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 The mechanisms that rodents employ to navigate through their 

environment have been greatly studied.  Cognitive mapping theory suggests that 

animals use distal cues in the environment to navigate to a goal location (place 

navigation).  However, others have found that animals navigate in a particular 

direction to find a goal (directional navigation).  The rodent brain contains head 

direction cells (HD cells) that discharge according to the head direction of the 

animal.  Navigation by heading direction is disrupted by lesions of the 

anterodorsal thalamic nuclei (ADN), many of which are HD cells.  Aim 1 tested 

whether male C57BL/6J mice exhibit direction or place navigation in the Morris 

water maze.  Aim 2 tested the effects of temporary inactivation of the ADN on 
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directional navigation.  Together, these data indicate that C57BL/6J mice also 

exhibit preference for directional navigation and suggest that the ADN may be 

crucial for this form of spatial navigation. 
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INTRODUCTION 

 

The ability to form a three-dimensional cognitive map of the environment 

and traverse that space to reach a desired location is an innate faculty labeled 

spatial navigation.  Navigation is a quintessential aspect of our day-to-day lives.  

Every day we have to find our way to the bathroom blindly in the middle of the 

night or plot an alternate route to work in the morning due to traffic, whether it is a 

novel or frequent destination, all require specific navigation strategies.  The 

mechanisms that are employed to successfully accomplish these tasks have 

been intensely studied for decades.  From these studies, a dichotomy has 

emerged.  The debate between place navigation and directional navigation has 

been, and still is of great interest to many.  Place navigation is a search in an 

absolute goal location using the fixed relationship of distal visual cues.  In 

contrast, directional navigation is the pattern of directional heading to a goal 

location based on external visual cues and internal directional cues. 

The cognitive mapping theory was the first hypothesis concerning spatial 

navigation.  This theory suggests that animals, specifically rats, use fixed distal 

cues in the environment to form complete field maps to navigate to a goal 

location (Tolman, 1948; O'Keefe and Nadel, 1978; Morris, 1981).  This strategy 

of navigation to a specific goal location was termed place navigation, which is 
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necessary in conditions where a goal location is determined using distal cue that 

are fixed relative to the goal.  Place navigation requires the formation of a 

cognitive map using external environmental cues.  By using the cues as 

references and landmarks, the subject is able to navigate to the goal location, 

even if the learned route is no longer available (Tolman, 1948).  The ability to 

formulate a new path to a learned goal location is a fundamental indicator that 

navigation is likely guided by an internal cognitive map.  Rats were trained to find 

a goal location with a food reward in a maze that contained only one path with 

multiple turns (Tolman et al., 1946a) (Figure 1).  After the behavior was learned, 

the original maze was replaced with a sunburst maze consisting of 18 radiating 

arms that could be possible search paths, but only one arm led to the original 

location of the goal box (Figure 2).  Tolman and his colleagues (1946a) 

concluded that their subjects utilized place navigation to find a new path to the 

goal since a majority chose to search down the arm leading to the goal area.  

However, these data could also be interpreted to provide evidence for directional 

navigation since the subjects also had to have a directional disposition to 

successfully navigate to the goal.   

Some argued that these animals weren’t actually learning to navigate to 

the absolute location, but instead they were learning a specific motor response.  

When given a choice between place navigation and response-based navigation, 

rodents tended to be place oriented (Tolman, 1948).  Tolman et al. (1946b) 

designed another similar experiment using a double T-maze (plus maze) (Figure 

3), which would eliminate concern for possible response learning.  Half of the rats 
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were trained to use a response-based strategy in which when placed at start 

point S1 or S2 they were to always make a right turn to reach the goal location 

(Fig. 3B).  The second group of rats was trained to use a place navigation 

strategy in which they were trained to go to the goal location based on its fixed 

relationship to the extra-maze cues (Fig. 3A), neglecting the direction of the turn.  

Although both methods of navigation were acquired by the subjects, rats trained 

to navigate to the absolute place made fewer errors and were considered more 

successful.  The authors concluded from these data that place navigation is 

much simpler and possibly more primal than response navigation.  While the 

results support these conclusions, the directional component was not controlled 

for.  It is possible that direction was a contributing factor to the navigational 

success of the subjects. 

In contrast to the previous two hypotheses, others have suggested that 

animals learn to move and search in a particular direction to reach a goal location 

(i.e., directional navigation).  The first to compare place navigation and directional 

navigation, Ritchie (1948) trained rats on a T-maze to find the goal location from 

a constant start point (Figure 4).  The probe trial was performed on a radial arm 

maze (Figure 5), similar to the one used by Tolman et al. (1946a), with 10 

possible choices.  One of the arms led to the correct place location, whereas a 

different arm pointed in the correct direction.  A significantly greater number of 

subjects chose to search down the arm that pointed in the correct direction of the 

goal location rather than the place navigation arm.  This demonstration of a 



 4 

preference for directional navigation would be a great point of contention among 

researchers.   

Blodgett, McCutchan, and Mathews (1949) designed an experiment, also 

employing the T-maze, which would compare and differentiate all three possible 

spatial navigation dispositions: place navigation, response navigation, and 

directional navigation (Figure 6).  For this experiment, each rat was trained on 

the maze in two out of four possible positions in the room.  In these two positions, 

every rat received either one or two of the three testing conditions: place, 

response, or direction.  Rats trained in two maze positions that shared the same 

directional component made the fewest number of errors.  Rats trained in maze 

positions where only the place component was common made the greatest 

number of errors.  Rats in the group where response was common had error 

scores that fell in between the other two groups.  Comparing these results to 

Tolman et al.’s original experiments (1946b), it was concluded that the 

exceptional place learning demonstrated was actually due instead to directional 

navigation.   

To clarify and expand on the findings of Blodgett et al. (1949), Skinner et 

al. (2003) trained rats in a simpler and more visible open field maze environment 

(Figure 7).  The maze was placed in two out of four possible locations for each 

group of rats.  Rats were assigned exclusively to one of three training conditions: 

place, response, or direction.  A food reward was place in one of the corners of 

the maze to signify the goal location and rats entered the maze according to their 
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training condition.  Confirming previous results, place navigation proved to be 

much more difficult to learn than response and directional navigation.    

In conjunction with all of the above-mentioned testing paradigms, the 

Morris water maze (MWM) has more recently become a standard behavioral task 

in which to measure cognitive mapping and spatial navigation (Morris, 1981, 

1984; Sutherland & Dyck, 1984).  Traditionally, a cylindrical pool is filled with 

opaque water and a hidden escape platform is placed in the pool as the goal 

location.  Rats are trained to navigate to this stationary hidden platform from 

various release points, eliminating the possibility of response-based navigation.  

It has been the general understanding that animals learn to navigate to the 

platform by forming a flexible cognitive map of the distal visual cues in the 

environment and their fixed spatial relationship with the platform.  However, the 

fact that the platform remained in a constant spatial relation to the distal visual 

cues was simply not sufficient enough to exclusively claim that animals use place 

navigation to solve the task.  Manipulations to the location and configuration of 

cues within the environment cause a shift in search behavior.  There is also no 

cause in this conclusion to exclude the possibility of directional navigation.  In 

fact, Morris (1981) described his observations of the animals’ directional behavior 

while searching for the escape platform during the probe trials in the MWM.    

In order to elucidate the mechanism of navigation in the MWM, Hamilton 

et al. (2004; 2007; 2008) have designed an experimental method that permits 

contrasting place navigation and directional navigation, while also differentiating 

some aspects of both dispositions using various manipulations.  To set place 
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navigation in direct competition with directional navigation, Hamilton et al. (2007) 

used linear translations of the pool in the same environment (Figure 8).  Rats 

were trained to find a hidden escape platform and then the pool was repositioned 

in the room for the probe trial.  For one group of rats, the absolute spatial location 

of the platform that was learned in training would now be in the center of the 

opposite quadrant after the pool was translated to the new position.  In this 

condition the animals would have the choice to either swim to the absolute 

location of the platform in the room using a place navigation strategy, or navigate 

to the relative location of the platform within the pool using a directional 

navigation strategy.  During the probe trial, rats swam to and determinedly 

searched for the platform in the relative location while treating the absolute 

location of the platform as an arbitrary area of the pool, as if they had not been 

trained to go there.  This demonstration of directional navigation was not 

compromised by other experimental manipulations like number of training trials 

(Hamilton et al., 2007), amount of time spent on the training platform during each 

trial (Hamilton et al., 2007), overtraining (Hamilton et al., 2008), movement of the 

platform (Hamilton et al., 2008), or never receiving swim training (Hamilton et al., 

2008).  

