails only that the animal aligns its own body-

axis by turning its head and body to maintain some egocentric relationship with the object. On 

repeated approaches, the animal may use any behaviour to reduce the distance between itself and the 

object, hence no specific sequence of movements needs be learned and repeated (O’keefe and Nadel, 

1978). This type of egocentric strategy has been referred to as taxis or a cue-based strategy 

(Sutherland et al., 1982; Sutherland and Dyck, 1984), beacon strategy (Wolbers and Wiener, 2014), 

proximal orientation (Morris, 1981; Rudy et al., 1987) and guidance (O’keefe and Nadel, 1978), 

although some authors do not use these terms synonymously. For example, Rondi-Reig et al. (2006) 

use the term guidance to refer to behaviour where an animal approaches a series of consecutive, 

physically spaced cues along a trajectory.  In contrast, Trullier et al. (1997) use the term guidance to 

refer to situations in which animals are guided by a landmark configuration when there is a hidden 
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goal and no beacon, whereas taxis or target approaching refers to approaching a specific object, 

landmark or beacon.  

As indicated by the heterogeneity in nomenclature above, terminology is not uniformly applied to 

characterise this behaviour, and this remains true across similar paradigms. Furthermore, the same 

term is often applied interchangeably to characterise what can be considered conceptually related yet 

distinctive aspects of this behaviour. In the interest of elucidation, it is important to stress that the 

concept of guidance as defined in the exceptionally influential book by O’keefe and Nadel (1978) is, 

unlike the other terms above, a formal definition of a system or mechanism by which animals 

navigate. In this theoretical framework, the aforementioned guidance strategy by Rondi-Reig et al. 

(2006) is consistent with what O’keefe and Nadel (1978) referred to as lists of guidance. These lists 

are a substrate of what O’keefe and Nadel (1978) termed the taxon system and contrasted with the 

locale or cognitive mapping system. Since the book was devoted to the latter, the taxon system was 

relatively crudely outlined, and terminology used to reference it in the literature has been inconsistent. 

However, the taxon system was in accordance with a major premise in the book characterised as a 

system determining behaviour of animals bereft of the hippocampus, i.e. the locale system  (O’keefe 

and Nadel, 1978), which in contrast has been a consistent and widely held assumption. As pointed 

out by Sutherland and Hamilton (2004), this type of Boolean reasoning where egocentric and 

allocentric strategies are treated as two disjoint sets of behaviour constituting exhaustive and mutually 

exclusive categories is a false dichotomy that is still present in the literature, and will be discussed 

later in this review. Sutherland and Hamilton (2004) suggested a different approach and use the term 

guidance constancy to stress movement as a controllable, continuous variable (or axis in their model) 

being modulated by a cue or location, hence there is no inherent assumption of a top-down process 

or strategy. For the purpose of this review, we will consider the concept of guidance in a way similar 

to Sutherland and Hamilton (2004), but based on studies in the literature it is useful to distinguish 
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between three different types of guidance strategies: 1) if the cue is the goal itself and thus inside the 

maze and directly approachable, we will refer to it as beacon learning, 2) if a cue or cue-configuration 

is located outside the maze and provides the correct direction and the goal itself is not visible, we will 

refer to it as directional learning, 3) if the goal itself is not visible but approaching consecutive cues 

along a trajectory lead to each other and eventually the goal, we will refer to it as consecutive cue 

learning.  

In contrast to guidance strategies, animals may learn a fixed sequence of movements to reach a goal, 

which, in the absence of other types of cues predicting the goal location, can be referred to as an 

egocentric praxis strategy (Sutherland et al., 1983; Sutherland and Dyck, 1984). Here the emphasis 

is on the specific response or sequence of movements in which cues generated by previous responses 

serve as cues for the next response. A similar concept termed orientation was used by O’keefe and 

Nadel (1978), which more generally refers to a change in orientation in the presence of a cue. Unlike 

praxis strategies, the cues can be external to the animal and can include landmarks, but like praxis 

strategies, emphasis is on the specific response elicited by the cue.  

The concept of orientation bears resemblance to what Trullier et al. (1997) call place recognition-

triggered response, which refers to a specific change in orientation prompted by a recognised place. 

This has also been termed an associative cue strategy (Wolbers and Wiener, 2014) or a conditional 

if-then problem or strategy (Stringer et al., 2005). If an animal perceives a landmark configuration in 

a very similar or almost identical fashion from a set of locations, which can be defined as a place 

from the animal’s point of view, it may associate the recognised place with a change in orientation to 

reach a goal (Trullier et al., 1997). For example, if an animal learns to reach a goal in a certain 

direction (e.g. west) after being repeatedly released from two opposite starting points perpendicular 

to the goal (e.g. from south and north) from which it perceives two distinguishable cue-configurations, 

then these places can be associated and conditioned to two different (and opposite) responses leading 
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to the goal (e.g. if a place A, turn left; if at place B, turn right). Although it may seem intuitive to 

connect the notion of ‘place’ and the ability to recognise and distinguish between places with 

cognitive mapping, no representation about the spatial relationship between places is required for this 

strategy to be successful. This strategy only requires the animal to recognise the place in which it is 

currently situated and associate it with a change in orientation (Trullier et al., 1997).  

One of the main differences between allocentric and egocentric orientation is that allocentric 

navigation is independent of the navigator’s position and orientation (Kesner et al., 1989), whereas 

in egocentric navigation, places can be defined by their direction and distance from the navigator 

(Potegal, 1969). In terms of flexibility, one advantage with allocentric mapping strategies is that 

animals can navigate directly to a hidden goal from known as well as novel starting points (Morris, 

1981), since the spatial relationship between the cues and the goal is independent of the position and 

orientation of the animal. However, in egocentric navigation, a directional strategy will only be 

effective if the goal or goal-associated cue or cues can be detected and a praxis strategy will only be 

successful if the relationship between the starting point and goal remains constant (Sutherland and 

Dyck, 1984). Nevertheless, in contrast with allocentric navigation, an egocentric praxis strategy offers 

a different kind of flexibility in that it can operate in darkness when no external cues are available. 

Instead, animals can in these situations rely on cues that are generated internally by locomotion, which 

commonly are referred to as idiothetic cues. In contrast, when animals do have access to extra-maze 

cues in the environment that are distal, stable and independent of their movements, then the cues can 

be referred to as allothetic (Whishaw et al., 2001).  

Egocentric praxis strategies can be subdivided into path integration homing (Fuhs and Touretzky, 

2006) and route-based navigation (Braun et al., 2012; Vorhees and Williams, 2014), in which route-

based navigation can further be subdivided into simple response learning (De Bruin et al., 2001) and 

egocentric sequential learning (Rondi-Reig et al., 2006). When animals use path integration, they 
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integrate the idiothetic cues generated by self-movement over time to determine a present position 

with respect to a fixed point of reference (e.g. their nest). They can then locate a direct way back to a 

starting point without having to retrace their original path and can do so even in the absence of 

external cues (Etienne et al., 1996). It has been proposed that signals deriving from linear and angular 

acceleration are integrated by the vestibular system and used to compute a homing vector, which is 

continuously updated and used to estimate the current position as well as distance and direction from 

the starting point (Parron and Save, 2004). Although path integration can rely solely on idiothetic 

cues, the accuracy decreases as the distance from the starting point increases due to an accumulation 

of errors. These errors can however be minimised or eliminated by the aid of other types of cues such 

as external stable landmarks (Etienne and Jeffery, 2004). Since the natural environment of animals 

will be rarely completely devoid of stable visual landmarks and other sources of cues, path integration 

will likely always be assisted by other cues if they are detectable.  

Route-based navigation or route learning is another type of egocentric strategy, where the navigator 

associates specific cues with a specific bodily turn. Route-based learning can be based solely on a 

praxic rule (e.g. if the last turn was left, then turn right), but can also, like path integration, be 

supported by external cues (e.g. turn right when you pass object ‘x’, then turn left and go straight 

until you pass object ‘y’) (Aguirre and D’Esposito, 1999). Depending on the complexity of the route 

to be learned, it can be referred to as simple response learning if only one bodily turn is needed to 

solve the task (e.g. De Bruin et al., 2001), or egocentric sequential learning, if the navigator must do 

a sequence of body turns associated with multiple choice points (Rondi-Reig et al., 2006). 

For a better overview of the different subtypes of egocentric strategies and the cues supporting them, 

see Fig. 1. 

----- Insert Fig. 1 approx. here ----- 
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The complexity of the behaviour involved in various types of spatial strategies unquestionably poses 

a difficult challenge to the field of spatial navigation involving animal models. Nevertheless, this 

stresses even more the importance of implementing and maintaining scientific rigor to improve the 

field, develop our knowledge, and increase its relevance for the purpose of promoting human health. 

Many behavioural paradigms designed to study spatial learning have become well-established. Some 

of them have enjoyed overwhelming success and hence constitute the basis for a vast amount of data.  

Consequently, if the assumptions on which they rest are not scrutinised thoroughly, then a substantial 

amount of evidence is at risk of being wrongly interpreted. As we will argue, some of the most widely 

used paradigms to study spatial strategies such as place and response learning cannot convincingly 

demonstrate that they do so in the face of conflicting evidence. Notably, two of our primary foci 

include the cross-maze, also referred to as 4-arm radial maze (not to confuse with the elevated plus 

maze with two ‘closed arms’) (Tolman et al., 1946), and Morris water maze (MWM) (Morris, 1981), 

which have been extensively used to study response and place learning. Some of the highlighted 

contentions may be applicable to other paradigms as well, depending on their configuration, e.g. the 

radial arm maze (RAM) (Olton and Samuelson, 1976). Our intention will neither be to polemically 

refute the existence of these strategies, nor to categorically claim that they measure another strategy. 

On the contrary, we will highlight evidence which justifies reasonable doubt with respect to whether 

they measure what they claim to measure, as well as evidence indicating how the data otherwise may 

be interpreted (e.g. Hamilton et al., 2007; Skinner et al., 2003; Sutherland et al., 1987). The intent of 

this review is to fuel an important discussion, which has been largely absent, but is important 

regardless of which side of the argument one may favour, since continuous scrutiny is an essential 

corrective tool to refine and improve our methods. Importantly, research on spatial learning and 

navigation using animal models has to put up with studying the functions of neural structures through 

indirect measurements, commonly in the form of task latency and errors, as means to draw inferences, 
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since the variable of interest is the enigmatic cognitive representation of space. Thus, certainty is 

unattainable, and elimination of alternative interpretations is of paramount importance to increase the 

probability of an accurate, parsimonious interpretation. Naturally, these considerations have 

important implications for our understanding of the vast number of published results from 

experiments using these paradigms to study functions of the brain.  

This review is in particular concerned with egocentric navigational strategies that rely on idiothetic 

cues, and how these are realised and supported by the brain. Studies on allocentric navigational 

strategies are included in case they utilise an experimental design where the animals are free to select 

either an allocentric or egocentric strategy and the design of the task therefore offers direct 

implications for either navigational form. In the next sections, the review will 1) outline and critically 

examine some of the paradigms and methods to dissociate spatial strategies used by animals, 2) 

suggest a decision algorithm to approach and construct experimental designs investigating egocentric 

spatial strategies, and 3) review the role of the hippocampus in egocentric types of spatial navigation. 

The role of hippocampus in these forms of navigation is still much debated as studies reach different 

conclusions. As we will argue, however, these conclusions, can be influenced by unaccounted 

methodological variables and therefore represent an example of situation where inferences may be 

drawn on insufficient methodological analysis.  

2. Dissociating spatial strategies  

 

In experimental conditions, it is possible to manipulate the idiothetic and extra-maze cues that the 

animals can access to see if they prefer a certain strategy or to encourage them to use a specific 

strategy. For example, animals can be encouraged to use idiothetic cues by using a fixed relationship 

between the starting position and goal position, obscuring visible cues, testing in the dark or blinding 
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them, while also controlling for other types of cues, e.g. odour and auditory cues. In addition to 

providing distal cues in the environment and using different starting points that require different 

motor responses to find the goal, transient whole-body rotations to distort idiothetic vestibular 

information can be used to encourage animals to rely on extra-maze cues (or to disorient animals that 

only have access to idiothetic cues). In practice, however, dissociating spatial strategies is not a simple 

matter and removal or manipulation of one type of cue does not necessarily lead to any unambiguous 

conclusion regarding the choice or nature of the strategy or strategies being used to solve the task. In 

addition to this, as will be discussed in the next sections, differing paradigms and experimental 

manipulations are associated with differing confounding variables and challenges. Before continuing, 

it should be stated that allocentric and egocentric types of navigation are not necessarily mutually 

exclusive strategies. Therefore, although distinguishing between these types of navigation might be 

useful in research contexts when availability of cues is manipulated, a navigating animal with access 

to multiple types of cues in the environment is likely to rely on more than one single strategy. Instead, 

it may use any combination of strategies depending on the relevance of the cues available, the degree 

of sensory stimulation provided by those cues as well as the sensory capacity of the animal (Restle, 

1957). 

2.1 Encouraging the use of idiothetic cues by occluding vision or using a fixed trajectory 

 

In the beginning of the 20th century, the idea that animals can rely on idiothetic cues to navigate and 

solve maze problems began to receive increased attention and support. Notably, Yerkes and Watson  

(1907) wrote a review discussing and summarising a series of his own and collaborators’ experiments 

in which the functionality of various sensory organs in rats were systematically eliminated to study 

their role in solving a maze problem. The results from the maze indicated that rats trained in the light 

could run through the maze perfectly in darkness and that the rate of learning in normal rats was the 
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same in the light as in the dark. Furthermore, blind rats learned as readily as normal rats, and normal 

rats that had been trained in the light suffered only minimal loss of accuracy after they were deprived 

of vision. Yerkes and Watson (1907) therefore concluded that kinaesthetic sensation (now more 

commonly referred to as proprioception) had to be the all-important factor in learning the maze 

associations. This conclusion led to some controversy and debate, which we will discuss in more 

depth later in this section. 

Evidence that rats can use idiothetic cues to navigate has also been found in more recent paradigms 

like the RAM paradigm where rats must learn not to enter previously visited arms. Zoladek and 

Roberts (1978) found that rats rely on visual cues when solving the task, but that blind rats perform 

well above chance levels, which suggests rats can rely on idiothetic (e.g. proprioceptive and/or 

vestibular) cues to solve the task. However, the blinding of animals does not completely rule out other 

explanations and rats with access to visual cues might also use other cues than visual. Rats leave 

physical trails (e.g. odour trails) and may use this information to discriminate between visited and 

unvisited arms, and this might be especially relevant to rats deprived of sight. To control for the 

possible use of odour trails as well as auditory cues, Zoladek and Roberts (1978) made animals in 

both the sighted and blind group anosmic and used white noise to mask auditory cues. They found no 

effect of anosmia and white noise on accuracy in both sighted and blind rats, which suggests sighted 

animals were using visual cues to solve the task, indicated by the higher accuracy compared to blinded 

rats. It also suggests that blinded animals relied on idiothetic cues. The conclusion that the blind rats 

were using idiothetic cues to solve the task was further corroborated by the finding that disorienting 

the rats by multiple rotations decreased accuracy in blinded animals, but not sighted animals.  