However, Hamilton and his colleagues (2008) were able to elicit place 

navigation under two specific conditions by eliminating the salience of the pool as 

a frame of reference.  First they found that when the position of the pool was 

inconsistent during training, but the platform remained in the same absolute 

location unaltered by pool position, then navigation to the absolute location of the 
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platform was the preferred strategy (i.e., place navigation).  The absolute location 

of the platform became extensively more reliable than the relative location of the 

platform due to the frequent change in the platform’s relativity in the pool, unlike 

the consistency of it’s fixed spatial location in the room.  In another experiment, 

the pool wall itself was removed as an environmental cue by raising the water 

level so that the wall was no longer visible.  Under this condition, rats navigated 

by place to the absolute location of the platform once again.  It is likely that the 

elimination of the pool wall as an environmental cue increases the global saliency 

of the visual cues in the distal surroundings when forming a cognitive map of the 

environment.   

Overall, it can be concluded that rats prefer to use directional navigation 

when asked to navigate a goal location.  When place navigation and directional 

navigation are two distinct navigational choices in the same test maze, directional 

navigation proves to be the most successful option.  There are, however, 

environmental cues required for this system to function properly.  Information 

from intra-maze cues, like the pool wall, must be accessible in conjunction with 

distal extra-maze cues in order to form a complete internal representation of the 

environment. Distal extra-maze cues alone are not sufficient.  Secondly, the act 

of directional navigation must be reinforced during training by establishing a 

success rate over trials.  If the maze is continuously moving so that directional 

navigation will not lead to finding the goal location, then that method of navigation 

is no longer useful and the animal will revert to place navigation.  With these two 

environmental factors met, rats will prefer to navigate using direction.   
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The majority of the spatial navigation research has been conducted on 

larger rodents, especially rats.  None of the discriminations between place 

navigation and directional navigation have been tested in mice.  The 

demonstration of this phenomenon in mice is very important for furthering the 

understanding of the system.  Genetically modified mice are relatively easy to 

create and convenient to obtain compared to other animal models.  Once it is 

demonstrated that mice navigate based on direction, then the availability of 

genetically engineered mice would permit testing specific hypotheses regarding 

the cellular and molecular mechanisms that contribute to the directional 

navigation system.  The objective for Aim 1 was to determine if mice exhibited 

the same preference for directional navigation observed in other rodent models 

performing spatial tasks.  The experimental design used in Hamilton et al. (2007) 

was adapted and modified to determine whether male C57BL/6J mice navigated 

in the MWM using place or directional navigation for this experiment.  The results 

of this study follow those from Hamilton et al. (2007) and provide strong evidence 

for the preference of directional navigation in male C57BL/6J mice.   

Although the environmental information is necessary for directional 

navigation, it is not sufficient.  It is purely a contributing factor to the larger 

system.  The faculty for directional navigation is internal and innate.  This internal 

physiological system allows for the integration and interpretation of all the 

environmental input being perceived.  Effective directional navigation involves the 

combination of information concerning place and directional heading.  These two 

subsets of information, place and direction, are encoded and stored in different 
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groups of neurons within the limbic system in the brain, including the 

hippocampus, thalamus, and mammillary bodies.   

The conceptual cognitive representation of a place is constructed at a 

cellular level in the hippocampus.  While recording hippocampal principal 

neurons in freely moving rats, O’Keefe and Dostrovsky (1971) discovered that 

some of these cells exhibited specific firing patterns that correlated with the rat’s 

physical location in the field. These “place cells” have a relatively small firing field 

called the “place field” and the cell discharges at a maximal rate when the animal 

occupies a confined area of the environment.  When the animal moves to 

another area in the environment, that place cell is virtually silent.  The collection 

of place cells in the hippocampus provides a complex integrative map of the 

entire environment.  To establish a place field, the cells receive information about 

the surrounding and are greatly affected when there is a disturbance of the visual 

landmarks.  Rotation of the distal visual cues will consequently cause a rotation 

of the place field of the place cell (Muller and Kubie, 1987).  Similarly, the 

removal of a majority of the cues from the environment causes a remapping of 

that place cell (Bostock et al., 1991).  Coupling the discovery of place cells with 

Tolman’s highly popular Cognitive Mapping Theory (1948) and adding the results 

of various hippocampal lesion studies (Redish, 1999), O’Keefe and Nadel (1978) 

concluded that the hippocampus was responsible for the formation of cognitive 

maps and that place cells were the basic neuronal units for this system.       

Like the dichotomy seen in behavior between place and directional 

navigation, there is also a distinct separation between the two in the brain.  
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Unlike place cells, there are neurons within the brain that maximally fire when the 

animal’s head is pointing in a particular direction in the horizontal plane, 

independent of place (Taube and Burton, 1995).  These cells are called “head 

direction cells” (HD cells).  The single allocentric head direction at which a peak 

firing is achieved is determined to be the cell’s preferred firing direction.  When 

facing in another direction, these cells are effectively silent (Taube and Burton, 

1995).  HD cells were first discovered in the postsubiculum (PoS) (Ranck, 1985), 

but have also been labeled in many structures in and around Papez circuit 

(Taube, 2007).  The highest concentration of HD cells lies within the anterodorsal 

nucleus of the thalamus, otherwise known as the ADN, and approximately 60% 

of the cells in this nucleus exhibit preferred directional firing.   

Internal and external information converges in the classical Papez circuit 

to produce the highly specific firing of HD cells.  The circuit that constitutes the 

HD system is highly integrative and complex (Figure 9).  Numerous lesion 

studies and cellular recording studies have been integrated in order to elucidate 

the path of signal processing in the directional navigation system.  Studies have 

shown that lesions of the PoS (Dudchenko et al., 1995), hippocampus (Golob 

and Taube, 1997), posterior parietal cortex (Taube, 2007), or unilateral lesions 

on the lateral mammillary nucleus (Blair et al., 1999) did not disrupt HD cell 

activity in the ADN.  Lesions of the retrosplenial cortex, including the dysgranular 

region, preserves directional firing of the HD cells in the ADN, but the stability of 

the preferred firing directions of these cells is compromised.  However, bilateral 

lesions of the lateral mammillary nuclei or dorsal tegmental nuclei do disrupt HD 
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cell firing in the ADN (Blair et al., 1998; Bassett et al., 2007).  Lesions of the ADN 

abolish HD cell firing in the PoS (Goodridge and Taube, 1997).  Although lesions 

of the PoS do not abolish HD cell activity in the ADN, it does cause a loss of cue 

control when the distal cues are rotated (Goodridge and Taube, 1997), 

suggesting its significance in the integration of visual information used for 

recognizing environmental landmarks.  Rotation of landmark and polarity cues in 

the environment cause corresponding shifts in the preferential firing direction of 

HD cells (Taube et al., 1990; Dudchenko and Taube, 1997). 

As well as assimilating visual information regarding location in the 

environment, the directional navigation system must also be able to update itself 

when the animal is moving and exploring within the environment, which is 

accomplished using the vestibular system (Taube et al., 1990; McNaughton et 

al., 1991).  Directional firing in the ADN and PoS is disrupted when parts of or all 

of the vestibular system is lesioned (Stackman and Taube, 1998; Stackman and 

Herbert, 2002).  Most recently Muir et al. (2004) reported that the bilateral lesion 

of the horizontal semicircular canals of chinchillas caused a complete abolition of 

direction-specific firing in the ADN.  The recorded ADN cells displayed 

disconnected firing patterns and constant remapping consistent with that 

reported in the ADN of rats after bilateral vestibular lesion (Stackman and Taube, 

1997).  This disturbance of HD cell activity following vestibular lesions confirms 

the importance of the vestibular system in generating the HD cell signal in all 

neuronal structures.  After the signal is established by the vestibular system, it 
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then becomes the duty of the motor and proprioceptive systems to maintain and 

update the signal (Taube, 2007). 