The ability of rats to navigate by using idiothetic cues has also been investigated in the MWM. 

Moghaddam and Bures (1996) trained rats to find a submerged platform in the light or in the dark 

with a fixed starting position and goal. They found that rats trained in the dark improved significantly 
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over the period of 4 weeks and reached an asymptotic latency of 16 seconds in the fourth week. Rats 

trained in the light acquired the task much more rapidly and reached an asymptotic level of three 

seconds on day 3. This indicates that rats learn the task rapidly when they are provided access to 

visual cues, but that they also can solve a water maze task, albeit less rapidly, when they are restricted 

to idiothetic cues.  

There is also data from the Cincinnati Water maze (CWM) that supports this conclusion. This maze 

is an asymmetrical 9-unit multiple-T labyrinth that can be solved by either using a sequential 

egocentric (route-based) strategy or a combination of an allocentric and egocentric strategy. Like in 

the other above-mentioned studies, egocentric learning can be dissociated from other strategies by 

changing the lighting conditions and providing extra-maze cues in the environment. Vorhees and 

Williams (2014) found that rats tested under red light learned this task much slower compared to rats 

tested under white light. Furthermore, reversing the lighting conditions for the same set of rats after 

task acquisition disrupted performance in rats that previously learned the task under white light, 

whereas rats that initially learned the task under red light were unimpaired. Interestingly, they found 

that even though rats trained in white light were impaired when tested in red light, the disruptive 

effect only lasted 1 day after which both groups performed equally (Vorhees and Williams, 2014). 

This indicates that rats that initially learned to solve the task under white light used distal visual cues, 

since removing the visual cues disrupted their performance, but the transience of this disruptive effect 

also suggests they had learned to use idiothetic cues to solve the task. This may indicate that both 

types of learning occur in parallel when both types of cues are available. However, rats initially 

trained under red light were not disrupted when they were tested under white light, which suggests 

that once they had learned to solve the task with only idiothetic cues available, the addition of visual 

extra-maze cues did not have any effect on performance.  
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In contrast to the CWM and RAM, animals tested in the MWM are not restricted by the walls of 

alleys and can move unconstrained in a large circular arena. Therefore, one way to encourage animals 

to use an egocentric strategy in the MWM is to use a fixed relationship between the starting position 

and the goal so that animals must repeatedly use a fixed set of motor movements to locate the goal 

effectively. However, if the absolute position of the starting point and goal is fixed, animals can still 

use visual extra-maze cues – if they are available to them – to guide their navigation (Zheng et al., 

2003). A study by McGauran et al. (2004) found that rats which entered a water maze in the presence 

of extra-maze cues from a fixed starting position and learned to locate a submerged platform in 

another fixed position did not utilise an egocentric strategy when their starting position was rotated 

180° when tested 7-days post-acquisition. Instead, the rats followed the extra-maze cues. This 

suggests that although rats during training repeatedly follow a fixed trajectory to locate a platform, 

they do not necessarily rely on those movements and may prefer to use extra-maze cues instead. 

However, based on evidence that egocentric response strategies commence after extended training 

(Packard and McGaugh, 1996), the authors speculated that a longer acquisition phase could lead to 

an egocentric response strategy being employed when tested at the rotated starting position. One 

modification to force a response-based egocentric strategy in the MWM has been to vary the starting 

position on each trial, while keeping the spatial relationship between the starting position and goal 

constant so that the goal maintains no constant allocentric relationship to the visual cues in the 

environment. Nevertheless, this is not a pure test of a response learning since animals still may use 

the visual cues to solve the task. For example, animals can learn to use the distance between the walls 

of the pool and the platform to guide their navigation (Hamilton et al., 2007; Zheng et al., 2003). 

Furthermore, instead of using a response-based strategy, animals may use visual cues to learn a cue 

associative strategy, e.g. if at place a, turn left (Pych et al., 2005). Therefore, one way to avoid these 
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potential confounding variables and increase the chance that the animals are using a response strategy 

relying solely on idiothetic cues is to test in the dark. 

As mentioned earlier, Yerkes and Watson (1907) concluded from a series of experiments by using a 

method of systematically eliminating senses in rats that kinaesthetic sensation not only was 

instrumental to but had to be the all-important factor in learning the maze associations. Although 

much has been learned since then about the role of vision in rats in learning to successfully navigate 

to a goal and solve various maze problems (which will be discussed in more depth in the next section), 

the series of experiments summarised in Yerkes and Watson (1907) later resulted in an important 

debate. Notably reviewed by Restle (1957), Yerkes and Watson (1907) were some of the proponents 

for the kinaesthetic or response hypothesis, which stated that rats form kinaesthetic habits or 

proprioceptively controlled responses in which cues generated by previous motor responses serve as 

the main cue for the next response. The kinaesthetic hypothesis was later challenged by (Tolman et 

al., 1946) who were amongst the proponents for the place hypothesis, which stated that rats learn 

about places by using extra-maze cues. This debate is often referred to as the place versus response 

debate (Restle, 1957). In the context of this debate, it is noteworthy to mention that it was only two 

years later that Tolman (1948) introduced the idea, and now widespread scientific concept, of 

cognitive maps.  

Restle (1957) commented on the place versus response debate and described it as fruitless and a 

question wrongly formulated, because it failed to consider the most important variable – the stimulus 

situation provided to the animal. In line with this, he argued that attempts designed to settle the debate 

would inevitably result in ambiguous interpretations and, accordingly, were destined to fail. Restle 

(1957) found by reviewing the studies that rats were capable of either strategy and the tendency to 

utilise a response or place strategy depended on environmental factors such as the proportion of 

relevant versus irrelevant cues to facilitate those strategies. More specifically, response strategies 
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were generally associated with experimental rooms with homogenous visual surroundings, i.e. in 

environments with fewer irrelevant cues to adapt, whereas place strategies were associated with 

experimental rooms with strong differential extra-maze cues. Therefore, instead of asking what type 

of learning is correct or more innate to the rat, Restle (1957) sought to reformulate the question to 

inquire about the interdependency between each spatial strategy and the nature of the experimental 

environment. In line with this reasoning, we will in the following section discuss some commonly 

used methods to study spatial learning in the presence of visual cues, but also take a closer look at 

studies challenging some of the underlying assumptions of how the data can be interpreted. 

2.2 Manipulation of extra-maze cues and spatial strategies 

 

Instead of obscuring all visual cues by blinding animals or testing in complete darkness, another way 

to investigate spatial strategies used by animals is to provide extra-maze cues in the testing 

environment and vary the number of cues and/or manipulate the arrangement between them to see if 

it affects how fast they learn. Further, such manipulations indicate whether their behaviour and choice 

of strategies to solve a task is affected. For example, a large cylinder or circular curtain can be placed 

around a maze to isolate it from the rest of the testing room, which allows researchers to easily control 

all the salient extra-maze cues available to the animals inside this space. Furthermore, to determine 

whether animals associate specific cues with specific locations or whether they rely on cognitive 

mapping, visual cues can be manipulated by either rotation or rearrangement. Indeed, if animals can 

encode the spatial properties of cues allocentrically as it has been proposed by the cognitive map 

theory by O’keefe and Nadel  (1978), it would be expected that rearranging the cue configuration 

within a trial would disrupt navigation whereas rotating the cues would only shift their orientation 

accordingly.  
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A study carried out by Suzuki et al. (1980) used these experimental manipulations and found that rats 

in a RAM use the allocentric relationship between extra-maze cues to navigate if they are available 

to them, whereas they tend to use more stereotyped response sequences such as making a 90° turn to 

the left or to the right several times in succession after each choice in stimulus-poor conditions. To 

infer this conclusion, they enclosed the RAM by placing a large circular curtain around it to control 

for extra-maze cues, so that the only cues available to the rats were those that were provided by the 

experimenters inside this space. Seven visual cues were provided and were either suspended from the 

ceiling or attached to the walls at or beyond the end of each of the seven arms. To determine whether 

the animals were using stereotyped responses, they assigned certain responses with certain angles (1 

= 45°, 2 = 90°, 3 = 135° etc.) and looked at the direction (‘+’ for clockwise and ‘-‘ for counter 

clockwise) of the response and analysed the predictability of the responses. They made first-order 

analyses to estimate the predictability of the responses based on the probability of responses 

themselves, and they also made second-order analyses where they looked at the probability of a 

response given that another response had already occurred. In this way, the first-order and second-

order analyses represented a measure of absolute bias toward certain responses and towards making 

certain responses on two consecutive occasions, respectively. Suzuki et al. (1980) found that the 

stimulus-poor group had a higher amount of stereotyped responses and performed less effectively 

compared to the stimulus-rich group. The other question the researchers wanted to answer was 

whether rats in a RAM in the presence of visual cues associate specific cues with specific arms or if 

they use them in a configurational manner. To test this, they confined the animals to the centre 

platform for 2.5 min after the animals had made three forced choices, during which the cues were 

either rotated 180° or transposed (i.e. rearranged in relation to one another). The cues previously 

approached during the three forced choices were un-baited and the remaining arms were baited with 

food reward. If the rats were associating specific cues with specific arms, (e.g. determining to enter 
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an arm depending on whether the specific cue associated with it had previously been ‘visited’), their 

performance should be unaffected by both transposition and rotation. In contrast, if the rats used the 

cues in a configurational manner to navigate, their performance should be affected by transposition 

but not rotation. Transposition of the cues disrupted performance, whereas it was relatively unaffected 

by rotation. Thus, their data supported the hypothesis that the rats were using the cues in a 

configurational manner. This finding has been widely interpreted as supporting that visual cues are 

represented in a cognitive map (Brown and Moore, 1997) as opposed to being represented 

independently (as in a list). 

Morris (1981) argued that one of the problems with the RAM is that it provides proximal cues to 

guide the animal to the correct location. In this paper, he distinguishes between proximal and distal 

localisation, where the former refers to orientation where a goal object is visible, audible or detectable 

by smell, whereas the latter refers to orientation where the goal object is invisible, inaudible as well 

as undetectable by smell (e.g. the submerged platform in the MWM). In distal orientation, no local 

cues are available to the animal and therefore navigation depends on learning the spatial localisation 

relative to extra-maze cues. He argued that animals in the RAM learn that food is available at the 

ends of arms and that proximal cues along the arm guide the rat to the correct location where food 

can be found. Therefore, only the choice-point decision about whether to enter the arm is made 

distally. He presented the water maze as an alternative procedure that abandons the need for choice-

point decisions and, with the submerged platform, forces the animal to use extra-maze room cues to 

guide it to the exact spatial location of the platform. In this context, a relevant question to ask is: What 

exactly do rats learn when navigating to a specific location (regardless of the apparatus, e.g. the 

MWM or RAM) in the presence of extra-maze cues? This research question has gained renewed 

interest in more recent years (e.g. Skinner et al., 2003; Stringer et al., 2005; Sutherland et al., 1987; 
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Sutherland and Hamilton, 2004) after having been discussed already in 1949 by Blodgett et al. (1949) 

in the context of the T-maze. 

Although an adequate discussion about this topic is beyond the scope of this review (see Knierim and 

Hamilton (2011) for a comprehensive review), it is noteworthy to mention that the experiments by 

Suzuki et al. (1980) and Morris (1981) do not unambiguously demonstrate that rats navigate on the 

basis of cognitive mapping to specific places based exclusively on extra-maze cue configurations. 

For example, rats might learn to navigate in directions instead of precise absolute locations within the 

room. Also, the local apparatus can be used as an intra-maze cue and frame of reference to get 

information about distance travelled and when to stop movement. This is also relevant in the context 

of the MWM (e.g. the circular wall of the MWM). These variables are important to consider since, if 

their influence is unresolved, it can make interpretations of well-established navigation tasks 

ambiguous. To our knowledge, very few studies, with some notable exceptions below, have attempted 

to control these variables and dissociate place learning from other types of strategies, even though the 

general subject regarding how rats navigate in the presence of distal cues has been debated intensely.  

A study by Hamilton et al. (2007) has investigated these issues in the context of the MWM. Although 

the authors utilised an allocentric task, the results of the study relate closely to a subtype of navigation 

that can be considered egocentric in nature. In this study, they constructed a water maze that could be 

repositioned at either of two locations in the room. Rats were first trained to find a hidden or cued 

platform in a fixed location in the water maze from different start locations, while the water maze 

was in position 1 (see Fig. 2). In probe trials, the water maze was repositioned to position 2 so that 

the absolute location (location B) of the hidden or cued platform was in the opposite quadrant of the 

pool. With this experimental manipulation, the authors set out to test two hypotheses. If the rats during 

the probe trial navigated to the absolute position of the platform, which is where the platform was in 

absolute space during the training trials, it would support the hypothesis that rats learn to navigate to 
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specific places in the room. However, if the rats during the probe trial navigated to the relative 

location (location C) of the platform, which is in the direction of the platform location that was correct 

during the training trials, it would support the hypothesis that rats learn to navigate in directions that 

are reinforced during training. Hamilton et al. (2007) found that rats swam to the relative location of 

the platform, which suggests that they had learned to swim in the direction of the platform and not to 

the absolute position. Furthermore, the cued platform test indicated that navigation was disrupted 

when the platform was placed in the absolute position, whereas this was not the case when the 

platform was placed at the relative location. Since the platform was placed in a fixed distance from 

the pool wall during training, the observation that rats navigated to the relative location and 

appropriate distance from the pool wall after the pool had been repositioned indicates that the pool 

wall serves an intra-maze cue to provide information about distance travelled and when to stop 

movement and search for the platform (Hamilton et al., 2007). In another experiment, Hamilton et al. 

(2009) tested this further by reducing the pool wall as cue by filling the pool up with more water. 

With this experimental manipulation, they found that rats displayed a preference for place learning 

after 12 trials, an equal division of directional and place responses after 24 trials, but a preference for 

directional responses after 36 trials. This further indicates that the apparatus serves as a cue to control 

navigation behaviour in rats and calls into question the idea that rats learn to navigate to specific 

places based exclusively on distal cue configurations in the standard MWM. However, this does not 

mean that animals cannot learn to navigate to absolute places, and Hamilton et al. (2008) found that 

rats can learn to find the absolute location if they are specifically trained to do so by moving the pool 

repeatedly and keeping the platform in a constant absolute position. But these studies do indicate that 

egocentric directional learning predominates over place learning in the water maze and challenge the 

idea of interpreting successful performance in the MWM as an indication of place learning. 

----- Insert Fig. 2 approx. here ------ 
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This critique may also apply to other paradigms commonly used to study place learning. In a cross-

maze paradigm where the arm opposite to the start arm is blocked (forming a T-maze), rats must learn 

to repeatedly enter a baited arm (e.g. the left arm) and avoid entering the other arm. It has been 

suggested that rats can use either a place or response strategy to solve the task. To determine which 

strategy the rats are using, probe trials are administered in which the rats start in the previously 

blocked arm. If the rats make the same bodily turn that was correct during the training trials (e.g. 

turning to the left), which results in entering the previously un-baited (incorrect) arm on the probe 

trial, then it is assumed that they are using a response strategy. However, if the rats make a bodily 

turn opposite to that used on the training trials, thus entering the previously baited (correct) arm on 

the probe trial, then it is assumed that they are using a place strategy since they are navigating to the 

same place as before. The probe trial relies on the assumption that the animals will continue to use 

the same strategy when starting at different starting points. Packard and McGaugh (1996) found that 

saline-treated rats display place learning early in training but response learning after extended 

training. In line with this, Chang and Gold (2003) also found that rats preferentially use a place 

strategy early in training but switch to a response strategy later in training. These results may indicate 

that rats initially use visual cues to solve the task but use idiothetic cues after extended training. 

Furthermore, this may also suggest that place learning is rapid whereas response learning is acquired 

more gradually. However, when rats go to a consistent location in a cross-maze to find a food reward, 

they are also going in a consistent direction from the starting point. As discussed, there is evidence 

that directional learning predominates over place learning in the MWM (Hamilton et al., 2007). 

Therefore, it is relevant to consider the possibility that the observed place learning early in training 

in the studies by Packard and McGaugh (1996) and Chang and Gold (2003) instead may have been 

examples of directional strategies. This will be discussed in more depth below. 
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Let’s consider the rationale of the probe trial in Packard and McGaugh (1996) more carefully. When 

the animal runs along the previously blocked arm in the probe trial, it is faced with two competitive 

responses since it has previously always been rewarded for making the same response and navigating 

to the same place. Thus, the probe trial examines the behavioural response as a combined effect of 

the novel starting position and conflict of two consistently and equally rewarded and now 

incompatible responses. Accordingly, the behavioural outcome may be indicative of not only the 

proclivity to select a certain response, but also the relative predominance of the behavioural 

disposition and/or the ability of the animal to supress one over the other. It is worth contemplating 

the difficulty in interpreting what the behavioural response means, even if we dare assume that only 

two strategies are offered by the stimuli in the surrounding environment. Furthermore, as we have 

discussed in the previous sections, animals do not necessarily operate based on human categories and 

acquire multiple strategies simultaneously if the stimulus environment permit them to do so 

(Hamilton et al., 2004; Restle, 1957; Rondi-Reig et al., 2006; Vorhees and Williams, 2014). How, 

then, can we approach investigating spatial strategies in a stimulus rich environment?  

In contrast to the previous discussion on navigation based on idiothesis in which elimination of other 

sources of cues was discussed as a mean to encourage the use of idiothetic cues, one approach to 

investigate spatial strategies in the presence of extra-maze cues may be best described as the 

antithesis. Since each sensory organ’s initial contact with the physical world is through receiving and 

transducing signals through their respective reference frames based on the orientation of the animal 

and its respective body parts, experience of space is fundamentally egocentric. As the brain interprets 

these signals through complex cognitive processes to create perception and takes advantage of 

learning and memory, a better approach may be to add more conditions in which more than one set 

of responses are in conflict. Using meticulous probing one can attempt to infer what the underlying 

cognitive process is (Sutherland and Hamilton, 2004). The experiments below are exemplary of this. 
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As aforementioned, in the experiment by Packard and McGaugh (1996) the conjunction of place and 

direction confounds the interpretation of the behavioural responses categorised as place learning. 

There have, however, been attempts to dissociate place from directional learning in the T-maze and 

the data have some interesting implications. Skinner et al. (2003) set out to replicate a study by 

Blodgett et al. (1949) who found that place learning was impaired when rats were trained to go to the 

same place from two adjacent maze positions (see Fig. 3 Place-AS), which required them to execute 

competing responses and, importantly, to navigate in different directions. Skinner et al. (2003) trained 

rats in an elevated T-maze with access to visual extra-maze cues to learn either a response, direction 

or a place problem from two different maze positions (see Response, Direction and Place-AS groups 

on Fig. 3). Rats trained on the response problem were reinforced for making the same response but 

required them to navigate in different directions and places with respect to extra-maze cues. Rats 

trained on the direction problem had to always navigate in the same direction but required to make 

competing responses and to navigate to different places. The rats in the place group were reinforced 

for navigating to the same place but required to make competing responses and to navigate in different 

directions. The major finding was that all the rats in the response and direction group reached the 

criterion of 18/20 correct trials, whereas none of the rats in the place group did. Although the finding 

that place learning was impaired when a directional response did not predict a reward supported the 

findings by Blodgett et al. (1949), Skinner et al. (2003) were concerned that the poor learning in the 

place group also had another plausible explanation. They argued that the rats in the place group 

trained at adjacent starting positions had less distinguishable starting points because they faced the 

same wall at both maze positions, whereas the response and direction group faced different walls. 

This brings us to one of the navigational strategies we have briefly mentioned in the introduction, but 

thus far given little attention, namely that rats may learn to associate the local view (instead of the 
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global view) with a specific response, i.e. making the strategy a conditional if-then solution or 

associative cue strategy. 

----- Insert Fig. 3 approx. here ----- 

Since the direction and response group faced different walls at the two starting positions, they were 

also presented to two different local views. This may therefore have enabled them to more readily 

discriminate between their two starting positions compared to the place group who faced similar walls 

making their two starting positions less distinguishable. To test this hypothesis, Skinner et al. (2003) 

trained rats to solve a place problem from either two adjacent starting positions or two orthogonal 

starting positions (see Place-OS Fig. 3). In both place groups, the location of the food reward was 

kept constant with respect to extra-maze cues and getting to it required both groups to execute 

opposite responses and to navigate in different directions. Here, one critical difference between the 

two place groups was their local view from the two starting positions. As in the previous experiment, 

rats trained in the adjacent place problem faced the same wall at the two starting positions making 

their two local views similar. However, rats trained in the orthogonal place problem faced two 

different walls from the two starting positions making their local views different. The major finding 

in this experiment was that most of the rats (except one) trained to solve the place problem at adjacent 

starting points did not reach the criterion of 18/20 correct within 320 trials, whereas all the rats trained 

at orthogonal starting points did. This result has been replicated by Stringer et al. (2005) who also 

found that rats perform poorly when trained to solve an adjacent place problem, whereas they learn 

readily when trained to solve an orthogonal place problem. These results suggest that place learning 

is difficult when animals start at different locations that cannot readily be distinguished by the local 

view from each position. Furthermore, discriminating starting points may permit a solution to the 

insoluble adjacent place problem by providing two different local views that may serve as conditional 

cues (Skinner et al., 2003). It is also important to mention that this reasoning can also be applied to 
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directional learning, i.e. animals may learn a directional disposition by associating each local view 

with a directional response. While these results do not suggest that animals are incapable of place 

learning (e.g. see Hamilton et al. 2008), they do highlight the challenging nature, as well as the 

importance, of dissociating place learning from other navigational strategies. Furthermore, these 

results indicate that the observed place learning in studies like Packard and McGaugh (1996) may 

instead have been an example of directional learning. Since animals did not alternate between 

different starting positions in Packard and McGaugh (1996), e.g. alternating between starting in the 

south and north arm, an associative cue strategy can be ruled out because the local view from the 

starting location at the first probe trial would be novel and thus not conditioned to a specific response. 

The studies discussed thus demonstrate the tremendous difficulty to make inferences regarding the 

nature of the cognitive processes involved in spatial navigation. The concept of cognitive mapping 

also struggles with another widely accepted quality attributed to it (for a more comprehensive review, 

see Sutherland and Hamilton, 2004), namely the concept of instantaneous transfer coined by Morris 

(1981). He used this concept to describe the ability of rats to swim directly to a submerged platform 

from a novel starting position, i.e., executing a direct trajectory from a starting location never used 

during training. This was later criticised by Sutherland et al. (1987) who argued that Morris (1981) 

did not consider that rats may learn to approach localised familiar regions of extra-maze cues since 

they swim to the platform and explore the extra-maze cues from multiple vantage points and hence 

the ‘novel’ starting position is in this sense not truly novel. Sutherland et al. (1987) used partitions to 

systematically control and vary access across different experimental groups to the one half of a MWM 

later containing novel starting location and found that only rats with prior experience swimming in 

that region displayed accurate transfer from the novel starting location. Since the partitions that were 

used to restrict access to half of the pool were removed in the testing condition, Matthews and Best 

(1997) argued that impaired transfer performance could have been due to a stimulus generalisation 
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decrement between training and testing. In other words, the partition itself could be considered, 

perhaps the most, salient cue and its removal prior to testing could have disrupted behaviour. By 

replicating the experiment by Sutherland et al. (1987), Matthews and Best (1997) similarly found 

impaired transfer performance in rats with restricted access to the half of the pool containing the novel 

starting location, but in contrast no impairment if the barrier was gradually faded during training. 

They argued that this would cause less stimulus generalisation decrement and that the accurate 

transfer therefore provided evidence for the flexibility of cognitive mapping. They also found 

impaired transfer in rats permitted free access to explore the maze during training if a barrier that did 

not restrict a direct trajectory to the platform was imposed prior to testing. They interpreted these 

findings as further support for the deleterious effects on performance caused by stimulus 

generalisation decrement.  

In addition to the aforementioned problems with respect to interpreting performance in the MWM as 

place learning when directional learning cannot be ruled out, a closer look at the data collected by 

Matthews and Best (1997) reveals some important limitations that make their case less convincing. 

Despite that there may be merit to the argument by Matthews and Best (1997) that stimulus 

generalisation decrement affected behaviour (Sutherland et al., 1987), the finding that the imposed 

barrier led to impaired transfer, i.e. adding a salient stimulus, does not unequivocally suggest whether 

nor to what degree removing a salient stimulus affects transfer performance. Also, rats in the gradually 

faded barrier condition could indeed accordingly gradually explore a larger segment of the pool and 

evidently the effect of gradual removal of the barrier is confounded by a larger swimming region 

access. Matthews and Best (1997) argue that the latency data did not indicate that animals that swam 

more frequently beyond the barrier crossings displayed more accurate transfer. However, they 

inferred this by dividing the animals arbitrarily into certain groups and provided no argument for 

choosing to analyse specific training days and disregard others. Furthermore, the scatterplot that they 
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included, in this case only analysing the last two training days, to illustrate a positive correlation 

between number of barrier crossings and latency was not anchored to any statistical null hypothesis 

analysis. Notwithstanding, the scatterplot is ambiguous either way since more frequent barrier 

crossings the last two days of training also could indicate that those animals just were poorer learners 

overall, or it may be the case that a few barrier crossings the first days conferred most of the benefit. 

Furthermore, the topographical data for the median performer in both the control and faded barrier 

condition indicate that both groups initially swam from the novel starting position and once reaching 

a familiar portion of the pool in the vicinity of the platform suddenly correct their trajectories towards 

the platform. In this context, it is also relevant to consider that a study by Hamilton et al. (2002) using 

a human virtual variant of the MWM replicated the study by Sutherland et al. (1987) using an invisible 

(virtual) barrier to avoid stimulus generalisation decrement. They also found that efficient 

performance from the novel starting position was dependent on prior experience and familiarity 

navigating in that region. Thus, the claim of instantaneous transfer by Morris (1981) cannot be 

inferred unambiguously from the data in the study by Matthews and Best (1997). The data by 

Sutherland et al. (1987) together with Hamilton et al. (2007) and Skinner et al. (2003) suggest that 

directional learning is a more parsimonious interpretation of the data. Nevertheless, since the evidence 

suggests that place learning is likely not being measured in these circumstances, the more modest 

claim that cognitive mapping is flexible as initially argued by Tolman (1948) is not necessarily 

untenable as a scientific concept. Absence of evidence is not evidence of absence but the burden of 

proof, however, rests on making a probable case for flexible maps. 

2.3  Decision algorithm to approach and construct spatial learning paradigms 

In the previous sections, we have described and highlighted some caveats associated with some of 

common methods to study egocentric and allocentric spatial learning. While these methods often 

differ with respect to which paradigms and experimental designs are employed, they do however 
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share the same purpose of providing the means for inferences to be made. More specifically, instead 

of concluding that an animal that runs or swims quickly from a starting position to a goal after much 

practice must have learned something, these methods are designed to answer what they have learned, 

i.e. to enable inferences of what spatial representations underlie navigational strategies. However, 

answering this question necessitates knowledge about the sensory information animals can use for 

navigation, i.e.  how they can learn. As has been discussed in the previous sections, there is evidence 

that animals can learn to navigate egocentrically by relying on idiothetic cues and/or visual cues and 

allocentrically by relying on cognitive mapping. However, we have also reviewed studies whose 

findings challenge some of the underlying assumptions of how the data can be interpreted in some of 

the most widely used paradigms. It is therefore important that spatial learning experiments are 

carefully designed to dissociate the navigational strategy in question from other strategies. Since this 

review is in particular concerned with egocentric navigation, Fig. 4 illustrates an example of decision-

algorithm to approach and construct an egocentric paradigm. It simulates a situation where the 

researcher wishes to examine the hippocampal involvement in an egocentric response learning task 

and wants to make sure that the experimental setup precludes use of other strategies. Although Fig. 4 

illustrates a concrete example, many of the raised questions also apply when designing spatial 

learning experiments in general (e.g. place learning paradigms). 

------ Insert Fig.4 approximately here ------ 

3. Hippocampal involvement in egocentric navigation 

 

The importance of the hippocampal formation for allocentric spatial learning has been demonstrated 

by many different experiments using the Morris water maze (De Bruin et al., 2001; Eichenbaum et 

al., 1990; Mogensen et al., 2004; Morris et al., 1982; Sutherland et al., 1983), spatial working memory 
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(win-shift) (McDonald et al., 1993; Olton and Paras, 1979; Packard et al., 1989; Rasmussen et al., 

1989),  allocentric place version of the radial arm maze (Malá et al., 2008, 2007, 2005) and cross 

maze (Chang and Gold, 2003; Packard and McGaugh, 1996; Pych et al., 2005; Schroeder et al., 2002). 

Egocentric learning, on the other hand, has mostly been attributed to other neural structures than the 

hippocampus, especially the striatum (Cook and Kesner, 1988; Kesner et al., 1993; Packard and 

McGaugh, 1996; Potegal, 1969) and medial prefrontal cortex (De Bruin et al., 2001). These 

observations have led to the suggestion that the hippocampus and striatum mediate different memory 

systems, the former being important for allocentric navigation, whereas the latter is involved in 

egocentric navigation (DeCoteau and Kesner, 2000). Nevertheless, the distinction is not a clear cut 

as there are studies challenging some of the underlying assumptions of how the data can be interpreted 

in place learning paradigms. Also, there are studies pointing at the hippocampus as a structure 

mediating egocentric navigation. As this review is in particular concerned with egocentric 

navigational strategies and how these are realised and supported by the brain, studies on allocentric 

place learning will be included if the experiment involves and compares, and thus offer direct 

implications for, both types of strategies. Therefore, in the following sections we will review studies 

that have investigated the hippocampal role in different types of egocentric tasks to see if there is 

evidence that favours hippocampal involvement or not. If so, we will further examine if the evidence 

reveals what type of cognitive spatial processing might be mediated by the hippocampus.  