The combination of visual landmark recognition to establish the current 

location along with several sources of self-motion information (i.e., vestibular, 

optic flow, and motor efference copy) permits the computation of current 

orientation in the environment comprises the path integration process (Taube, 

2007).  It is practical to say that due to the complexity of path integration, a single 

brain structure is not responsible for the process.  Lesions of the parietal cortex 

(Save et al., 2001; Parron and Save, 2004), the retrosplenial cortex (Whishaw et 

al., 2001) or the hippocampus (Maaswinkel et al., 1999) disrupt behavior in tasks 

requiring path integration.  Dorsal thalamic nuclei lesions caused impairments in 

rats whether or not visual cues were available (Frohardt et al., 2006). 

Collectively, it has been shown through various lesion studies that 

directional path integration processes are localized mainly in subcortical areas.  

Still, the possible integration sites of idiothetic and other landmark information are 

not yet known.  It is likely then that the ADN is greatly involved since it receives 

both cortical (retrosplenial, PoS) and subcortical inputs (mammillary nuclei) 

(Taube, 2007).  Therefore, the generation of the HD cell signal appears to follow 

a circuit of medial vestibular nuclei to the nucleus prepositus hypoglossi, to the 

dorsal tegmental nucleus, then to the lateral mammillary nucleus.  From there, 

the signal is sent to the ADN, then to the PoS.  The circuitry of the directional 

signal within the limbic system has been well described; however, the role of the 

HD cells in directional behavior has not been determined.  Multiple studies have 
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provided inconclusive results concerning the function of the HD cell in directional 

behavior (Golob et al., 2001; Muir and Taube, 2002; Dudchenko and Zinyuk, 

2005).  These inconclusive and opposing findings are most likely the result of an 

insufficient behavioral paradigm that exploits the ADN.  

The objective of Aim 2 was to determine the significance of the ADN in 

directional navigation in the mouse model.  As mentioned earlier, the ADN 

contains the highest population of HD cells compared to other brain structures in 

the directional navigation system and integrates a significant portion of the 

vestibular and visual information about the environment.  To test the dependence 

of the ADN on directional navigation in mice performing the water maze task, the 

ADN was temporarily to be eliminated from the directional circuit.  A reversible 

chemical inactivation of the ADN was achieved by microinfusion of the GABA-A 

agonist muscimol through bilateral intracranial cannulae positioned above the 

ADN of C57BL/6J mice.  Directional navigation was then tested in the MWM after 

inactivation of the ADN.  The results of this experiment provide evidence to 

support the view that the HD cells within the ADN are necessary for successful 

directional navigation to a goal location.   
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Figure 1.  The apparatus used for training rats to the goal location (G) in 
Tolman et al. (1946a).  Paths A-B and D-G are elevated and C contains high 
walls that block the rat’s view of G.  H is a light that acts as visual cue.  
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Figure 2.  The apparatus used for testing the navigational method used by 
rats after training in Tolman et al. (1946a).  The arm pointing in the correct 
direction of the learned path was blocked leaving 18 choices for possible paths.  
Arm 6 lead directly to the learned goal location.  The results from the study show 
that 36% of the rats chose Arm 6 while 17% searched down the blocked path 
that was originally part of the learned training path (C). 
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A. S1           B.      S1 

 

 
 
 
 
 
 
 
 
 
 
    S2         S2   
  
   

 

Figure 3.  A representation of the experimental design used in Tolman 
(1948) to differentiate between place navigation and response navigation in 
the plus maze.  S1 and S2 are the two start points used in the experiment.  (A) 
shows the possible paths taken by rats who were trained to place navigate to a 
specific goal location.  (B) displays the response based paths learned over 
training by the other half of the rats.  It was concluded from the results that the 
rats who learned to solve the maze using place navigation where more 
successful during the test trial. 
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Figure 4.  Apparatus used during training in Ritchie (1948) to compare 
place navigation and directional navigation.  Rats were always started at A 
and were trained to navigate to either F1 or F2.  L1 and L2 are lights that acted as 
fixed visual cues.  
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Figure 5.  Apparatus used during the test trials in Ritchie (1948) to compare 
place navigation and directional navigation.  The path learned during training 
was blocked and replaced with 10 arms that radiated out from the start area.  
This apparatus was positioned directly opposite of the training apparatus in the 
room, placing navigation to the absolute location of goal in the room in direct 
opposition to navigation in the direction of the learned goal location.  One arm led 
to the correct place and a different arm pointed in the correct direction.  Rats 
preferred to use directional navigation to find the goal. 
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Figure 6.  Experimental design used in Blodgett et al. (1949) to compare 
place navigation, directional navigation, and response-based navigation in 
the plus maze.  Seven groups of rats were assigned to seven different 
experimental conditions.  All groups were trained at both maze positions.  Group 
I received place training only.  Group II received direction training only.  Group III 
received response training only.  Group IV received both place and direction 
training.  Group V received place and response training.  Group VI received 
direction plus response training.  Group VII was only training at one maze 
position and received place, direction, and response training.  Rats in Group II 
performed the best out of all the groups suggesting directional navigation is the 
preferred method of navigation.    
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   Response     Direction     Place 

 
 
 

 
Figure 7.  Experimental design used in Skinner et al. (2003) to compare 
response-based navigation (Panel A), directional navigation (Panel B), and 
place navigation (Panel C) strategies in the open field maze.  The arrows 
inside the open field mazes show the correct paths to the goal locations.  From 
the results, it was concluded that directional navigation proved to be the most 
successful navigation strategy.    
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Figure 8.  Experimental design used in Hamilton et al. (2007) to compare 
place navigation and directional navigation in the Morris water maze.  
Training was performed in either Pool Position 1 or Pool Position 2, then for 
testing the pool was translated to the opposite position.  The escape platform 
locations are labeled A, B, and C.  Rats trained to platform A or C could only 
search in the relative location of the platform in the pool during the translated 
probe trial, whereas rats trained to platform B could search in either the absolute 
location of the platform in the room or the relative location of the platform in the 
pool.  During the probe trial, rats spent more time search in the relative location 
of the platform using directional navigation.  
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Figure 9.  Diagram illustrating the principal connections within the HD cell 
circuit. 
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AIM 1: DO MICE NAVIGATION USING DIRECTION? 

 

Background 

The debate as to whether rodents exhibit place navigation or directional 

navigation has emerged from decades of experiments focusing on spatial 

navigation.  Place navigation is the incorporation of distal visual cues and their 

fixed spatial association to a specific place for the purpose of reaching a goal 

location.  Early observations of this preferred place disposition in rodents over 

other navigational mechanisms influenced the composition of cognitive mapping 

theories (Tolman, 1948; O'Keefe and Nadel, 1978).  Mapping theory states that 

navigation to a specific location is based on a learned topographical 

representation of both the intra- and extra-maze cues that define that particular 

environment. 

However, many alternative theories have been argued over the years.  It 

has been thought that instead rodents learn and employ approach-avoidance 

strategies (Hull, 1943), reinforced motor responses (Blodgett and McCutchen, 

1948; Blodgett et al., 1949), and movement vector navigation (Blodgett et al., 

1949; Hamilton et al., 2007).  Most interestingly, others have found that animals 

learn to move and search in a particular direction to find a goal location (i.e., 

directional navigation: Blodgett et al., 1949; Skinner et al., 2003).  In opposition to 
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place navigation, directional navigation relies on internal cue-based movement in 

a particular directional pattern to a specific goal location.   

Various strategies have been employed to elucidate the underlying 

mechanisms and factors that contribute to spatial navigation.  Multiple 

experiments have recently suggested that rats navigate to trained locations by 

moving directionally, and that information about specific place responses is 

relatively less significant (Blodgett et al., 1949; Skinner et al., 2003; Sutherland 

and Hamilton, 2004).  Hamilton et al. (2007) placed directional navigation and 

place navigation in direct competition by using linear translations of the pool 

during probe trials in the Morris water maze (MWM) task. Their results indicated 

that male Long-Evans rats exhibit an overwhelming preference for swimming in 

the relative direction of the platform rather than to an absolute place.  