3.1 Response learning 

 

In one widely cited study examining the hippocampal and caudate nucleus involvement in response 

and place learning, Packard and McGaugh (1996) tested rats in a cross-maze paradigm in a room 

described as containing many extra maze cues. As previously mentioned, the procedure used in this 

paradigm is to use a start arm that remains fixed during training. Rats are only rewarded if they go to 
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the goal arm, which can be either the left or right arm (in this case the left arm). The arm directly in 

front of the start arm is blocked during the training trials but is used as the starting position in probe 

trials in which the rats again are free to choose between turning to the right or left, but now with the 

original start arm being blocked. If they make a bodily turn opposite of that during the training trials, 

it is assumed that they are using place strategy since they are navigating to the previous position. 

However, if they make the same turn that was correct during the training trials, then it is assumed that 

they are using a response strategy. In this way, the distribution of response and place learners in each 

probe trial is assumed to be a measure of the relative dominance of response and place learning, 

respectively. This design has been termed a direct opposition experiment (Restle, 1957). In the 

experiment by Packard and McGaugh (1996), the rats received four food rewarded trials each day 

and probe trials were administered on day 8 and 16. Three minutes prior to the probe trial, half of the 

animals with (dorsolateral) caudate nucleus implants received saline injections and the other half 

received lidocaine injections to produce reversible inactivation. The same procedure was used for the 

animals with (dorsal) hippocampal implants. 

The main finding in this experiment was that rats that received saline injections into either the caudate 

nucleus or hippocampus on day 8 were mostly place learners, whereas rats that received saline 

injections into these structures on day 16 were mostly response learners. This might suggest that, for 

the uninjured rat, there is a shift from a place (or, as previously discussed, directional) strategy to a 

response strategy after extended training in the cross-maze. Rats that received lidocaine injections 

into the caudate nucleus on day 8 were also predominantly place learners, whereas there was an equal 

amount of response and place learners when rats received lidocaine into the hippocampus on day 8. 

Since the retention of place learning was unaffected by caudate nucleus inactivation and affected by 

hippocampal inactivation, the results indicate that hippocampus, but not caudate nucleus, mediates 

place learning. Conversely, rats that received lidocaine into the hippocampus on day 16 were mostly 
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response learners like the saline-treated rats, whereas rats that received lidocaine into the caudate 

nucleus were mostly place learners. This finding indicates that caudate nucleus mediates response 

learning, since inactivation of this structure resulted in a shift of strategy, whereas inactivation of the 

hippocampus did not. This study has been interpreted as being indicative of a double dissociation 

between hippocampus and caudate nucleus mediating place and response learning, respectively. 

However, it should be emphasised that this design does not interfere with the acquisition process and 

therefore does not provide any information about role of the hippocampus and striatum in acquiring 

these strategies, but instead examines the impact of inactivating these structures on the retention (or 

expression) of learning.  

As an extension to these results, Packard (1999) used a similar design to investigate whether 

neurochemical manipulation of the hippocampus or caudate nucleus could bias rats to use either a 

place or response strategy in the cross-maze. On day 4-6 post-training, rats received either 

intrahippocampal (dorsal hippocampus) or intracaudate (dorsolateral caudate) injections of either 

glutamate or saline and were tested on probe trials on day 8 and 16. The use of glutamate as the 

neurochemical intervention was based on a previous experiment that indicated that glutamate could 

enhance memory in a task-dependent manner in a water maze when injected into the hippocampus 

and caudate nucleus (Packard and Teather, 1999). The dosages of glutamate used for 

intrahippocampal and intracaudate injections were 1µg and 2µg, respectively. In line with previous 

findings, the control group consisting of rats receiving saline injections into either structure were 

predominantly place learners on day 8 and response learners on day 16. On day 8, rats that received 

post-training injections of glutamate into the hippocampus were place learners like the saline-treated 

rats, whereas rats that received post-training injections into the caudate nucleus were response 

learners. This finding indicates that early post-training glutamate injections into the caudate nucleus 

result in a rapid shift or bias towards a response strategy. On day 16, rats that had received glutamate 
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injections into the caudate nucleus were response learners like the saline-treated rats, whereas rats 

receiving post-training glutamate injections into the hippocampus were still predominantly place 

learners. This finding indicates that post-training glutamate injections into the hippocampus result in 

a bias towards a place strategy which persists after extended training (Packard, 1999).  

Taken together, the finding in Packard and McGaugh (1996) that rats tend to use a place strategy 

early in training and shift to a response strategy after extended training was replicated by Packard 

(1999). Furthermore, this later study also extended the previous finding by showing that interventions 

targeting hippocampal functioning not only can partially block the retention of place learning early 

in training (lidocaine injection) but can also bias rats towards a place strategy later in training 

(glutamate injection). Also, not only can interventions targeting the caudate nucleus block the 

retention of response strategies later in training (lidocaine injection), it can also bias rats towards a 

response strategy early in training (glutamate injection).  

One interesting aspect is the time point at which there is a shift from a place learning strategy to 

response strategy. Both Packard and McGaugh (1996) and Packard (1999) found that, for saline-

treated rats, place learning is acquired rapidly and expressed in most rats already on day 8 (28 trials). 

Both studies also found that most rats used a response strategy already on day 16 (60 trials). A later 

study by Chang and Gold (2003) used the same paradigm and found a similar point in time at which 

the rats shift from a place to a response strategy. In this study, probe trials were administered after 

each block of 20 trials and all the trials were conducted within one training session. On the first probe 

trial, they found that 5 out of 6 animals still used a place strategy. After 40 and 60 training trials, 4 

out of 6 animals used a response strategy and after 100 trials all animals used a response strategy. 

This result supports the results in Packard and McGaugh (1996) and Packard (1999) and indicates a 

shift from place to response learning after extended training. This training-dependent shift from an 

allocentric place strategy (or directional) to an egocentric response tendency as a result of the same 
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body turn being reinforced consistently through extensive training is often referred to as stimulus-

response (S-R) habit learning (Packard, 2009a). This term is generally only applied in direct 

opposition designs in which animals are not forced to learn a specific strategy and are free to choose 

in probe trials designed to determine which strategy is used, i.e. the choice of strategy as well as any 

shift in preference of strategy is unprovoked and indicative of factors intrinsic to the animal.  

Chang and Gold (2003) also measured acetylcholine (ACh) release in the ventral hippocampus and 

lateral striatum before (baseline) and while training. They found that ACh release in hippocampus 

increased (60%) immediately at the start of training and remained at that level throughout the training 

trials. In contrast, ACh release in the striatum was much slower and reached asymptotic levels after 

trial 25 (30-40%). This result indicates that hippocampal activation (as measured by ACh release) 

reaches an asymptote when most of the animals use a place strategy, and that striatal activation 

increases steadily as more animals switch to a response strategy. This study does not provide any 

information with regards to the exact role of the cholinergic activation in relation to place and 

response learning. However, it supports the conclusions by Packard and McGaugh (1996) and 

Packard (1999) in that hippocampal and striatal engagement is important for place and response 

learning, respectively. Yet, it needs to be noted that the hippocampal activation remained at 

asymptotic levels even after the commencement of the response strategy. Chang and Gold (2003) 

argued that the constant hippocampal activation could retain the ability to use a place information, 

which after extended training becomes overridden by steadily increasing striatal activation. This 

reasoning does seem to fit the data in Packard and McGaugh (1996), whose results indicated that 

lidocaine injections into the striatum on day 16 resulted in a shift to a place strategy. Nevertheless, 

because of the nature of the direct opposition design in the cross-maze with only two arms available, 

an inability to use (or the lack of) a response strategy in a probe trial will inevitably result in the use 

of a place strategy behaviourally, no matter what the actual cognitive strategy of the animal is. In 
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other words, if we propose that, for a given animal, one of the strategies (A or B) is true and that both 

(A and B) cannot be true, then if one is true, then the other must be false (if A, then not B) and vice 

versa. Due to the circularity in how A and B can be defined, the observation that an intervention 

inhibits the use of strategy A makes it trivial to say, or at least difficult to demonstrate, that the animal 

now uses strategy B. 

Instead of using a direct opposition experiment and letting the rats choose freely in a probe trial after 

a given amount of training trials as in the experiments by Chang and Gold (2003); Packard (1999); 

Packard and McGaugh (1996), another way to test response and place learning is to alternate between 

different start arms and only reinforce the animal for either navigating to the same place or making 

the same response. Pych et al. (2005) used an alternating design with two start arms and looked at 

ACh release in the ventral hippocampus and dorsolateral striatum during place and response learning 

in a testing room described as containing a moderate density of extra-maze cues. Nine rats were 

included in both the place and response learning task. Surprisingly, in contrast to Chang and Gold 

(2003); Packard (1999); Packard and McGaugh (1996), Pych et al. (2005) found response learning to 

be acquired much faster than place learning with response and place learning requiring 29.9 and 87.9 

trials, respectively, to reach the criterion of 9/10 correct.  

This striking difference in the rate of place and response learning may be, at least in part, attributable 

to differences in design and may indicate that direct opposition and alternating designs measure 

different variables. Indeed, in the direct opposition design, animals are not explicitly trained to use 

either strategy, but are free to choose in probe trials, whereas animals in alternating designs are 

rewarded only when using one strategy. Since both response and place (or directional) strategies can 

be used to reach the goal in the direct opposition design, this design may also measure variables such 

as the ability of animals to select a certain strategy and/or inhibit the use of another. But other factors 

such as different definitions of ‘moderate density of extra-maze cues’ or dissimilarities in the 
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apparatus, e.g. both floor and walls of the cross-maze were made of black Plexiglas in Pych et al. 

(2005) whereas the walls were made of clear Plexiglas in Chang and Gold (2003), as well as the 

luminosity in the room, could also conceivably play a role (see e.g. Wogensen et al. 2017). 

Furthermore, variables such as the density and the type of cues in experimental rooms are often just 

described in general terms and often include objects normally present in experimental rooms such 

computers, lamps, desks etc. These vague descriptions make it hard to study any systematic impact 

the density and type of cues have on choice of strategies in direct opposition designs as well as rate 

of learning in alternating designs. Moreover, these environmental factors may affect which neural 

structures are involved in different types of spatial strategies. The implication of the above result is 

that place learning might not always be acquired earlier than response learning. Interestingly, this 

question is not new and, as mentioned earlier, has existed since the start of the 20th century and been 

reviewed by Restle (1957). With regards to the rate of learning and what strategy is more innate to 

the rat, he argued that rats are capable of either strategy and the tendency to utilise a certain strategy 

depends on environmental factors such as the proportion of relevant cues, the amount of stimulation 

provided by those cues and the sensory capacity of the animal. Therefore, instead of investigating 

which strategy is faster per se as well as the point in time when there is a change of strategy, it might 

be more fruitful to approach the question by investigating the experimental conditions these variables 

are dependent on. Thus, a comprehensive description of the experimental room and the spatial cues 

available to the animals (see e.g. Malá et al., 2007), as well as clear consensus regarding the 

definitions of what constitutes a ‘low’, ‘moderate’ and ‘high’ density of cues, is warranted in research 

addressing allocentric and egocentric spatial learning and their neural substrates to reduce ambiguity 

these factors may cause and impose on research results.  

In the study by Pych et al. (2005), the analysis showed that hippocampal ACh profiles were similar 

in the place and response task and rose to about 200% of baseline values, whereas striatal ACh release 
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differed by task and was overall higher in the response task. Pych et al. (2005) argued that the similar 

ACh release profile seen in the response and place task could indicate that the hippocampus could 

retain the ability to use a place information. More specifically, they discussed the possibility that the 

hippocampal activation could indicate the use of an associative cue strategy. Therefore, Pych et al. 

(2005) also conducted another response learning experiment in which cue-availability was 

manipulated (cue-poor versus cue-rich environment). They hypothesised that if the hippocampal 

activation was indicative of a conditional solution in the cue-rich condition, then hippocampal 

activation would be lower in cue-poor conditions. They used a curtain to obscure most extra-maze 

cues and used all four start arms to make the task more difficult for the rats. They found no difference 

in the rate of acquisition, although there was a trend towards faster learning in the cue-poor condition. 

Although this result does seem to suggest that response learning is not faster under cue-poor 

conditions, contrary to what was argued above, it should be noted that half of both groups did not 

reach the learning criterion and thus the analysis ended up including only half of the original sample 

size. Since only the best performing rats were included in each group, the sample is not representative 

for the whole range of abilities of these rats. With regards to striatal activation, they found no 

difference between the two groups. However, hippocampal activation was lower in the cue-poor 

condition as hypothesised. In the cue-poor condition, the hippocampal activation was initially high 

but decreased across trials, whereas hippocampal activation remained high in the cue-rich condition. 

This sustained ACh release in the hippocampus in the cue-rich condition seems to be consistent with 

the idea that rats can use a conditional strategy in which the local view of the extra-maze cues from 

the different starting points can be associated with specific responses. Nonetheless, although marked 

hippocampal involvement in the response task under cue-rich conditions may indicate the use of a 

conditional strategy, there are other possible interpretations. Factors such as cue-inhibition or strategy 

selection, i.e. learning that the cues are unimportant for task solution and should be disregarded, may 
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better account for the increased hippocampal activity in cue-rich conditions, as will be discussed in 

more detail below. Also, since none of the above reviewed response learning studies have interfered 

with the acquisition of response learning, but instead either examined the effect of neurochemical 

interventions on the retention of response learning (Packard, 1999; Packard and McGaugh, 1996) or 

measured ACh release as a measure of the engagement of neural structures in response learning tasks 

(Chang and Gold, 2003; Pych et al., 2005), below we will review studies that have investigated role 

of the hippocampus and striatum in the acquisition of response learning. 

A more recent study by Soares et al. (2013) investigated the cholinergic contribution to acquisition 

of response learning in cue-poor and cue-rich conditions by using an alternating start-arm design. 

This study investigated cholinergic inactivation by using the muscarinic, cholinergic receptor 

antagonist scopolamine and rats received either 15 or 30 µg/0.5 µl 0.9% saline solution. The median 

number of trials to reach criterion in each experiment for saline and the two scopolamine dosages 

used (saline, SC15 and SC30) will be given in this order in parenthesis below.  

They found that when scopolamine was injected into the dorsal hippocampus, learning was impaired 

in the cue-rich condition (42, 90 and 90 trials), but not in the cue-poor condition (36, 41 and 41 trials). 

Interestingly, this learning impairment was chronic, since the rats did not learn the task at all 

throughout the 90 consecutive trials. When scopolamine was injected into the dorsal striatum, 

learning was impaired in the cue-poor condition (28, 52 and 72 trials), but all the groups reached the 

criterion and eventually learned the task. However, this manipulation did not impair learning in the 

cue-rich condition (40, 69.5 and 52 trials).  

The finding that scopolamine injections into the hippocampus only impaired learning in the cue-rich 

condition raises an interesting question: if the sustained cholinergic release in the hippocampus during 

response learning in cue-rich environments found by Pych et al. (2005) indicates the use of a cue 



 

39 
 

associative strategy, why could the rats receiving scopolamine into the hippocampus in the study by 

Soares et al. (2013) not disregard the cues and use a response strategy? The chronic nature of the 

impairment found in this study seems incompatible with the view that the hippocampus merely retains 

the ability to use place information to solve the response task, which becomes overridden by the 

striatum after extended training as argued by Chang and Gold (2003). Also, it does not support the 

view that the striatum and hippocampus compete over control of learning as independent memory 

systems as suggested by Pych et al. (2005), since hippocampal muscarinic inactivation would be 

expected to leave the striatum with less competition to exert control over learning. However, it is 

possible that the rats were trying, though unsuccessfully, to use cue associative strategy, but the 

inability to flexibly switch to a response strategy after muscarinic receptor blockade may also suggest 

that the hippocampus plays a more general role in disregarding or adapting visual cues when they are 

irrelevant, in addition to using them when they are relevant. This interpretation is also compatible 

with the lack of impairment after scopolamine injections into the hippocampus in the cue-poor 

condition, since it contains fewer irrelevant cues to adapt.  

As mentioned before, Soares et al. (2013) found that scopolamine injections into the dorsal striatum 

only impaired learning in the cue-poor condition, which may indicate that rats in the cue-rich 

condition could solve the response task by using a cue associative strategy. However, even though 

this main effect was only present in the cue-poor condition, it is noteworthy that all the groups 

eventually learned the task with the control, SC15 and SC30 group requiring a median of 28, 52 and 

72 trials, respectively, to reach the criterion. In the cue-rich condition, the control, SC15 and SC30 

group required a median of 40, 69.5 and 52 trials, respectively, to reach the criterion. Therefore, the 

main difference between these two conditions does not seem to lie in the errors made by the animals 

receiving scopolamine, although the dose-dependent pattern seems to be opposite in the two 

conditions. Rather the difference seems to be in control group performing better in the cue-poor 
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condition by requiring 12 less trials. Therefore, the effect of intra-striatal scopolamine injections did 

overall seem to have relatively negligible effect on performance, especially when compared to the 

effect of intra-hippocampal scopolamine injection in the cue-rich condition in which animals 

receiving either dose did not reach the criterion at all. This surprising result may also, in part, reflect 

a differential task-dependent contribution of muscarinic receptors in the striatum and hippocampus 

in acquiring a response strategy in the alternating version of the paradigm. In other words, the 

surprisingly small effect of scopolamine injections into the striatum to acquire response learning in 

this study may not necessarily suggest that the striatum plays a negligible role in response learning 

but instead indicate that other neurotransmitters in the striatum are more critical for the acquisition of 

response learning. 

Response and place learning have also been investigated in the Morris water maze. In a study by De 

Bruin et al. (2001) rats received lesions to either the medial prefrontal cortex (mPFC) or fimbria-

fornix (FF), which is one of the major outputs from hippocampus and receives cholinergic and 

GABAergic projections from the medial septum/diagonal band of Broca (Gulyás et al., 1990). In this 

study, the behavioural apparatus was a water maze placed in a dimly lit testing room containing a 

variety of spatial cues and rats were subjected to either a place or response task. After surgery, the 

groups subjected to a place learning task consisted of 10 rats with FF lesions, 7 controls who were 

compared to FF rats, 9 rats with mPFC lesions and 8 controls who were compared to mPFC rats. In 

the place task, which consisted of eight 4-trial sessions, rats were released from one of four release 

sites and had to find a hidden platform, which for one half was in the north east (NE) quadrant and 

for the other half in the south west (SW) quadrant. The place task was followed by a reversal training 

task and then a visual cue task, both of which lasted three 4-trial sessions. For the response task, after 

surgery the groups consisted of 8 animals with FF lesions, 9 with mPFC lesions and 7 controls. 

Curiously, only 1 control group was used in contrast to the place task, which consisted of 2 control 
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groups. The response task consisted of twelve 4-trial sessions, rats had to find a hidden platform that 

was placed at a fixed distance and direction from the starting position. Importantly, extra-maze cues 

were also available to the animals in the response learning task. Based on an analysis of reconstructed 

lesions, 12 animals were discarded from further analysis and 2 animals died post-operatively. 

The main finding in the place task was that learning was present in both the FF and sham group, but 

that FF animals were slower than the control group. In contrast, there was no difference between the 

control and mPFC group, which indicates that the FF animals were impaired at acquiring place 

learning, whereas the mPFC animals were not. With regards to the response task, the FF and sham 

group did not differ, whereas the mPFC group and control group did with the mPFC group being 

slower. This indicates that the mPFC, but not FF, plays a role in response learning. It should be added, 

however, that they did find a group-session interaction whose value was few decimal points short 

from reaching statistical significance (p = .057) when they compared the control and FF group in the 

response learning task. Their data indicated that a continuous learning effect was present in the control 

group at the termination of the experiment, whereas the latency of the FF group did not seem to 

improve already after 3 sessions. Therefore, it is plausible that the control group would keep 

improving if the response learning experiment continued for a longer period and therefore make the 

group-session interaction reach statistical significance, which would suggest impaired response 

learning in the FF group. Interestingly, the authors’ explanation of this result was that control group 

initially tried to use a place strategy to solve the response task, since extra-maze cues were available 

in this condition, but after failing to succeed they switched to a response learning strategy and 

acquired the task. Since the FF animals were initially faster than the controls, the authors proposed 

that this was due to their lesions rendering them unable to use a place strategy and therefore used an 

effective response strategy from the start. However, this does not explain why the FF animals showed 

no signs of improvement after session 3 with an escape latency between 20-25 seconds in both session 
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3 and 12, whereas the control group had an escape latency roughly equal to 10 seconds in session 12. 

The authors’ explanation that the FF animals had the advantage of using an effective strategy already 

from the start does not seem to be compatible with the finding that the control animals ended up being 

more than twice as fast.  

We do recognise that the authors have clearly, and arguably correctly, drawn their conclusion from 

the data in accordance with the widely used convention in statistical null hypothesis testing, which 

accepts a 5% probability of rejecting the null hypothesis given that it is true, and consequently that 

our critique is unwarranted insofar any analysis deviating from the 5% type I error ‘rule’ is, and only 

for that reason, compromised. However, we argue that a clear trend is visible in the data and does 

warrant expanding the number of sessions to see if it would continue, which would not argue in favour 

of their conclusion. As stated by the authors, the response task was more difficult to learn compared 

to the place learning task, which also is clearly visible when comparing the performance of the 

controls in the response and place learning task (descriptive statistics are not included, and it has not 

been possible to reprint the figures to depict these differences). This is also important, because it may 

indicate the presence of a floor effect which may obscure relevant differences. It is also important to 

emphasise that all the groups had small sample sizes with the highest being 10. Consequently, the 

study may have a low statistical power and thus higher false negative or type 2 error rate (lower 

sensitivity) which implies that the magnitude of the effect must be larger (larger effect size) for 

differences to be significant, which combined with a potential floor effect as well as a small sample 

may cause an effect to be incorrectly rejected (incorrectly failing to reject the null hypothesis, when 

the alternative hypothesis is true). 

Another way to interpret these data is that the FF animals were impaired at disregarding the extra-

maze cues. This hypothesis would also predict the lack of improvement of the FF animals throughout 

training. In agreement with the authors, however, the proposed explanation here for the steady 
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improvement seen in the control group was that these animals did learn to disregard the cues and 

switch to a more effective response strategy. Nonetheless, the explanation offered here does not 

contradict the conclusions in de De Bruin et al. (2001) which is that the hippocampus is not directly 

involved in simple response learning. As the study by Soares et al. (2013) indicated, animals were 

unimpaired when receiving intrahippocampal scopolamine injections in cue-poor conditions, and the 

results by Pych et al. (2005) showed that the hippocampal activation decreased over sessions in cue-

poor conditions. Therefore, the evidence may suggest that the hippocampal involvement in response 

learning is indirect and only required when extra-maze cues are present to disregard these cues to 

switch to a response strategy mediated by the striatum. 

 

 

3.1.1 Section discussion 

 

In the previous section, we have reviewed studies investigating the hippocampal involvement in 

response learning. Although most of the reviewed studies indicate that the hippocampus is not 

involved in this type of learning, we have highlighted some caveats associated with some of the 

common paradigms used to study this type of learning, which make interpretations of the results 

ambiguous. These include the assumption about the rate of learning regarding place and response 

learning in which the former has been assumed to be rapid, whereas the latter is assumed to be 

acquired gradually. This assumption is challenged by studies indicating that the rate of learning in 

these strategies is dependent on the proportion and amount of relevant versus irrelevant cues to utilise 

each strategy (Pych et al., 2005; Restle, 1957). Also, the lack of definitions and of agreement with 

regards to what constitutes cue-rich, cue-moderate and cue-poor environments, which is necessary to 



 

44 
 

systematically study the impact of these variables on the rate of learning as well as the brain areas 

involved, further limits the generalisability and comparability of these results. This is relevant for 

direct opposition designs in which animals are free to choose between a left or right response on probe 

trials after a certain amount of training trials as well as alternating designs in which the animals are 

only rewarded for using either strategy. Furthermore, when animals are provided with extra-maze 

cues, both direct opposition and alternating designs in the cross-maze may introduce variables such 

as task selection or the adaption of irrelevant cues. Consequently, studies examining involvement of 

neural structures in place and response learning may also measure the ability to select or deselect a 

certain strategy, which may be mediated by areas of the brain other than those involved in the use of 

either strategy. For example, many of the reviewed studies in the previous section indicate that 

hippocampal involvement in response learning tasks is dependent on the availability of extra-maze 

cues, which may bias the animals and thus affect task solution. Since hippocampal involvement does 

not seem to be present in cue-poor environments when the only presumed solution for the animals is 

to rely on idiothetic cues, this may indicate that the hippocampus is involved in inhibitory learning, 

i.e. that the cues are unimportant and should be disregarded. Another complication associated with 

alternating designs is that the presence of extra-maze cues makes it difficult to dissociate place and 

response learning from a conditional cue associative strategy in which the animals learn to associate 

the local views at each starting position with a specific response. Also, if both place and directional 

learning can be used to predict the reward in a cross-maze, as is the case with many of the reviewed 

studies in the previous section, then it is not possible to infer that animals rely on an allocentric 

strategy as often is assumed. Instead, the animals may learn to approach a specific cue or cue 

configuration beyond the end of the reinforced arm during training and probe trials. With this is mind, 

there is evidence that indicates that directional learning predominates over place learning in the cross-

maze (Skinner et al., 2003) and MWM (Hamilton et al., 2007), which are among the most commonly 
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used paradigms to study place learning. As previously discussed, both cue associative and directional 

strategies can be regarded as egocentric in nature. Thus, studies that examine the neural substrates 

mediating allocentric place and egocentric response strategies in the cross-maze may inadvertently 

compare different types of egocentric strategies.  

The idea that the dorsal striatum mediates egocentric navigation and hippocampus mediates 

allocentric navigation and that these brain structures are involved in non-declarative/procedural and 

declarative/episodic memory, respectively, in humans (Squire and Zola, 1996) has led to the 

suggestion that egocentric and allocentric navigation in animals may involve non-declarative and 

declarative memory, respectively (see DeCoteau and Kesner, 2000). However, if one appreciates that 

egocentric navigation is merely an umbrella term, which covers a wide array of different subtypes of 

strategies, it becomes clear that it is necessary to specify the exact type of egocentric navigation 

assumed to be mediated by the hippocampus. By implication, distinct types of egocentric strategies 

can be expected to involve different memory systems and brain structures. As an example, in the 

following section we will discuss results from egocentric sequential learning paradigms, which differ 

from response learning paradigms in that the animals need to learn multiple body turns (n ≥ 2). In this 

context, we will discuss how this type of learning may be categorised according to the classical 

declarative versus non-declarative taxonomy of memory. 

 

3.2 Egocentric sequential learning 

 

One major challenge in the field of memory research using animal models is being able to transfer 

the results to humans. In the case of episodic memory, this is especially true due to the absence of 

language in animals and since episodic memory has been defined as the ability to store the spatio-
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temporal relationship between events (Tulving and Murray, 1985) and requiring autonoetic 

consciousness (Tulving and Markowitsch, 1998) which allows one to ‘travel’ mentally in time. Given 

that consciousness cannot be demonstrated in animals, it has been suggested that episodic memory 

can be operationalised as the “what, where and when” of an event (Crystal, 2010; Fouquet et al., 

2010).  

Some of the most commonly used paradigms to model episodic-like memory in animals has been the 

MWM, RAM and Barnes maze. These paradigms have in common that they can evaluate the ability 

of an animal to localise itself in an environment, orient itself based on the available sensory 

information and use this information to form a mental representation of space to locate the goal 

(Fouquet et al., 2010). Since these paradigms only require that the animals learn that they must find 

the goal (i.e. the “what”) and the location of the goal (i.e. the “where”), Fouquet et al. (2010) have 

argued that these paradigms lack the essential “when” aspect of episodic memory. Recently, the 

starmaze paradigm was designed to study multiple strategies used by animals during navigation. The 

starmaze (see Fig. 5) differs from MWM and RAM in that it contains 5 intersections that define 

choice points. Like the direct opposition design in the cross-maze, the relative dominance of multiple 

strategies can be tested in probe trials, but unlike the cross-maze, animals are forced to make multiple 

bodily turns, e.g. left-right-left, to reach the platform. In an egocentric version of the task, animals 

can also be forced to use an egocentric strategy by removing extra-maze cues and using different 

starting positions on each trial with a fixed relationship between the starting point and platform 

position, thus only rewarding the animal for performing the same sequence of body turns. Fouquet et 

al. (2010) argue that one advantage with the starmaze paradigm is that it is able to model the “what, 

where and when” aspects of episodic memory, because the animals need to learn ‘what’ movement 

must be done (left or right), ‘where’ the movement must be done (at which of the three intersections) 

and ‘when’ it must be done (depending on its order in the sequence). Since there is evidence that the 
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hippocampus plays a fundamental role in encoding episodic memories as sequences of events 

(Eichenbaum, 2001), and if the egocentric version of the starmaze can model episodic memory, one 

would expect that the hippocampus plays a role in egocentric sequential learning. In the following 

sections, we will review two studies that have investigated the hippocampal role in egocentric 

sequential learning in the starmaze. 