The goal of my first experiment was to determine if male C57BL/6J mice 

exhibit the same directional response phenomenon in the MWM that has been 

confirmed in rats.  The pool translations established in Hamilton et al. (2007) for 

comparing place navigation to directional navigation were adapted for our 

purposes.  The mice were trained to find a hidden platform that was submerged 

and located in a fixed location.  Distal environmental cues at a set associative 

distance from the pool provide some information to the position of the platform in 

the water.  After asymptotic performance was acquired, the pool was 

repositioned in the room before the probe test.  In this translated condition, the 

mice are able to search in absolute location of the platform in the room indicative 

of place navigation or the relative location of the platform in the environment 
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indicative of directional navigation.  These manipulations to the traditional MWM 

task will allow the elucidation of the influential information and environmental 

factors that contribute to preferred navigation strategies in C57BL/6J mice.      

 

Methods 

 Animals 
 

Subjects were 80 naïve male C57BL/6J mice (The Jackson Laboratory, 

Bar Harbor, ME).  Mice were 8-9 wk old at the start of behavioral testing. All mice 

were group housed (4 animals per cage) in plastic cages on a 12 hr light-dark 

cycle and had access to food and water ad lib.  All behavioral studies were 

performed during the light cycle (7 am-7 pm).  All procedures and protocols were 

approved by the Institutional Animal Care and Use Committee at Florida Atlantic 

University. 

Morris Water Maze Task 

The Morris water maze pool (109 cm diameter, 65 cm high) was placed on 

a square plywood platform with appliance rollers attached to the bottom for easy 

linear translocation. The clear cylindrical acrylic escape platform was 31 cm high 

with an 8 cm diameter.  The pool was filled to 1 cm above the platform with water 

ranging from 22°-24°C and made opaque by stirring in nontoxic white tempra 

paint. Placing a circular black curtain around the pool eliminated all competing 

environmental cues.  

A total of 80 mice were used in this experiment, 40 were trained with the 

pool in the East side of the room and 40 were trained in the West side of the 
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room. The mice were placed in a holding room adjacent to the testing room for 1 

hr/day for two days prior to any pool exposure so that they could become 

habituated to the experimental environment.  On the next 2 d, mice were 

habituated to the pool and climbing onto the platform. The hidden platform was 

placed in the center of the pool. Each pool habituation trial (1/d) involved placing 

the mouse onto the platform for 60 s and then releasing it into the pool [adjacent 

to platform, north (N), south (S), east (E), and west (W)] four times to practice 

swimming and climbing onto the platform.  Hidden platform water maze training 

began on the following day. Four distal visual cues were positioned on the curtain 

as navigational landmarks.  

Mice were trained for 7 days (4 trials/day) to find a fixed hidden platform in 

the water in one of two pool positions (East or West).  For each day of training 

the mice were released from a different start point for each trial (NE, NW, SE, 

SW).  The start points were arranged randomly without replacement and were in 

a different order every day. Mice were released facing the wall and were 

retrieved from the platform after 30 sec of mounting it.  If a mouse did not find the 

platform after 60 sec in the pool, then the mouse was placed on the platform and 

retrieved after 30 sec.  Throughout the training the platform location was fixed in 

position relative to the distal extra-maze cues.  For the purposes of the later 

probe tests, the position of the platform during training as dictated by the extra-

maze cues was defined as the “Absolute location”.  All mice were run in squads 

according to their cages (3 or 4 mice/cage).  All the mice in the cage performed 

one trial before the second trial was conducted.  Between the trials, the mice 



 27 

were placed in a holding cage under a heated fan on a counter in the testing 

room outside of the circular curtain.  The intertrial interval was the length of time 

it took to run the remaining mice in the cage through their trials (approximately 3-

4 min).  Learning was inferred from 4-trial block averages of measures of the 

latency to reach the platform and the cumulative distance to the platform over 7 

days of training. 

Probe trials were presented immediately after training on the seventh day.  

The pool was moved to a translated position for 60 mice, and remained in the 

same pool position as during training for 20 mice.  The pool translations created 

3 distinct testing conditions: Target vs. Opposite, Target Only, and No Shift (Fig. 

10).  Mice were randomly assigned to one of these 3 conditions.  In the Target 

vs. Opposite condition (n = 30), the mice could either swim to the absolute 

location of the platform based on the room cues using place navigation 

(Opposite), or they could swim to the relative location of the platform in the pool 

using directional navigation (Target). In the Target Only condition (n = 30) the 

absolute location of the platform was outside of the pool wall after pool 

translation. For the probe trials, mice entered the pool at novel release points that 

were equidistant from the Target location and the Opposite location.  During the 

30-sec probe trial we measured duration in each search zone and the 

percentage of the trial spent in each of the 4 quadrants.   

All trials and probes were recorded with a video camera and tracked using 

EthoVision 3.1 (Noldus, Leesburg, VA). To analyze navigational behavior more 

specifically, we designed correlating circular search zones and quadrants in 
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EthoVision.  The size of the platform was multiplied by 5 to create the search 

zones (one centered over the Target zone – corresponding to directional 

navigation, and the other centered over the Opposite zone – corresponding to 

place navigation), and the pool was divided evenly into 4 quadrants 

corresponding to the four cardinal directions. 

 

Results 

 Acquisition 
 
 Learning over the 7 d of training trials was determined by measuring the 

latency to find the escape platform and the cumulative distance traveled before 

reaching the platform during the 60 s trials.  The data for both measures were 

averaged for each day of training and analyzed using a repeated measures 

ANOVA with training day (1-7), pool position (East or West), and platform 

location (A, B, or C) as factors.  There was a main effect of training day (F(1, 63) = 

911.28, p < 0.001) on latency measures, which is attributed to a decrease in 

latency to navigate to the platform over the training days (Fig. 11).  In order to 

better examine the refined swim paths executed over training, cumulative 

distance (CDT) to the platform was also analyzed.  There was also a main effect 

of training day on CDT (F(1, 63) = 410.68, p < 0.001), which resulted from an 

increase in the efficiency of the swim path to reach the platform (Fig. 12).  There 

were no main effects of pool position or platform location on latency or CDT (p > 

0.05). 
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Probe Trials  

Mice navigated faster to the target search zone compared to the opposite 

search zone (F(1,63) = 17.52, p < 0.001) (Fig. 14).  After reaching the target search 

zone, the animals spent more time searching in that zone compared to the 

opposite search zone (F(1,63) = 402.12, p < 0.001) (Fig. 13). There was also a 

significant difference in dwell time among the 4 quadrants (F(1,63) = 3307.06, p < 

0.001) (Fig. 15).   Post hoc Bonferroni pairwise comparisons show that 

significantly more time was spent in the target quadrant compared to the 

opposite quadrant and the one adjacent quadrant (p < .003) but not the other 

adjacent quadrant.  

  

Conclusions 

 Mice learned to navigate to a predetermined hidden platform location over 

7 d of training.  After training, the pool was translated across the room. This 

manipulation put place navigation and directional navigation in clear competition 

with one another.  During probe tests under these translated conditions the mice 

spent more time in the relative location, indicates a preference for navigation by 

direction rather than place.  The swim patterns also demonstrated a preference 

for the relative location since they entered the relative search zone first, spent 

more time searching in that zone, and spent the most time in the relative 

quadrant compared to the absolute locations in the environment.  These distinct 

swim patterns were the same for mice in the 2 shifted conditions and the No Shift 

condition.  It is apparent that the mice navigated in a directional manner to a 
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relative location in the pool and in the room, which was associated with locating a 

platform, in all 3 conditions.   

These results are consistent with those reported by Hamilton et al. (2007) 

and the hypothesis that directional navigation is dominant when learning to find a 

spatial location using distal extra-maze cues.  The mechanism by which this 

method of navigation is learned is of much interest.  It is clear that the preference 

for relative search patterns is not determined by cues within the pool since the 

pool itself remains inconclusive as to the relative or absolute location of the 

platform.  However, the pool wall does provide a reference for the proximal 

location of the platform in a certain region of the pool.  It must therefore be 

concluded that the distal environmental cues provide some information to the 

regional location of the platform, but are not the exclusive source of orientation.  