----- Insert Fig. 5 approx. here ----- 

In a study by Rondi-Reig et al. (2006), mice were tested in a starmaze in a room with fixed three-

dimensional cues. Motivated by data indicating that hippocampal NMDA receptors (NMDARs) in 

the CA1 region are required for storing spatial memories and that deep cortical layers of prefrontal 

and parietal cortex have been associated with path selection, Rondi-Reig et al. (2006) used mice in 

which the gene for the NR1 subunit of the NMDA receptor had been knocked out. This method 

primarily targets the CA1 pyramidal cells of the hippocampus, but also leads to a decrease of 

NMDARs in deep cortical layers.  

The test group consisted of NR1 knock-out (KO) mice homozygous for the floxed NR1 gene and 

heterozygous for the Cre recombinase gene, and the control group consisted of three genotypes and 

were either homozygous for the floxed NR1 gene, heterozygous for Cre recombinase or wildtype. 

Like the direct opposition design in the cross-maze in which animals are not forced to use any specific 

strategy and may adopt any strategy leading to the goal, mice were tested in a multiple strategy version 

of the starmaze. They received two trials per day for 20 days and probe trials were inserted between 

the two training trials every fifth day. To find the platform, mice had to do a left-right-left turn in the 

presence of extra-maze visual cues as well as intra-maze cues on the walls of the pentagon. In training 

trials, the starting position and goal position were held constant. Consequently, the goal location was 

always located in a fixed position relative to the distal cues and the animals encountered the same set 
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of intra-maze cues along the journey to the goal and had to perform the same set of body movements 

on each trial to reach the goal effectively. Thus, several different strategies could successfully predict 

the platform location. In probe trials, the mice were placed in a novel starting position and hence the 

use of each of the defined strategies was expected to produce different trajectories. During these trials, 

if the mice used the extra-maze cues and navigated to the previous goal location, they were said to 

have employed an allocentric strategy. If they relied on idiothetic cues and performed a left-right-left 

body turn, they were said to have employed an egocentric sequential strategy. If the animals relied 

on intra-maze cues, they were said to have employed a guidance strategy, i.e., consecutive cue 

learning. If the animals explored all the alleys towards a defined direction, they were said to have 

employed a serial strategy. After day 20, to confirm the interpretation of the results from the probe 

trials, a control test was performed in which all intra- and extra-maze cues were removed. 

For the control animals, they found that 60% of mice switched back and forth between egocentric and 

allocentric strategies in the 4 probe trials, whereas only 19% and 21% consistently used either an 

allocentric or an egocentric strategy, respectively. None of the animals used serial and guidance 

strategies. The control test in which the cues were removed indicated that the allocentric learners 

were either lost or relied on a serial strategy, whereas the egocentric learners could still solve the task. 

This also suggests that the egocentric learners were not relying on an associative cue strategy or 

directional learning, since these strategies would be expected to be disrupted by cue removal. For the 

NR1 KO-group, none of the animals used allocentric or guidance strategies in the probe trials but 

instead relied on egocentric and serial strategies. However, the mice in the NR1 KO-group using the 

egocentric sequential strategy did not use it effectively. They were able to learn the first body turn as 

well as control animals but remained at chance performance at the second and third intersection in 

the left-right-left sequence. To test this further, control animals and mutants were tested in the forced 

egocentric task in which the starmaze was surrounded by a black curtain to remove extra-maze cues. 
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In this forced egocentric task, one body-turn and two body-turn protocols were used. This experiment 

corroborated the findings from the multiple version of the maze in that the control group learned both 

tasks, whereas the NR1 KO-group learned the one-body-turn protocol but performed at chance level 

at the second intersection in the two-body-turn protocol. These results suggest that NMDARs in the 

CA1 area of hippocampus and deep cortical layers are involved in egocentric sequential learning, but 

not in simple response learning. 

Another group of mice was tested in an allocentric version of the starmaze. In this version, the mice 

had to find a hidden platform from four different starting points with the platform remaining in a 

fixed position with respect to extra-maze cues. In this experiment, they found that mutants were 

highly impaired relative to the control group. This may be taken as evidence supporting the widely 

held view that hippocampus plays a fundamental role in allocentric spatial learning. However, as both 

direction and place strategies could predict the goal location, the inference that the impairment is 

allocentric in nature cannot be drawn. In line with this, there is evidence suggesting that under 

conditions when only a directional or place strategy can predict the goal location, both are affected 

by hippocampal lesions (Stringer et al., 2005) and thus the observed impairment in the present study 

by Rondi-Reig et al. (2006) does not exclusively substantiate any of the two interpretations. However, 

notwithstanding this critique, it’s important to emphasise that this result does not argue against 

hippocampal involvement in declarative memory, never mind allocentric spatial learning. It is merely 

another example that demonstrates the difficulty in designing paradigms that obviate confounding 

factors and unequivocally suggest that a task is allocentric in nature, which we have discussed in 

length in the previous sections.  

Another limitation in the study by Rondi-Reig et al. (2006) is that the genotype used results in a 

phenotype characterised by a reduction of NMDARs in the CA1 area of the hippocampus as well as 

deep cortical layers. Since both effects occur in conjunction in this knock-out model, the unique 
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contribution of each factor and their interaction cannot be inferred from these results. However, to 

gain a better understanding of the more selective role of the hippocampus in egocentric sequential 

learning, a more recent study by (Fouquet et al., 2013) investigated the effect of excitotoxic lesions 

(caused by ibotenic acid) in the dorsal hippocampus and dorsomedial striatum (DMS) in the starmaze. 

They also used cellular imaging of the activity-dependent gene c-Fos to map neuronal activity of the 

hippocampus and DMS in control animals.  

In this study, the starmaze was surrounded by a black square curtain with two-dimensional and three-

dimensional patterns attached to it to provide spatial cues. The mice first received a pretraining 

session in the starmaze to habituate them to swim and find the platform, which was cued with a flag. 

Subsequently, all mice underwent training trials in the presence of extra-maze cues. Lesioned animals 

received an additional training session immediately after the habituation phase. To measure how well 

the groups learned the task, ‘direct path’ scores were calculated, which ranged from 0 – 100. The 

direct path score was used to measure the ability of the mice to navigate directly from one intersection 

to another as well as the ability to orientate themselves towards the platform. A path score of 100 

indicated that the path to the platform was direct and could correspond to either an allocentric or 

egocentric sequential strategy. Therefore, to reveal which strategies were spontaneously used by the 

animals, mice that had reached the learning criterion, which was defined as 1 error or less during the 

last 4 trials in the training phase, underwent a probe trial. In this phase, the starting position was 

changed, and two hidden platforms were placed so that both allocentric and egocentric sequential 

strategies were rewarded equally. The strategies were categorised as either allocentric or egocentric 

sequential depending on the produced trajectory. Since it was expected that not all mice would reach 

the criterion (especially lesioned mice) and therefore not be subjected to probe trials, an additional 

analysis of the ‘most used’ path during the last five training sessions was included. This measure was 

used to categorise the remaining animals according to their most used path, i.e. if they repeatedly took 
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a longer path to the goal, used a serial strategy (visiting all the alleys until reaching the platform) or 

no strategy (not repeating any path). Escape latency was also measured for all groups. 

In the control group, there was an equal proportion of mice using the allocentric and egocentric 

sequential strategy in the probe trial and both groups learned equally well with respect to escape 

latency and direct path scores. In the Fos expression analysis, an additional freely-swimming control 

group of mice that swam in only one alley was added and compared to the non-lesioned control group 

using their preferred spatial strategy to isolate changes in gene expressions associated with the non-

mnemonic aspects of the training procedure. The Fos expression analysis revealed that dorsal CA1 

and CA3 regions in the hippocampus were recruited regardless of the preferred strategy, but an 

increase in Fos expression in ventral CA1 region was only associated with the sequential egocentric 

strategy. In the striatum, the dorsomedial part was recruited in both egocentric and allocentric learners 

relative to the freely-swimming mice and did not differ across the preferred strategies. In addition, 

there was a positive correlation between Fos count in the hippocampus and DMS. Taken together, an 

overlapping network was found in the hippocampus and striatum (the other analysed brain areas in 

the paper will not be discussed here), which included the dorsal CA1, dorsal CA3 and DMS used for 

either type of strategy. Only the ventral CA1 was uniquely recruited during the egocentric sequential 

strategy (Fouquet et al., 2013).  

In the lesion study (Fouquet et al., 2013), both mice receiving saline into the hippocampus and those 

receiving dorsal hippocampus lesions improved their direct path scores across training sessions, but 

the hippocampally lesioned mice were generally impaired relative to the control group. When 

analysing the direct path scores, 60% of the control mice learned to use the most direct path to the 

goal (i.e. they reached the learning criterion), whereas only 14% of the hippocampal mice did. For 

the two mice with hippocampal lesion that did use the direct path, the probe trial indicated that one 

of them used a serial strategy, whereas the other did not use any clearly defined strategy. For the 
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remaining 86% of hippocampal mice not reaching the learning criterion, analysis of the most used 

path during the last five training sessions indicated that 57% used a serial strategy whereas the 

remaining 29% did not use any clear strategy. Thus, mice with dorsal hippocampus lesions did not 

learn the egocentric sequential or allocentric strategy. 

Mice subjected to DMS lesions were also impaired relative to the control group receiving saline into 

the DMS. In contrast to hippocampal mice, DMS mice did not improve their direct path scores across 

training sessions. 70% of the control mice used a direct path, whereas none of the DMS mice did. 

Thus, none of DMS mice underwent probe trials. When analysing the most used path during last 5 

training sessions, 50% of the DMS mice did not repeat any strategy, 25% used a serial strategy and 

the remaining 25% adopted a longer path to the goal. Thus, mice with DMS lesions did not learn the 

egocentric sequential or allocentric strategy.  

The finding that hippocampally lesioned mice were impaired relative to the control group, in addition 

to the Fos analysis revealing recruitment of ventral CA1 only in control animals using the egocentric 

sequential strategy, suggests that the hippocampus is involved in egocentric sequential learning.  It 

should be noted, however, that the present study by Fouquet et al. (2013) did not investigate 

egocentric sequential learning under cue-poor conditions. Since multiple strategies could predict the 

goal location, the inability of hippocampal mice to learn the direct path to the goal does not necessarily 

indicate impaired allocentric or egocentric sequential learning. For example, it remains possible that 

the hippocampal mice never attempted to use an egocentric sequential strategy and that the observed 

impairment was due to an inability to select an appropriate strategy rather than an impairment in using 

that specific strategy. For example, hippocampal mice might persist in using a strategy (e.g. 

allocentric strategy) that would be successful in the absence of the lesion and be unable to flexibly 

switch to a strategy that would be successful in the presence of that lesion (e.g. egocentric sequential 

strategy) (Malá et al., 2015). As discussed previously, the hippocampal mice may be impaired at 
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disregarding the visual cues to solve the task effectively. Therefore, an inclusion of an egocentric 

version of the task in way similarly to Rondi-Reig et al. (2006) in which visual cues are removed to 

allow clearer dissociation of strategies would have improved the comparability of the results from 

these two studies. Like in the allocentric and multiple version of the starmaze in Rondi-Reig et al. 

(2006) this study was not designed to dissociate these strategies from directional learning, so it is also 

possible that some of these impairments may have been related to impaired directional learning.  

With regards to the DMS-lesioned group, since the striatum is not commonly associated with 

allocentric or map-based spatial learning (e.g. see Packard, 2009) and that the environment contained 

visual cues to facilitate an allocentric strategy, the observation that DMS mice could not rely on 

allocentric cues to learn the most direct path is somewhat surprising. Fouquet et al. (2013) speculated 

that the inability of DMS mice to use the allocentric strategy to solve the task could be due to the 

spatio-temporal sequence needed to reach the goal regardless of the strategy used by the animals. 

However, the critique of the interpretation of the results from the hippocampal mice can also be 

applied to the DMS mice, namely that it is possible that the impairment was due to a persistence in 

using a strategy affected by the lesion (e.g. egocentric sequential strategy) and an inability to switch 

to a strategy unaffected by the lesion (e.g. allocentric strategy). We suggest that further studies should 

be conducted in which only an allocentric or egocentric strategy is rewarded and compare it to the 

multiple strategy version for both DMS and hippocampal mice to better understand if factors such as 

strategy selection or cue-inhibition play a role in the starmaze.  

 

3.2.1 Section discussion 
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We have found two studies that have investigated the hippocampal involvement in egocentric 

sequential learning by using the starmaze. The study by Rondi-Reig et al. (2006) used a knock-out 

model of mice in which the gene coding for the NR1 subunit of the NMDA receptor had been knocked 

out, which affects primarily the hippocampus but also deep cortical layers. This study suggests that 

impairment in egocentric spatial learning can result from hippocampal dysfunction in cue-poor 

conditions as a function of route complexity, since impaired performance was only observed at the 

second intersection in the two-body-turn protocol. Although this provides further support for the view 

that simple response learning in cue-poor conditions does not require hippocampal involvement, it 

also suggests that the hippocampus may be implicated in egocentric spatial learning when it increases 

in complexity by involving learning multiple body turns at different choice points. However, it should 

be emphasised that the degree to which these impairments can be attributed to the reduction of 

NMDARs in deep cortical layers or whether this factor had only negligible, if any, influence is 

unclear. Importantly, the study by Fouquet et al. (2013) employed a different method and used 

ibotenic acid to induce excitotoxic lesions to the dorsal hippocampus. The results from this study 

indicate that hippocampal lesions can impede both allocentric and egocentric sequential learning. 

While this result does not rule out that reduction of NMDARs in deep cortical layers affected the 

behaviour and performance of the mice in Rondi-Reig et al. (2006), it does corroborate the hypothesis 

that hippocampal dysfunction was a causal factor impairing the ability of the animals to acquire the 

egocentric sequential strategy. However, unlike Rondi-Reig et al. (2006), Fouquet et al. (2013) did 

not include a purely egocentric version of the task. Since the mice were not forced to rely on either 

strategy, it cannot be ruled out that other cognitive factors such as impaired strategy selection 

influenced the results. Therefore, despite these indications of hippocampal involvement in egocentric 

sequential learning, it is apparent that more studies are warranted to gain a better understanding of 

the hippocampal involvement in this type of learning. 
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Egocentric navigation has been widely considered to be mediated by the striatum (Abraham et al., 

1983; Cook and Kesner, 1988; Packard, 2009b; Packard and McGaugh, 1996; Potegal, 1972), 

acquired by using implicit or procedural information, and hence being a constituent of non-declarative 

memory (DeCoteau and Kesner, 2000). Nevertheless, the results from the starmaze, as discussed 

above, do not necessarily implicate the hippocampus in non-declarative memory, nor do they 

necessarily challenge our current understanding of the neuroanatomical basis of declarative and non-

declarative memory. Indeed, the egocentric sequential learning task in the starmaze was based on a 

translational approach to investigate episodic memory and may even offer some potential advantages 

over other well-established spatial learning paradigms as it pertains to modelling episodic-like 

memory in animals (Fouquet et al., 2010). However, modelling a memory process in animals that can 

be considered analogous to human episodic memory and, by extension, demonstrating that animals 

possess such a capacity may not be possible by virtue of the very definition of episodic memory. This 

is because episodic memory has been defined as the ability to store and recall the spatio-temporal 

relationship between past experiences (Tulving and Murray, 1985) and, more importantly, is set 

within the declarative memory framework, which implies conscious recollection (Squire and Zola, 

1996). Since consciousness cannot be demonstrated in animals due to the absence of language, the 

extent to which a model of episodic-like memory in animals can fit this definition of human episodic 

memory will be limited. Nevertheless, while the inability of animals to declare their memories poses 

an impracticable challenge to study episodic memory and the question of which method provides the 

most complete model of human episodic memory remains controversial (Fouquet et al., 2010), it has 

been suggested that episodic-like memory in animals can operationalised as the ‘what’, ‘where’ and 

‘when’ of an event (Crystal, 2010). Fouquet et al. (2010) argue that the egocentric sequential learning 

task in the starmaze can model these three aspects of episodic memory behaviourally, because solving 

the task relies on retrieving information such as ‘what’ movement must be done (i.e. left or right turn), 
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‘where’ it should be done (i.e. at which intersection) and ‘when’ it should be done (depending on the 

order in the sequence). Consequently, the prediction that egocentric sequential learning is 

hippocampally-mediated appears theoretically grounded and uncontroversial, yet incompatible with 

the view that egocentric orientation, in a broader sense, relies on procedural information and depends 

on the non-declarative memory system. However, this problem resolves under the assumption that 

different types of egocentric strategies are accomplished by different cognitive processes, and hence 

recruit distinct memory systems. A similar argument was made by Sutherland and Hamilton (2004) 

who remarked upon the tendency in the literature to cram a wide range of navigational strategies into 

one or another category, thereby creating a false dichotomy.  

It is important to emphasise that the bulk of our knowledge about egocentric navigation and its neural 

underpinnings comes from studies that have employed simple response learning paradigms in which 

the animal is presented with a categorical task, which involves learning a simple motor response, e.g. 

learning a left or right turn in the cross-maze. Solving such a task may involve motor skill or stimulus-

response habit learning, which is known to recruit striatal circuits (see Packard, 2009a for a review), 

to a much higher degree compared to an allocentric version of the task or learning an egocentric 

sequential strategy (Wolbers and Wiener, 2014). In line with this, the training-dependent shift from 

an allocentric place strategy to an egocentric response tendency that has been observed in the cross-

maze (Chang and Gold, 2003; Packard and McGaugh, 1996) that has been suggested to indicate the 

acquisition of a S-R habit (Packard, 2009a) was not observed in the multiple strategy version of the 

starmaze (Rondi-Reig et al., 2006). Instead, probe trials indicated that the animals flexibly switched 

between an egocentric sequential and allocentric strategy throughout training, which demonstrates 

the absence of such habit-driven behaviour (Rondi-Reig et al., 2006) and instead flexible deployment 

of information characteristic of declarative memory (Fouquet et al., 2010). Thus, despite egocentric 

sequential and simple response learning are both considered as egocentric strategies, the evidence 
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suggests that they are not supported by same cognitive processes and, accordingly, recruit different 

neural circuits. Thus, it is important that we accommodate the framework to fit the facts. Otherwise, 

we may risk accommodating the facts to fit the framework. 

3.3 Path integration 

 

Path integration has been observed in various species from insects to mammals (Müller and Wehner, 

1988) and has been well studied in rodents (Etienne et al., 1996; Mittelstaedt and Mittelstaedt, 1980). 

It has been proposed that animals can estimate their current position relative to a starting point by 

computing an egocentric homing vector that is continuously updated by the self-movement 

information such as translations and rotations associated with their outward journey (Benhamou and 

Séguinot, 1995). Path integration can rely solely on idiothetic cues and be accurate for short distances 

only. However, with the aid of visual cues it can be corrected for errors, which otherwise accumulate 

as the distance increases. The contribution of the hippocampus to path integration has been debated 

due to conflicting evidence. Path integration has been shown unimpaired in rats with hippocampal 

lesions (Alyan and McNaughton, 1999), impaired when visual cues are unavailable (Save et al., 2001; 

Whishaw and Gorny, 1999) and impaired in a novel environment regardless of whether the animals 

have access to visual cues (Wallace and Whishaw, 2003). In the next section, we will examine studies 

that have investigated the hippocampal role in path integration in greater detail to see if there are any 

variables that might explain these discrepancies and whether the evidence favours hippocampal 

involvement or not. 

 

In a study by Whishaw and Gorny (1999), rats were trained to follow scented strings of different 

lengths to retrieve food rewards. Since foraging rats have a natural proclivity to carry food back to 

their refuges for eating, the authors took advantage of this behaviour by manipulating the visibility 
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of extra-maze cues to examine the hippocampal role in path integration under cue-rich and cue-poor 

circumstances. The apparatus they used was a large circular wooden table with holes cut around its 

perimeter with one of them containing a refuge. The arrangement pattern of the strings varied so that 

they were either linear or forming angular or curved polygons. Excursions always began at the refuge 

and ended after the rats had followed the scented string to the end and found the food. The authors 

defined correct trials as returning directly to the refuge and errors as stopping at one of the other 

potential exits. Importantly, when the string formed a polygon, the distance back to the refuge was 

always shorter than the original string so that retracing the string back to the refuge was longer than 

taking the most direct route. In some conditions, rats wore masks that did not occlude vision while in 

others they were blindfolded. Six rats served as controls and received anaesthesia only and six rats 

received lesions to the fimbria-fornix. The authors found that control animals could return to the 

refuge in all cue conditions. The lesioned rats could return to the refuge if they had access to extra-

maze cues but were impaired when blindfolded and restricted to idiothetic cues only. Some of the 

lesioned rats could inverse their outward journey by following the string back but were not able to 

take the most direct route to the refuge. Also, if the string was removed after they had located the 

food, control rats could return in both blindfolded and sighted conditions, whereas lesioned animals 

could return only if they had access to visual cues. These results indicate hippocampal involvement 

in processing idiothetic cues to perform path integration, since no impairment was observed when the 

lesioned rats relied on visual cues (Whishaw and Gorny, 1999). 

 

In the same year, Alyan and McNaughton (1999) criticised the use of fimbria-fornix lesions to study 

the hippocampal role in path integration. They argued that a lesion to the fimbria-fornix could disrupt 

pathways between head direction cells in the anterior thalamus and presubiculum (see (Taube et al., 

1996)) for a description of this anatomical pathway) and therefore possibly a path integration system 
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independent of hippocampus proper. Alyan and McNaughton (1999) further argued that if unimpaired 

ability to perform path integration was to be observed after lesions to the hippocampus proper, then 

it would indicate that the neural circuitry mediating path integration is located outside the 

hippocampus. Alyan and McNaughton (1999) then performed a study in which six rats received 

microinjections of ibotenic acid into the hippocampus to cause excitotoxic lesions, six rats were sham 

operated and had needles lowered to the same stereotaxic coordinates but did not receive any infusion, 

and two rats served as unoperated controls. 

 

Alyan and McNaughton (1999) used an apparatus consisting of a start and goal box connected by a 

removable V-shaped tunnel (see Fig. 6). Both boxes had openings in one of their sides to enter the V-

shaped tunnel. The start box had also an opening underneath that was blocked during training. During 

training, the rats had to learn to dig through a medium of pine shavings and shuttle repeatedly back 

and forth between the start and goal box. Training sessions lasted 30 minutes and each rat received a 

session every day over 2 weeks. In the testing phase, after a rat had shuttled 15 times and was back 

in the start box, the entrance of the goal box was blocked so that the rats could not enter it. The 

opening underneath start box was unblocked so that the rats could access the space underneath the 

two boxes, which also was filled with pine shavings. The lights were then turned off and their diggings 

paths were recorded and traced by an experimenter wearing night vision goggles. Since the rats during 

training only had navigated between the two boxes inside the confines of the tunnel, the researchers 

were interested to see if the rats, while restricted to idiothetic cues only, could dig in the direction of 

the goal by using path integration. Here, the goal direction (also called the azimuth direction, which 

is the distance from the pole in a polar coordinate system. The pole is analogous to the origin point 

in a Cartesian coordinate system) (0°) was defined as the direct line connecting the centre of the start 
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and goal box. Circular statistics were used to determine whether the direction of the two groups were 

randomly distributed as well as oriented towards the goal.  

 

----- Insert Fig. 6 approx. here ----- 

 

In this experiment, they found that both the control and test group learned to dig in the direction of 

the goal, which indicates preserved ability to perform path integration in the lesioned rats. However, 

to rule out the possibility that the rats could orientate themselves by using cues originating from the 

goal box, they carried out an additional experiment in which the goal box was removed after they had 

entered the space underneath the start box. Here, they found that the direction of control group did 

not differ from the goal, whereas the direction of the lesioned group did. While this result suggests 

impaired path integration in the hippocampally lesioned rats, no difference was found in homing 

direction to the goal box when the two groups were compared to each other. Although the first 

analysis of the two groups’ homing directions relative to the goal suggested that the lesioned animals 

did not dig in the correct direction, the authors concluded based on the second analysis of the two 

groups’ homing directions relative to each other that the lesioned rats were unimpaired and thus not 

relying on cues from the goal box.  

 

Nonetheless, the results from histology in Alyan and McNaughton (1999) revealed preservation of 

the most ventral portions of the dentate gyrus, small islands of CA3 or both in three of six lesioned 

rats. Also, approximately 50% of the right hippocampus in the midventral region was spared in the 

fourth rat and the last two rats had sparing corresponding to 30-40% of the total hippocampal volume. 

Therefore, it is possible that the incompleteness of the lesions in the study by Alyan and McNaughton 

(1999) could have contributed to the preserved ability of the lesioned rats to perform path integration. 
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While Alyan and McNaughton (1999) did consider this possibility, they favoured the conclusion that 

it is more likely that brain areas other than the hippocampus support path integration. 

 

Shortly after, this conclusion was debated by Maaswinkel et al. (1999), who argued that Alyan and 

McNaughton (1999) did not use any special procedure to ensure that the rats in their study were not 

using surface cues (e.g. odour trails) to guide navigation. To examine whether this factor could have 

been a confounding variable that contributed to the results in Alyan and McNaughton (1999), 

Maaswinkel et al. (1999) first made a path integration experiment in which surface cues were 

deliberately left uncontrolled, i.e. the apparatus was not cleaned or rotated between trials or sessions. 

To test if hippocampally lesioned rats could learn to use surface cues to navigate to a familiar location, 

they designed their experiment so that the use of path integration and surface cues were expected to 

produce different homing trajectories. In accordance with the previous critique by Alyan and 

McNaughton (1999) regarding the use of fimbria-fornix lesions to study hippocampal involvement 

in path integration, Maaswinkel et al. (1999) used microinjections of ibotenic acid to the hippocampus 

proper to cause excitotoxic lesions, thus sparing the fimbria-fornix. Nine rats were subjected to 

hippocampal lesions, four control rats were sham operated and had the skull overlying the 

hippocampus removed, and six rats served as an unoperated control group and received anaesthesia 

only. 

 

Maaswinkel et al. (1999) used an apparatus similar to the one used by Whishaw and Gorny (1999). 

One difference in the study by Maaswinkel et al. (1999) was that no string was used, and a fixed 

central platform could be placed in the centre of the table so that the main table could be rotated 

between or during trials while the central table remained stationary. This allowed rotation of the main 

table while the rats retrieved food from the cups attached to the central platform. Thereby, the 
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potential surface cues left on the table by the rats on their outward trip could be displaced and thus be 

removed as a source of guidance by the rotation (Maaswinkel et al., 1999). 

 

First the rats received pre-training in which they had to learn to climb up to the main table from the 

refuge and retrieve food from one of the food cups and carry it back to the refuge, which remained in 

the same hole and therefore the same place relative to the extra-maze cues throughout pre-training. 

They received four trials each day for 20 days during the pre-training. After the pre-training, the first 

experiment began in which the rats first received a probe trial from a novel starting position. In this 

probe trial, the rats wore masks that did not occlude vision. Afterwards, they received four daily trials 

for 3 days from the familiar (pre-training) location. This was followed by another probe trial from a 

novel starting position, but this time the rats were blindfolded. The task remained the same across 

both probe trials and the training trials: to retrieve food and carry it back to the position where the 

outward journey started. In each trial, rats were given 120 seconds to complete the task. Here, the 

researchers examined the homing accuracy of the rats from the novel starting position with or without 

vision. Critically, to test whether the rats could have relied on surface cues, the table was not cleaned 

or rotated throughout the first experiment. Therefore, during probe trials from the novel starting 

position, the spatial relationship between the previously correct familiar location and the extra-maze 

cues was the same as it had been during pre-training, and any surface cues left on the table by the rats 

during pre-training would remain on the table during the probe trials. Therefore, if a rat returned to 

familiar location during a sighted probe trial, it would indicate the use of either extra-maze or surface 

cues, whereas returns to the familiar location during a blindfolded probe trial would indicate the use 

of surface cues. If a rat during one of the probe trials instead returned to the novel starting location, 

it would indicate that they either relied on either idiothetic or surface cues produced by their outward 

journey (Maaswinkel et al., 1999).  
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In the sighted probe trial, Maaswinkel et al. (1999) found that there was a difference in choices made 

by the lesioned and control animals. When they looked at the first choice of the rats, the majority of 

both the lesioned and the control animals returned to the familiar location. When they looked at the 

second choice, six of the control rats and none of the lesioned rats chose the novel starting location. 

Within the 120 seconds, all the control rats eventually chose the novel starting location, whereas only 

two of the lesioned animals did. In the blindfolded probe trial, half of the control rats returned directly 

to the novel starting location while the other half returned to the novel starting location as their second 

choice after first navigating to the familiar location. In contrast, the lesioned rats repeatedly visited 

the familiar location and none of them returned to the novel starting location within the allotted 120 

seconds.  

 

The finding that most of the lesioned and control rats navigated to the familiar location during the 

sighted probe trials suggests that both groups responded strongly to visual and/or surface cues 

(Maaswinkel et al., 1999). However, only the control rats changed strategy and went directly to the 

novel starting position after finding out that there was no refuge at the familiar location. The finding 

that most of the rats in both groups first navigated to the familiar location is in line with a path 

integration study by (Etienne et al., 1985), who found that extra-maze cues predominate over 

idiothetic cues when these cues are in conflict. 

 

In the blindfolded probe trial, the finding that the hippocampally lesioned rats went to the familiar 

location and perseverated at returning to this location suggests that they responded strongly to surface 

cues, since visual extra-maze cues were unavailable in this condition (Maaswinkel et al., 1999). 