Conclusively, mice demonstrate a preference for directional navigation over 

place-guided navigation, which is mainly controlled by distal visual cues.  These 

data are consistent with the recent findings of Skinner et al. (2003) and Hamilton 

et al. (2007) and demonstrated that the directional navigation behavior seen in 

rats extends to C57BL/6J mice as well.  The demonstration of directional 

navigation in mice now permits the examination of the underlying neural systems 

and physiological processes that support this behavior. 
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Figure 10. Illustration of the three experimental conditions of AIM 1. In the 
No Shift condition the pool is in the same position for training trials as well as the 
probe trials. The pool is translated to another position for the Target vs. Opposite 
and the Target Only conditions.  The large dashed circle represents the pool 
position during training and the large bold circle is where the pool was translated 
to for the probe trials.  The small shaded circle depicts the platform location 
during training and the bold outlined circle is the target location during the probe. 
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Figure 11. Escape latency to the platform during training for all mice 
regardless of probe condition.  Over the 7 d of training, the mice spent 
significantly less time in the arena searching for the escape platform (F(1,63)= 
911.28, p < 0.001). 
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Figure 12. The cumulative distance to the center of the training platform.  
Cumulative distance significantly decreases over training (F(1,63)= 410.68, p < 
0.001).  
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Figure 13. Time spent in the search zones during probe trials.  The mice 
spent significantly more time in the target search zone than in the opposite 
search zone (F(1,63)= 402.12, p < 0.001).   
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Figure 14. Latency to the first occurrence in the search zones.  Mice entered 
the target search zone significantly earlier in the trial than the opposite search 
zone (F(1,63) = 17.52, p < 0.0001).   
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Figure 15. Time spent in each quadrant during the probe trial (% of the 
entire 30 s trial). There was a significant difference in time spent searching 
among the 4 quadrants (F(1,63)= 3307.06, p < 0.001), with a significantly greater 
amount of time spent in the target quadrant (p < 0.05). 
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AIM 2: THE EFFECTS OF ADN INACTIVATION ON DIRECTIONAL 

NAVIGATION 

 

Background 

The ability to navigate through space requires the combination of visual 

input regarding the environment and the physiological ability to integrate this 

information into a directional signal.  This information concerning place and 

direction is processed in limbic structures.  Place cells in the hippocampus 

provide information about the current absolute location in space.  In cooperation 

with place cells, HD cells process information regarding heading direction. These 

cells fire succinctly when an animal’s head is facing a particular direction, 

irrelevant of absolute place.   

The assimilation of allothetic and idiothetic cues into a directional signal 

has been determined to be a hierarchical process based in the limbic system.  

Multiple lesion studies have determined that a directional signal in the classical 

Papez circuit is dependent on an intact vestibular system.  All directional 

signalling is abolished in the ADN and PoS when there is no vestibular input 

(Stackman and Taube, 1997; Stackman and Herbert, 2002; Muir and Taube, 

2004).  Starting with the vestibular system, directional heading information is then 

processed in the nucleus prepositus (NPH) ! dorsal tegmental nuclei ! lateral 
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mammillary nucleus ! ADN ! PoS (Frohardt et al., 2006).  This information is 

then sent to the entorhinal cortex where it is theoretically integrated with separate 

information about place to guide spatial navigation. Although HD cells and the 

neural circuit by which these signals are generated have been well defined, the 

behavioral significance of HD cells has not been clearly determined. Specifically, 

HD cells are theorized to be fundamental for the directional sense and an 

essential component of a navigational network in the limbic system of the 

mammalian brain since they exhibit direction-specific firing properties. 

Although HD cells are found throughout the limbic system, they are highly 

concentrated in the ADN.  Approximately 60% of the neurons in the ADN are HD 

cells (Taube, 1995).  Due to this localization of cells, the ADN has become a site 

of great interest in lesion studies.  It has been demonstrated that lesions of the 

anterior thalamus in rats impair allocentric-based navigation in the MWM 

(Warburton and Aggleton, 1999), radial-arm maze (Aggleton et al., 1996), and T-

maze (Aggleton et al., 1996).  These impairments were not seen in tasks relying 

on egocentric cues (Aggleton et al., 1996).   

The purpose of the present study was to determine the role of the ADN in 

directional navigation in C57BL/6J mice in the MWM.  Bilateral cannulae directed 

above the ADN allowed for the reversible inactivation of the HD cells in this 

structure using the GABA-A agonist muscimol.  Mice were trained to find a 

hidden escape platform in the MWM after undergoing stereotaxic surgery.  After 

learning was acquired, mice either received micro-infusions of muscimol or 

aCSF. A within-subjects crossover design was used so that each mouse 
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received both treatments.  Directional navigation was then tested in the 

translated pool position, which puts place navigation and directional navigation in 

direct competition.  The translation of the pool, as in Aim 1, allowed for the 

elucidation of the role of the ADN in directional navigation. 

 

Methods 

Animals 

Subjects were eight naïve male C57BL/6J mice (The Jackson Laboratory, 

Bar Harbor, ME).  Mice were 8-9 wk old at the start of behavioral testing.  All 

mice were group housed (4 animals per cage) in plastic cages on a 12 hr light-

dark cycle and had access to food and water ad lib.  All behavioral studies were 

performed during the light cycle (7 am-7 pm).  All procedures and protocols were 

approved by the Institutional Animal Care and Use Committee at Florida Atlantic 

University. 

Surgery 

Mice underwent stereotaxic surgery to implant bilateral intracranial guide 

cannulae directly above the ADN region of the thalamus. The mice were 

anesthetized using a mixture of 3% isoflurane to induce, then 1% isoflurane to 

maintain with pure oxygen, delivered via a VetEquip vaporizer.  Once mice were 

anesthetized, mice were affixed in the stereotaxic apparatus (David Kopf, 

Tujunga, CA).  Burr holes were drilled bilaterally in the skull above the ADN at 

0.80 mm posterior from bregma, ±0.75 mm lateral from bregma, and 1.75 mm 

ventral to the cortical surface (Franklin & Paxinos, 2001).  Guide cannulae were 
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held in place with three 1/8” 000-120 jeweler’s screws and acrylic dental cement. 

All cannulae materials were manufactured by Plastics One (Roanoke, VA).  

Dummy cannulae (1.5 mm in length) were inserted into the guide cannula to 

prevent blockage and secured with fitted dust caps.  The incision was closed 

using Vetbond and triple antibiotic ointment was generously applied to prevent 

infection.  Immediately after surgery, mice received an IP injection of 0.8 ml 

sterile saline (0.9%) and an SC injection of 0.05 mg/kg Buprenorphine (0.05 

mg/ml).  Each mouse was then wrapped tightly in a paper towel and placed in a 

dimly lit cage until they recovered from the anesthesia.  Mice received an 

injection of Buprenorphine (0.05 mg/kg) every 6-12 hr post-operatively for 2 d to 

prevent pain and facilitate recovery.   

Water Maze Training and Microinfusion 

After 2 weeks of recovery, mice were given 7 d of training following the 

same protocol used in Aim 1.  All mice were trained to find either Platform A or 

Platform B in the West Position, and shifted to the East Position during probe 

trials.  In order to habituate the animals to the microinfusion procedure, mice 

were gently restrained and dummy cannulae were removed, cleaned with an 

alcohol swab, and replaced after all training trials were completed on Day 4 and 

Day 5.  After training on Day 6, the dummy cannulae were removed and an 

empty infusion cannula was inserted through each of the guide cannula into the 

ADN for 5 min.  On Day 7, mice received four training trials, and then received a 

microinfusion of aCSF or muscimol into the ADN.  The first probe was given 

immediately after training on Day 7. Before the probe, each mouse received a 
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bilateral (0.25 !l/ side) intra-thalamic infusion of either artificial cerebrospinal fluid 

(aCSF) or muscimol (0.5-0.1µg/ 0.25 µl/ side) at a rate of 0.0833 !l/min for 3 min.  

Infusions into the ADN were achieved using injectors that extended 1 mm 

beyond the tip of the guide cannulae.  Infusion cannulae were connected to 10 !l 

Hamilton syringes via 50-gauge polyethylene tubing.  The Hamilton syringes 

were mounted into a CMA-400 microinfusion pump (CMA Microdialysis, 

Stockholm, Sweden) that controlled the rate of infusion.  Infusion cannulae were 

left in place for 2 min following infusions.  After infusion cannulae were removed, 

dummy cannulae were replaced along with the dust cap.  Mice sat in a holding 

cage for 7 min before being transported for their probe trial.  Probe trials were 

conducted exactly as described above.  On Days 8 and 9, mice received 4 

standard training trials to verify the microinfusion given on Day 7 had no lasting 

effect on navigational behavior.  After training on Day 9, mice received a second 

infusion and performed a second probe.  A within-subjects crossover design was 

used so that each mouse received both treatments.   

Histological Analysis 
 

Cannulae placement in the ADN was verified by sectioning, staining, and 

analyzing each mouse brain.  Mice were euthanized with an overdose of 

isoflurane.  The brains were gently removed and placed in a 4% 

paraformaldehyde in a phosphate-buffered saline solution (PBS; 10 mM, pH 7.4) 

for a minimum of 24 h.  Each brain was cryoprotected by equilibrating in a 20% 

then 30% sucrose solution (in PBS).  All brains were then sectioned (40 µm), 

mounted, and stained with Cresyl violet (Figure 16 & 17).  Cannulae placement 
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was analyzed using a Nikon Eclipse 55i light microscope and images were 

captured using NIS-Elements D on a Nikon DS-Fi1 digital camera.  For a subset 

of mice, Cresyl violet was injected (0.25 µl/side) into the ADN right before 

euthanasia to determine the area of diffusion in the brain.  Histological analysis 

was performed as previously described, except the tissue was stained with 

Neutral red to allow for optimal visualization of diffused Cresyl violet stain.  Data 

from mice of incorrect cannulae placement were excluded from the analysis.    

 

Results 

 Acquisition 
 
 Acquisition of spatial learning was determined by measuring the latency to 

find the platform and the cumulative distance traveled before reaching the 

platform.  On each trial the data were averaged for each day and analyzed using 

a repeated measures ANOVA.  There was a main effect of training day (F(1,7) = 

375.09, p < 0.001) on latency to the platform (Fig. 18).  Cumulative distance to 

the center of the platform was also measured to evaluate the development of 

more efficient swim paths over training. There was a main effect of training day 

on CDT (F(1,7) = 138.44, p < 0.001), which was the result of an increase in the 

efficiency of platform search over training (Fig. 19).  After the first intra-thalamic 

infusion, mice received 2 additional days of training before receiving the second 

infusion.  Escape latencies for the 2 pre-infusion days were averaged and 

compared to the average for the 2 post-infusion days using a paired samples t-

test (t (7) = -1.36, p = 0.215).  The same analysis was used to compare CDT 
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values for pre- and post-infusion training (t (7) = -1.36, p = 0.215).  These results 

indicate that the microinfusions had no lasting effects on the ability of the mice to 

navigate to the platform. 

Probe Trials 

  For the purpose of analysis, two search zones were created that were 5 x 

the size of the actual escape platform, as in Aim 1.  Mice receiving an infusion of 

aCSF into the ADN reached the target search zone before entering the opposite 

search zone (F(1,7) = 12.37, p = 0.01) (Fig. 20), and spent more time in the target 

search zone compared to the opposite search zone (F(1,7) = 33.36, p = 0.001) 

(Fig. 21).  Mice receiving aCSF consistently searched in the relative direction for 

the platform.  The pool was also divided into 4 quadrants and to better analyze 

search patterns (Fig. 22).  The percentage of the entire 30 s probe trial spent in 

each of the four quadrants was calculated (% dwell).  There was a significant 

difference in dwell time among the four quadrants for subjects in the control 

condition (F(1,7) = 44221.60, p < 0.001).  Post hoc Bonferroni pairwise 

comparisons show that significantly more time was spent in the target quadrant 

compared to the opposite quadrant (p = 0.047).  These results indicated that 

when mice were in the control condition, they reliably searched for the escape 

platform in the relative location during the probe trial using directional navigation.  

These results are consistent with the results from Aim 1. 

 Mice that received an infusion of muscimol into the ADN showed no 

preference for either the target search zone or the opposite search zone.  

Latency to reach the target search zone was not different than the latency to 
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reach the opposite search zone (F(1,7) = 0.22, p = 0.655).  This result indicates 

that mice receiving muscimol did not differentiate between the two search zones.  

There was also no difference between the time spent in each zone (F(1,7) = 0.59, 

p = 0.468).  There was, however, a difference in dwell time among the four 

quadrants (F(1,7) = 28142.96, p < 0.001).  Post hoc Bonferroni pairwise 

comparisons exhibit a significant preference for the start quadrant over the target 

quadrant (p = 0.024) and the adjacent quadrant (p = 0.038).  These data suggest 

mice receiving muscimol infusions did not search for the escape platform in the 

learning relative location using directional navigation during the probe trial.  

 Comparing the two treatment groups, there were noticeable differences in 

behavior during the probe trials.  Mice receiving aCSF reached the target search 

zone much faster than did mice receiving muscimol (F(1,7) = 28.32, p = 0.001).  

There was also a main effect of treatment on target search zone duration (F(1,7) = 

23.46, p = 0.002), which resulted from control subjects spending more time in the 

target search zone.  Likewise, significant differences in dwell time in the four 

quadrants were seen.  Control subjects spent more time in the target quadrant 

(F(1,7) = 33.47, p = 0.001) and the adjacent quadrant (F(1,7) = 8.60, p = 0.022), 

whereas subject receiving muscimol spent more time in the start quadrant (F(1,7) 

= 90.27, p < 0.001) and the opposite quadrant (F(1,7) = 20.44, p = 0.003).  

Together these results suggest that mice receiving aCSF were able to employ 

directional navigation in the translated probe trial.  These same mice lost the 

ability to navigate directionally after receiving Muscimol.   
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 Further analysis of the heading direction of the mice in the two treatments 

was conducted to better understand the search patterns.  Initial heading direction 

of the animal was used to elucidate the fundamental search path.  A mean 

heading angle was calculated from Ethovision for each animal from the start of 

the trial until either the target or opposite search zones was reached.  This initial 

heading angle (!) was compared to the reference angle of a direct path from the 

start point to the target platform center.  The difference between the initial 

heading angle and the reference angle was calculated and labeled the angle of 

error (Figure 23).  The angle of error was then calculated into radians for the 

purpose of statistical analyses.  Mice in the aCSF condition (M = 0.3243, SD = 

0.2133) had consistently had significantly smaller angles of error than did mice in 

the Muscimol condition (M = 0.9946, SD = 0.4076; t(6) = -4.46, p = 0.004).  This 

suggests that mice in the aCSF treatment navigated in a more direct path to the 

target location, where mice in the Muscimol condition navigated farther from the 

target location.  Looking at the actual paths of the probe trials, it is evident that 

the mice receiving Muscimol navigated to the opposite search zone first.     

 

Conclusions 

 Mice learned to navigate to a predetermined hidden platform location over 

7 d of training.  After training, the pool was translated across the room. This 

manipulation put place navigation and directional navigation in clear competition 

with one another.  During probe tests under these translated conditions the mice 

spent more time in the relative location, indication a preference for navigation by 
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direction rather than place.  The swim patterns also demonstrated a preference 

for the relative location since they entered the relative search zone first, spent 

more time searching in that zone, and spent the most time in the relative 

quadrant compared to the absolute locations in the environment.  These distinct 

swim patterns were the same for mice in the 2 shifted conditions and the No Shift 

condition.  It is apparent that the mice navigated in a directional manner to a 

relative location in the pool and in the room, which was associated with locating a 

platform, in all 3 conditions.   

These results are consistent with those reported by Hamilton et al. (2007) 

and the hypothesis that directional navigation is dominant when learning to find a 

spatial location using distal extra-maze cues.  The mechanism by which this 

method of navigation is learned is of much interest.  It is clear that the preference 

for relative search patterns is not determined by cues within the pool since the 

pool itself remains inconclusive as to the relative or absolute location of the 

platform.  However, the pool wall does provide a reference for the proximal 

location of the platform in a certain region of the pool.  It must therefore be 

concluded that the distal environmental cues provide some information to the 

regional location of the platform, but are not the exclusive source of orientation.  