Interestingly, even though half of the control animals went directly back to the novel starting location, 
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the other half also predominantly responded to surface cues. However, they quickly changed strategy 

and navigated to the novel starting location after discovering that the refuge was not located at the 

familiar location. As stressed by Maaswinkel et al. (1999), the finding that hippocampally lesioned 

rats could use surface cues to return to a familiar location suggests that it is important to control for 

surface cues in path integration studies. 

 

The question whether the hippocampus is involved in path integration was investigated more 

specifically in the second experiment by Maaswinkel et al. (1999). Here, rats received four 

blindfolded probe trials each separated by one training trial. In both training and probe trials, the rats 

started at a different location and the starting location in the probe trial was always different from the 

one used the previous training day. The task was always to return to the refuge where the outward 

journey started. Critically, in contrast to the previous experiment, the surface of the apparatus was 

cleaned before each probe trial. During probe trials, while they retrieved food in the middle of the 

stationary central platform, the main table was rotated 90° to the left or right in a pseudorandom 

manner to displace surface cues. With these manipulations, the rats could not rely on visual or surface 

cues to return to the refuge and could therefore presumably only rely on idiothetic cues to perform 

path integration (Maaswinkel et al., 1999).  

 

In this experiment, Maaswinkel et al. (1999) found that both the lesioned and control rats had a 

directional preference towards the correct direction and the two groups did not differ. Contrary to 

their expectations, this suggests that the lesioned rats were unimpaired in using path integration. 

However, when they looked at how clustered the trajectories were around the correct homing 

direction for the two groups, which in their analysis was regarded as a measure of homing strength, 

they found there was a difference between the two groups. The trajectories of lesioned animals were 
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more dispersed around the correct location compared to the control group. They compared these 

results with the results from histology to see if there was any relationship between the performance 

of the lesioned rats and the extent of their hippocampal lesions. Here, histology revealed that the 

ibotenic injections had caused extensive cell loss in both hippocampus proper and dentate gyrus and, 

importantly, spared the fimbria-fornix. However, there was variation in the amount of cell loss. Two 

rats had almost complete loss of all pyramidal and granule cells, four rats had some sparing of 

especially granule cells at the most septal and temporal regions of the hippocampus, and three had 

some sparing of pyramidal and granule cells in the dorsal hippocampus. In this analysis, they found 

a correlation between the extent of the lesion and homing direction consistency with larger lesions 

predicting less consistency in homing direction, i.e. rats with larger lesions were less accurate than 

rats with smaller lesions. Based on these findings, they concluded that the lesioned rats had impaired 

ability to perform path integration. They furthermore proposed that the directional bias towards the 

correct location displayed by the lesioned animals could be due to the number of spared cells in the 

hippocampus. They based this assumption on previous findings by Moser et al. (1993) and Moser and 

Moser (1998) who found that spared cells in the hippocampus of lesioned rats, especially in the dorsal 

region, can contribute to performance in spatial tasks. Maaswinkel et al. (1999) further pointed out 

that the representative lesions in Alyan and McNaughton (1999) would have been classified as having 

substantial sparing of the dorsal hippocampus in their own study, and that the better performance of 

the lesioned rats in Alyan and McNaughton (1999) therefore may have been related to incomplete 

lesions, especially sparing of the dorsal hippocampus, in addition to the presence of surface cues. 

 

The above-mentioned studies investigating the hippocampal involvement in path integration have 

used paradigms requiring pre-training. Since path integration is an innate and unconditioned ability 

of a wide range of animals, Wallace and Whishaw (2003) sought out to test if path integration is 
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observed in rats upon the first exposure to a novel environment and whether hippocampus is involved 

in performing this action. The apparatus they used was a rotatable wooden circular table with a small 

box placed on the edge of one of the sides of the table that was used as a refuge by the rat. Seven rats 

were subjected to multiple NMDA hippocampal lesions and eight rats served as controls. One week 

after surgery the rats were given exploratory sessions under light and dark conditions. The sessions 

lasted 50 minutes, and the rats could move around freely while being videotaped by an infrared 

camera. The exploratory trips were digitised with a tracking system so that movement-related or 

kinematic and topographical variables could be analysed for each rat. These measures included the 

proportion of path dedicated to the outward and homeward trip, the total distance travelled, how much 

time each trip lasted in duration and whether the outward and homeward segments of the trip were 

direct or circuitous. They also analysed olfactory tracking behaviour by comparing kinematics of 

olfactory tracking episodes with path integration episodes to determine whether the rats were 

following odour trails or performing path integration. 

Wallace and Whishaw (2003) found that both control and hippocampal animals had circuitous 

outward trip segments under both light and dark conditions and did not differ. However, the groups 

differed in the homeward trip segments. Control animals had shorter and direct paths that crossed the 

centre of the apparatus under both light and dark condition, whereas hippocampal animals had longer 

and more circuitous paths in both light and darkness. Analysis showed that hippocampal animals had 

slower maximal speeds on the homeward trip segment compared to the control group. The control 

group had homeward trip segments characterised by first an increase in speed peaking at the midpoint 

and then a decrease in speed, which they argued better fitted the kinematic profiles they observed in 

path integration episodes compared to olfactory tracking episodes. In addition to this, the authors also 

argued that it was unlikely that a direct trail of surface cues was present to guide them homeward 

since their outward trips were circuitous. The authors concluded that the finding that the control 
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animals displayed circuitous outward trips and direct, temporally paced homeward returns in light 

and dark indicates that they were performing path integration and that this ability is present when rats 

are exposed to a novel environment. Furthermore, the finding that the lesioned rats also had circuitous 

outward trips but did not display direct and temporally paced homeward trips indicates an impaired 

ability to perform path integration and therefore that the hippocampus is involved in path integration 

(Wallace and Whishaw, 2003). 

3.3.1 Section discussion 

There are some important variables in the reviewed path integration studies above that we wish to 

highlight and discuss further. One relevant methodological difference between these studies is that 

the rats in Alyan and McNaughton (1999) were confined by the walls of a V-shaped tunnel in which 

they had to dig through a medium of pine shavings, whereas they could move freely in Maaswinkel 

et al. (1999), Wallace and Whishaw (2003) and Whishaw and Gorny (1999). Although it is uncertain 

whether this restriction of movement and forced trajectory has any influence on the neural circuitry 

being recruited while performing path integration, the more important implication is that the route 

remained constant throughout the pre-training and following testing phase in Alyan and McNaughton 

(1999). Therefore, when the rats were tested in their ability to use path integration during the testing 

phase, they had during pre-training already received massive training in the route from which the path 

integration homing vector used during testing presumably was derived. Together with the significant 

amounts of preservation of hippocampal tissue and possible presence of surface cues, this may 

additionally have contributed to the lack of impairment in the lesioned rats. 

 

One other difference between the path integration studies above is that Alyan and McNaughton (1999, 

Maaswinkel et al. (1999) and Whishaw and Gorny (1999) included long pre-training phases, whereas 

(Wallace and Whishaw, 2003) did not include any pre-training. Furthermore, the pre-training phase 
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differs across these three studies with respect to what task requirements had to be acquired during 

this period. For example, in Whishaw and Gorny (1999) rats were trained for 14 days to follow 

scented strings in different directions that gradually increased in length but were not trained to return 

to the starting position, i.e. they were not explicitly trained to perform path integration. In Alyan and 

McNaughton (1999) rats were trained to shuttle between two boxes through a V-shaped tunnel for 30 

minutes each day for 14 days and were too not explicitly trained to perform path integration until the 

testing phase. In contrast, the rats in Maaswinkel et al. (1999) were trained to perform path integration 

during pre-training. Here, rats received four trials each day for 20 days and were trained to carry food 

pellets from different locations back to a refuge that remained in a constant location. It is therefore 

possible that the large amount of training during pre-training in mnemonic task requirements of the 

testing phase may have allowed enough time for some learning to occur in the lesioned rats, especially 

the rats with smaller lesions, since there was a negative correlation between lesion size and 

performance. One other important factor is that all the above studies had small sample sizes. The 

studies by Alyan and McNaughton (1999) and Whishaw and Gorny (1999) included six lesioned rats, 

Maaswinkel et al. (1999) included nine lesioned rats and Wallace and Whishaw (2003) included seven 

lesioned rats. Therefore, although there are indications that hippocampus is involved in path 

integration, more studies with larger sample sizes are needed to reach a convincing conclusion.  

  

4. Concluding remarks 

One of the most crucial aspects of all research is to limit the influence of extraneous variables, which 

when left uncontrolled may manifest as confounding factors causing unwanted, spurious associations 

and consequently inferences drawn upon inconclusive data. In this review, we have highlighted many 

factors which may confound research results in studies investigating egocentric and allocentric spatial 

learning. Consequently, we have proposed a decision-algorithm that guide the efforts when designing 
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a spatial learning paradigm aiming to reduce extraneous variables. Furthermore, we have discussed 

the implications of research indicating that some widely used paradigms used to investigate 

allocentric, place learning such as the cross-maze (e.g. Packard and McGaugh, 1996) and MWM (e.g. 

Morris, 1981; Morris et al., 1982) may inadvertently be measuring egocentric directional learning as 

indicated by studies suggesting that directional learning predominates over place learning in the cross-

maze (Skinner et al., 2003; Stringer et al., 2005) and MWM (Hamilton et al., 2007). These results are 

important, because they challenge the inferences that can be drawn from widely used paradigms, and 

it is pivotal that we continually and rigorously scrutinise our methods, never mind how widespread 

their use might be. 

We have also reviewed studies investigating the hippocampal involvement in simple response 

learning vs. place learning. These studies directly compare hippocampal involvement with the role of 

the caudate nucleus and make use of the cross-maze (e.g. Chang and Gold, 2003; Packard, 1999; 

Packard and McGaugh, 1996; Pych et al., 2005). Several of them conclude that hippocampus is not 

involved in response learning, whereas the caudate nucleus is (De Bruin et al., 2001; Packard, 1999; 

Packard and McGaugh, 1996). However, data from studies that have systematically varied the 

availability of cues suggest that the hippocampus is involved in response learning in cue-rich 

conditions (Pych et al., 2005; Soares et al., 2013). This suggests that the hippocampal involvement 

may be indirect and that it may be involved in task selection or inhibitory learning, e.g. learning that 

the cues are unimportant. But we have also highlighted other plausible interpretations. More research 

is needed to elucidate what the exact role of the hippocampus in these conditions might be. 

In contrast to simple response learning that employs one body-turn, evidence from two studies using 

paradigms that require animals to learn more than one body-turn demonstrate quite unambiguously 

that the hippocampus is involved in egocentric sequential learning (Fouquet et al., 2013; Rondi-Reig 

et al., 2006). In the study by Rondi-Reig et al. (2006) a purely egocentric version was used with a 
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one- and two-turn protocol. By using knock-out mice lacking the gene coding for the NR1 subunit of 

the NMDA receptor, a phenotype whose deleterious effects are predominantly confined to the 

hippocampus, the results revealed that mutants were not impaired in learning the one-turn protocol, 

yet they performed no better than chance at the second turn in the two-turn protocol. This study 

corroborates the lack of hippocampal involvement in simple response learning under cue-poor 

conditions but does suggest a role when two turns are needed. Instead of being indicative of a role in 

non-declarative memory, Fouquet et al. (2010) argue that egocentric sequential learning using the 

starmaze rather should be interpreted as a type of declarative memory. The starmaze may have 

potential advantages over other paradigms because it models the ‘what’, ‘where’ and ‘when’ aspects 

of episodic memory (Fouquet et al., 2010). This may indicate that different types of egocentric 

navigation rely on different memory systems, as response learning commonly is associated with 

procedural or implicit (non-declarative) memory (DeCoteau and Kesner, 2000). 

Evidence for hippocampal involvement in path integration is controversial with some arguing in 

favour (Maaswinkel et al., 1999; Wallace and Whishaw, 2003; Whishaw and Gorny, 1999) and others 

arguing against (Alyan and McNaughton, 1999). While it is our view that the evidence leans toward 

hippocampal involvement, these studies have very low sample sizes and very different methods, and 

thus do not offer any clear-cut conclusion. Furthermore, it should be appreciated that path integration, 

an egocentric process in nature, is a very complex behaviour and there have been many attempts to 

model it mathematically, though with limited success (Maurer and Séguinot, 1995). Notwithstanding 

being an egocentric process, it has been suggested to be the neural basis of the cognitive map 

(McNaughton et al., 2006), which by definition is allocentric. It is therefore important to appreciate 

that egocentric and allocentric mechanisms have evolved to be mutually dependent processes and are 

intertwined in navigating animals. Consequently, separating these processes in remarkably complex 

behaviours such as path integration may be too artificial to carry any significant, scientific weight. 
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Figure captions 

Figure 1.  

Illustration of different subtypes of egocentric strategies and the cues supporting them as commonly applied 

in the literature. Note that they are not mutually exclusive. 

 

Figure 2.  

Illustration of the experiment by Hamilton et al. (2007). The two circles represent the two positions of the 

water maze that were used. The black circle represents pool position 1 and the gray circle represents pool 
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position 2. The small black and grey circles are the release points used in each position. The small black and 

grey rectangles are the release points used during no-platform probe trials in position 1 and 2, respectively. 

The black rectangle at B is where the platform was typically located during training, whereas A and C were 

used as comparison locations. Reprint authorised by Derek A. Hamilton. Originally published by Knierim and 

Hamilton in Physiol Rev, Volume 91, Issue 3, 2011. 

 

Figure 3.  

The different T-maze positions used in Stringer et al. (2005), but also Skinner et al. (2003). Rats were trained 

on to solve a response, direction or place problem from different maze positions. The place groups were either 

tested at two adjacent or orthogonal maze positions. Reprint authorised by Darlene Skinner. Originally 

published by Stringer, Martin and Skinner in Behavioural Neuroscience, Volume 119, Issue 4, 2005. 

 

Figure 4.  

Decision-guiding paradigm. An illustration of how to approach and construct a spatial learning paradigm. In 

this example, the goal is to construct a paradigm to study an egocentric response strategy. Additionally, it 

provides clues as to which other types of egocentric strategies are likely to be applied by the animals under 

different circumstances. 

 

Figure 5.  

Illustration of the starmaze from Fouquet et al. (2010). It consists of 10 alleys with 5 alleys forming a pentagon 

in the middle and 5 alleys radiating from the corners of the pentagon. The starmaze differs from the radial arm 

maze in that it contains intersections that define choice points. In this example, animals are released from alley 

1 and must find the platform in alley 7. To reach the goal optimally, it must learn to execute the correct response 
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at the three intersections labelled I, II and III, which in this case is a left, right and left response. Reprint 

authorised by Laure Rondi-Reig. Originally published by Fouquet, C., Tobin, C., & Rondi-Reig in Behavioural 

brain research, Volume 215, issue 2, 2010. 

 

Figure 6. 

Illustration of the V-shaped tunnel arena used in Alyan and McNaughton (1999). Reprint authorised by Bruce 

McNaughton. Originally published in Behavioural Neuroscience, Volume 113, Issue 3, 1999. 

 