Conclusively, mice demonstrate a preference for directional navigation over 

place-guided navigation, which is mainly controlled by distal visual cues.  These 

data are consistent with the recent findings of Skinner et al. (2003) and Hamilton 

et al. (2007) and demonstrated that the directional navigation behavior seen in 

rats extends to C57BL/6J mice as well.  The demonstration of directional 
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navigation in mice now permits the examination of the underlying neural systems 

and physiological behavior that support this behavior. 
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Figure 16. Histological analysis of cannulae placement using Cresyl violet 
staining.  Representative case (on right) of infusion cannula placement in the 
ADN observed in a Cresyl violet-stained 40 !m coronal section of brain tissue. 
Schematic drawing of the thalamus taken from Franklin and Paxinos (2001) 
mouse brain atlas illustrating region of targeted site. 
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Figure 17. Histological analysis of cannulae placement above ADN. 
Representative case of bilateral cannulae placement in the ADN observed in a 
Neutral Red-stained 40 !m coronal section of brain tissue.  
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Figure 18. Escape latency to the platform during training.  Over the 7 d of 
training, the mice spent significantly less time in the arena searching for the 
escape platform (F(1,7) = 375.09, p < 0.001).  The break between Day 7 and Day 
8 represents the administration of the first microinfusion. 
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Figure 19.  The cumulative distance to the center of the training platform.  
Cumulative distance significantly decreases over training (F(1,7) = 138.44, p < 
0.001).  The break between Day 7 and Day 8 represents the administration of the 
first microinfusion.   
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Figure 20.  Latency to the first occurrence in the search zones.  There was a 
significant difference in latency to enter the two search zone among the aCSF-
treated subjects (F(1,7) = 12.37, p = 0.01), but no difference in latency to search 
zone in muscimol-treated subjects (F(1,7) = 0.22, p = 0.655).  There was a 
treatment effect on latency to the target search zone resulting from the two 
groups (F(1,7) = 28.32, p = 0.001). 
 
 
 
 
 
 
 

 

 

 

 

 

 



 53 

 

 

 

 

Figure 21.  Duration in search zone for aCSF and muscimol treatments.  
Subjects treated with aCSF spent more time in the target search zone compared 
to the opposite search zone (F(1,7) = 33.36, p = 0.001).  Subjects treated with 
muscimol showed no preference for either search zone (F(1,7) = 0.59, p = 0.468).  
There was a significant treatment effect on duration in target search zone (F(1,7) = 
23.46, p = 0.002). 
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Figure 22.  Time spent in each quadrant during the probe trial (% time of 
the entire 30 s trial) for aCSF- and muscimol-treated mice.  There was a 
significant difference in time spent among the four quadrants for aCSF treated 
subjects (F(1,7) = 44221.60, p < 0.001), with significantly more time spent in the 
target quadrant compared to the opposite quadrant (p = 0.047).  There was also 
a difference in dwell time among the four quadrants for muscimol treated mice 
(F(1,7) = 28142.96, p < 0.001), with a significant preference for the start quadrant 
over the target quadrant (p = 0.024) and the adjacent quadrant (p = 0.038). A 
significant treatment effect existed between the control subjects who spent more 
time in the target quadrant (F(1,7) = 33.47, p = 0.001) and the adjacent quadrant 
(F(1,7) = 8.60, p = 0.022) compared to subjects receiving muscimol who spent 
more time in the start quadrant (F(1,7) = 90.27, p < 0.001) and the opposite 
quadrant (F(1,7) = 20.44, p = 0.003).     
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Figure 23. Directional heading error polar plot.  Vectors depict the mean 
angle of error for each treatment condition.  Heading error was calculated by 
determining the angle of heading for each mouse during the initial path from the 
start point to the point when the animal arrived at either the Target Search Zone 
or the Opposite Search Zone.  Paired t-test revealed a significant difference in 
heading error between aCSF and muscimol-treated mice; t (6) = -4.46, p = 0.004. 
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GENERAL DISCUSSION 

 

 The debate between place navigation and directional navigation has been 

argued for decades.  A definitive shift toward the support of directional navigation 

has been developing in the current literature.  Most recently, Hamilton et al. 

(2007) designed a paradigm using translations of the MWM pool that allowed for 

the specific analysis of place navigation and directional navigation, which led to 

evidence for the preference for directional navigation in rats.  The neuronal circuit 

from which this directional navigation behavior emerges has also been greatly 

studied.  Numerous physiological recording and structural lesion studies have 

elucidated the limbic circuit that is implicated in directional navigation.  One of the 

most interesting aspects of this circuit is the succinct direction-based firing of the 

head direction cell.  Although these cells are found in several brain regions, they 

are most concentrated in the ADN of the thalamus.  The role of the ADN and HD 

cells in the production of directional behavior is not quite clear, nor has it been 

investigated in the mouse model.  The objective of these experiments was to 

establish a preference for directional navigation behavior in C57BL/6J mice and 

determine the function of the ADN in the exhibition of this behavior.  

The results of Aim 1 reliably demonstrate a preference of mice for 

directional navigation over place navigation when searching for a goal location in 
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the Morris water maze task.  Place navigation and directional navigation were put 

in competition during a probe trial using pool translations within the experimental 

testing room.  During the probe trial, mice navigated directly to the Target 

location of the escape platform in the relative position in pool when translated in 

the room, demonstrating directional navigation, instead of navigating to the 

absolute location of the platform in the room using place navigation.  After 

reaching the target location, the mice persistently searched in this location and 

the surrounding proximity.  The performance of the mice during the probe trials 

was consistent, independent of the experimental condition for which they were 

tested in.   

The behavior of the mice in the translated pool positions provides 

evidence that mice, like other experimental animal models, prefer directional 

navigation to place navigation.  These observations are consistent with pervious 

findings that rats navigate directionally to the relative location of a learned target 

rather than its absolute location (Blodgett et al., 1949; Skinner et al., 2003; 

Hamilton et al., 2007).  These subjects not only specifically navigated to the 

relative location of the target, but also persistently searched in that location 

during the probe trial. Despite the significant movement of the pool within the 

room, mice in both shifted conditions (Target vs. Opposite and Target Only) 

treated the relative search location in the same manner as the mice in the No 

Shift condition treated the absolute search location with respect to search 

patterns.  Mice in the Target vs. Opposite condition treated the absolute location 

of the platform as an untrained location, even though it was in fact the only 



 58 

trained location in the pool.  This behavior was similar to that of mice in the No 

Shift condition concerning the opposite location, which was actually an untrained 

position in the pool.   

When the pool was translated, this created a shift in the proximal 

relationship between the location of the distal cues in the environment and the 

pool.  Although there was a relatively large shift, the subjects behaved in the 

same manner in the probe trial as they did in the last few days of training trials.  

When placed in the pool at the start of the probe trial, mice swam immediately in 

a ballistic path to the Target location, seemingly without reference to the external 

distal cues in the environment.  It can be concluded from behavioral observations 

that the mice had a sense of knowing where to go before they entered the pool 

and did not have to use the distal cues in the room to perform this directional 

behavior.  The presence of external environmental cues was previously thought 

to be a vital part of the spatial navigation mechanism (O’Keefe and Nadel, 1978; 

Morris, 1981); however, it appears that the distal cues become irrelevant to 

navigation after the goal location is learned.  An explanation of the exact use of 

the distal cues in the environment will help illustrate a more clear mechanism for 

directional navigation.  A few manipulations of the experimental methods would 

allow for further investigation into the significance of the distal cues.  It is 

necessary to observe the behavior of the animals when the cues are rotated 

around or removed from the environment during a probe trial.  If the mice 

reference the cues in order to perform directional navigation, then their behavior 

would be disrupted when the cues are manipulated.  Conversely, if the cues are 
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not involved in the execution of directional navigation, then the mice will continue 

to swim in a direct path to the target when placed in the pool.  It is probable that 

the animals only reference the distal cues while learning the position of the goal 

location and when they have reason to doubt their internal cues for direction.  

Disorienting the mice before placing them in the pool would likely disrupt their 

internal sense of direction and consequently their direction navigation behavior 

forcing them to consult the distal cues as a reference for their location in order to 

find the location of the target.   

Now that the behavior of directional navigation has been established in the 

C57BL/6J mouse model, it is possible to investigate the underlying brain 

mechanisms involved in producing this behavior.  The results from Aim 2 indicate 

that inactivation of the ADN disrupts directional navigation to a goal location, 

suggesting a necessary role of the ADN in the limbic circuit responsible for 

directional navigation.  The present study of the inactivation of the ADN supports 

the theory of the “extended hippocampal system” involved in spatial memory and 

navigation.  Mice receiving aCSF microinfusions into the ADN, control subjects 

with unaltered ADN activation during the probe trials, exhibited the same 

directional navigation behavior, as did mice in Aim 1.  The search patterns of 

aCSF-treated mice consisted of direct paths to the relative location of the 

platform in the pool and confined search behavior in the Target zone and 

quadrant.  Muscimol was infused into ADN of the same mice, inactivating the 

function of the structure.  Mice receiving muscimol microinfusions did not perform 

directional navigation, nor did they exhibit concise or specific search patterns for 
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the target location in the relative area of the pool.  Their behavior in the pool was 

nonspecific and lacked precision.  From observations of the probe trials, it was 

noticeable that the mice were disoriented.  They consistently made vague 

circular patterns, and unfocused movements.  The loss of function of the ADN 

completely abolished directional navigation in the subjects.   

The results of Aim 2 are highly specific and directed at elucidating the role 

of the ADN, unlike the majority of the literature on the spatial navigation limbic 

circuit.  The method of inactivation of the ADN used in this experiment is much 

more specific than comparable cytotoxic lesions within the literature.  Muscimol is 

a decidedly effective pharmacological tool for specific structural inactivations, and 

advantageous over other local anesthetics since it only blocks cell bodies and not 

passing fibers also (Martin and Ghez, 1999).  It has a high affinity for neuronal 

and glial GABA-A receptors resulting in quick pharmacological induction of only a 

few minutes and a lasting duration of two to three hours (Martin, 1991; Martin 

and Ghez, 1999).  Nevertheless, the diffusion of muscimol to surrounding nuclei 

is a concern (Edeline et al., 2002).  Low drug concentrations and small injection 

volumes administered over a length of time are used to limit the progressive 

diffusion.  While histological analysis did not suggest the muscimol diffused into 

other undesired nuclei, it would useful to evaluate the exact spread of the drug 

using florescence-imaging techniques to determine if any other neuronal 

structures are compromised (Allen et al., 2008).  The most notable benefit of this 

inactivation methodology is the ability to utilize a within-subjects crossover design 

where each animal is able to serve as its own control.  After a mouse has been 
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treated with muscimol, the inactivation of the ADN will dissipate and allow for 

testing under the administration of aCSF.  It is also possible to control for 

behavioral compensatory mechanisms that could possibly occur in lesion studies 

that permanently eliminate anterior thalamic nuclei.  Mice in this experiment were 

able to learn the spatial navigation task with an intact functional ADN before the 

loss of function occurred, unlike permanent lesion studies.  A much different 

effect would be observed if the ADN were permanently lesioned.  A permanent 

cytotoxic lesion of the ADN alone would most likely cause a complete loss of 

directional navigation abilities.  In order to then solve spatial navigation tasks, 

mice would possibly compensate by using place navigation mechanisms or other 

cue-based responses.    

The conclusions from Aim 2 support the conclusions that the anterior 

thalamic nuclei contribute to spatial navigation and memory (Sutherland et al., 

1989; Warburton et al., 1997; Aggleton and Brown, 1999; Mair et al., 2003).  

However, there are multiple conflicting observations and analyses of the function 

of this neuronal structure in allothetic-based memory and spatial navigation 

strategies. It has been suggested that the all of the anterior thalamic nuclei, 

including the anterodorsal (AD), anteroventral (AV), and anteromedial (AM), 

participate in an “extended hippocampal system” that is implicated in the spatial 

memory mechanism (Aggleton and Brown, 1999).  However, the necessity of the 

input or processing of the entire anterior thalamic nuclei, and more specifically 

the ADN, has not been resolved.  Van Groen et al. (2002) reported that only 

lesions of the entire anterior thalamic nucleus (AD/AV/AM) produce disruption of 
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spatial memory, and not specific lesions of individual anterior thalamic regions.  

Other studies have shown that lesions of the anterior thalamic nucleus do not 

disrupt spatial learning and memory unless long delays are imposed between 

learning acquisition and testing (Beracochea and Jaffard, 1994).  Conversely, it 

has been shown that cytotoxic lesions of the AD/LD nuclei of the thalamus 

disrupts performance in the alternation response of the T-maze and in the 

Pearce water maze, which dissociates place navigation and directional 

navigation using a moving beacon that specifies the location of the platform 

requiring the use of internal heading vectors to successfully navigate to the goal 

location (Wilton et al., 2001).  Rats with AD/LD lesions were unable to use 

allothetic and idiothetic cues to perform directional navigation due to the loss of 

function of AD and LD nuclei (Wilton et al., 2001).  

Since approximately 60 % of the cells in the ADN are HD cells, the 

abolition of directional navigation due to the inactivation of the ADN is likely a 

result of the subsequent inactivation of HD cells.  It is easy to assume that these 

cells are the basis of directional navigation since they exhibit succinct firing 

patterns when the head is orientated in a particular direction.  If HD cells are the 

neural correlates of directional navigation, then it would be expected that 

directional behavior is consistent with the firing activity of these cells.  However, 

these assumptions are not definitively supported by empirical data, and 

relationship between HD cell activity and spatial behavior has become a topic of 

debate also.  Dudchenko and Taube (1997) were the first to characterize HD cell 

activity in a spatial navigation task.  Rats trained in the radial arm maze showed 
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corresponding shifts in HD cell preferred firing direction and altered search 

behavior when the primary cue was rotated in the environment.  These results 

support the theory that HD cells contribute to the animal’s perceived orientation 

in the environment and therefore are used in the implementation of directional 

navigation behavior.  Similar studies have shown a contrasting dissociation 

between HD cell activity and spatial behavior.  In a variety of tasks requiring 

spatial navigation, Golob et al. (2001) found that although the navigation 

behavior of most of the animals accurately shifted in respect to the cue or 

environmental manipulation, the preferred firing direction of the HD cells 

recorded in the ADN remained constant and were not at all affected.  In addition, 

on a number of trials, the HD cell preferred firing direction would shift by 90° or 

180°, but the spatial behavior of the animal would not shift.  These results 

demonstrate discordance between HD cell activity and spatial behavior, and do 

not support the hypothesis that HD cells provide the directional heading 

information used to generate directional behavior.  Comparable dissociation 

results were also found using Tolman’s (1946) radial arm maze paradigm (Muir & 

Taube, 2003).  ADN and PoS HD cell activity was recorded during training trials 

on a restricted maze route.  The animals were then forced to use a novel route in 

the radial arm maze to reach the learned goal location.  The preferred firing 

direction of the HD cells remained constant and independent from the behavioral 

choice made by the animal.  These findings, along with those from Golob et al. 

(2001), show that HD cell activity has no correlation with directional behavior.  

This directional signal supplied by HD cells may allow the animal to know where 
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it is in the environment, but it is not necessarily used to guide navigational 

behavior.  It is known that the firing of these HD cells in the ADN send directional 

heading information to the PoS and hippocampus to be integrated with other 

vestibular, visual, and place information processing mechanisms (Taube, 2007).  

Although the physiological activity of the HD cells in the PoS are dependent on 

the activation of the ADN, the global function of the HD cells in the directional 

circuit is unknown.  Further investigation of the physiological properties and 

substrates of HD cells would enable the composition of a more detailed profile of 

the function of these cells and their role in the brain mechanisms that are 

essential for directional navigation. 

 In conclusion, the results of these two experiments collectively 

demonstrate two important features of spatial navigation in the mouse model.  

Behaviorally, it has been revealed that mice prefer to solve spatial navigation 

tasks with directional navigation strategies.  The directional behavior may be 

dependent on the function of head direction cells in the ADN. Further analysis of 

the directional heading behavior of muscimol-treated subjects needs to be 

examined in order to determine the complete effects caused by the inactivation of 

the ADN.  It would be interesting to also consider the influence of the place cell 

circuit on directional navigation.  It is comprehensible to assume that the two 

navigation systems communicate with and influence each other since they are 

both intricately intertwined.  Identification of the complete spatial navigation 

process, including directional navigation and place navigation, will provide more 

advanced knowledge of the function and applicability of these behaviors.  
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