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Chapter 4



EXPLORATION AND AMBULATORY BEHAVIOURS IN NORMAL AND FORNIX TRANSECTED MACAQUE MONKEYS IN AN OPEN SPACE Sze Chai Kwok* Department of Experimental Psychology, University of Oxford, Oxford, United Kingdom Neuroimaging Laboratory, Santa Lucia Foundation, Rome, Italy



ABSTRACT Prompted by the theoretical prediction that damage to the hippocampal system should abolish exploratory behaviour, the present study examined exploratory movements in control monkeys (CON) and monkeys with transection of the fornix (FNX), a major input/output pathway of the hippocampus. CON and FNX monkeys were introduced to a large novel octagonal chamber (approximately 7.4 m2) for six daily sessions each lasting 20 minutes. Both groups visited, punctuated by stops, the majority of the floor-space of the environment in each of the sessions. The exploratory movements of CON and FNX groups were not significantly different on most of the measures taken over 6 consecutive days. These measures included cumulative distance traveled, number and duration of stops, travelling patterns, and proportion of time spent in each of 12 designated zones of floor-space. The high degree of similarity in behaviour between CON and FNX groups suggests that an intact hippocampal system is not necessary for the display of normal exploratory movement per se. On the other hand, the CON and FNX groups did behave differently on two measures. First, the CON group exhibited a decrement in distance traversed over consecutive epochs within the first test session whereas FNX animals did not. Second, on those days in which the chamber was made visually asymmetrical, the CON animals tended to show a predilection for spending proportionally more time within one particular quadrant of the chamber. These observations are consistent with the idea that interrupting normal hippocampal system function by means of fornix transection is detrimental to learning about the spatial layout of environments. As the first attempt to compare exploratory and ambulatory behaviours *
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Sze Chai Kwok of monkeys with and without fornical damage in a large open space, I argue that while monkeys with fornix transection still display intact locomotor and exploratory behaviour patterns, their new learning of visuospatial context is impeded.



INTRODUCTION In their seminal book Hippocampus as a Cognitive Map (1978), O’Keefe and Nadel postulated a theoretical link between hippocampal circuitry and exploratory behaviour, in which they stated exploration is fundamental in building and updating the internal representation of the spatial layout of an environment and that an intact hippocampus is pivotal to a functional exploratory repertoire. O’Keefe and Nadel’s argument that animals with hippocampal lesions would cease to display exploratory behaviour was based upon the hypothesis that the hippocampus serves as a cognitive map requiring environmental information derived from exploration (Clark BJ et al., 2005; O'Keefe J and L Nadel, 1978). Although the hypothesis that the hippocampus serves as a cognitive map has received extensive examination (e.g. Redish AD, 1999), there has not been similar focus of research into the predication that the hippocampal system is required for exploration (Clark BJ et al., 2005). Other workers in the field have advocated similar theories that the hippocampal formation is essential for spatial relational learning and memory (Eichenbaum H, 2000; Eichenbaum H et al., 1994), and for the formation and use of allocentric representations of space (Lavenex PB et al., 2006; Nadel L and O Hardt, 2004; O'Keefe J and L Nadel, 1978). Studies have reported that there are alterations in exploratory behaviours displayed by hippocampal lesioned rats in open field tests (Whishaw IQ et al., 1994), but other studies have reported that hippocampectomized rats still investigate novel objects and are sensitive to changes in their location (Harley CW and GM Martin, 1999). However, until recently there have been no detailed analyses of animals’ ongoing movements and movement patterns after hippocampal system damage. For this reason, Clark and colleagues (2005) examined exploratory movements in control rats and rats with hippocampal lesions [produced with the neurotoxin N-methyl D-aspartate (NMDA)] attempting to test the hypothesis that damage to the hippocampus would abolish exploratory behaviour. On four successive days, control and hippocampal rats were placed onto a circular table near to which a large salient visual cue was positioned and their exploratory movements were measured. They found that there was no difference in these measures between control rats and rats with hippocampal lesions on the first test day. However, by the time of the fourth day of testing control animals were found to be less active on most of the measures of exploration, whereas the behaviour of hippocampal rats remained unchanged from that observed on the first day. Thus Clark and colleagues (2005) asserted that the hippocampus may not be necessary for the display of normal exploratory movements by making inference from the high degree of similarity in behaviour between hippocampal lesioned and control rats on Day 1, and the persistence of this behaviour in hippocampal rats on Day 4. This finding also suggests that hippocampectomized rats’ behaviour might be related to a spatial memory impairment impeding acquisition of familiarity with the environment that the animal finds itself in (Clark BJ et al., 2005). A handful of ambulatory studies on nonhuman primates have also been conducted. One of the earliest ambulatory studies on nonhuman primates was carried out by Murray and
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colleagues (1989 Exp. 1) in which macaque monkeys were trained preoperatively on delayed non-matching to sample in a T-maze, and were then retrained postoperatively to the same criterion they had attained before surgery. The results demonstrate that monkeys with fornix transection are severely impaired on this spatial working memory task requiring locomotion. However, strictly speaking, this task could not be regarded as an exploratory task because behaviour at the choice point in the maze was simply a choice between two spatial directions of movement and so this task is at best qualified as a delayed non-matching to locations test that involves locomotor actions. Interestingly, it has been shown that normal marmoset monkeys can be trained to perform very well at this task too (Easton A et al., 2003). Until more recently, two other studies, both conducted in an open-field, set out to investigate the effects of selective bilateral hippocampal lesions on spatial learning in ambulatory macaque monkeys. The first study was a series of open-field experiments (Hampton RR et al., 2004) that allowed tethered monkeys to walk about in a large-scale environment. Monkeys with bilateral hippocampal excitotoxic lesions were tested in matchto-location tasks. The results demonstrate that selective hippocampal lesions in monkeys impair memory for location in an open-field. Although the data indicate that the monkeys encoded some allocentric information about the goal locations, the study was not able to demonstrate a reliance on an allocentric representation of space in normal monkeys by ruling out the use of an egocentric strategy; and thus the authors were unable to determine whether their monkeys were using a true ‘cognitive map’. In contrast, in Lavenex and colleagues (2006)’s study, freely moving monkeys were trained to forage for food located in six goal locations among 18 locations distributed in an open-field arena. Multiple goals and four pseudorandomly chosen entrance points precluded the monkeys’ ability to rely on an egocentric strategy to identify food locations. Trials were also divided into either under a local visual cue condition or a spatial relational condition involving distant environmental cues. Both hippocampal-lesioned and control monkeys discriminated the food locations in the presence of local cues. In the absence of local cues, control monkeys discriminated the food locations, whereas hippocampal-lesioned monkeys were unable to do so. The results demonstrate that the monkey hippocampal formation is critical for the establishment or use of allocentric spatial representations and that selective damage of the hippocampus prevents spatial relational learning in nonhuman primates. There are also some unconventional mazes for nonhuman primates, such as a large virtual space in a virtual navigation task (Hori E et al., 2005), a visual maze (Crowe DA et al., 2004) and a V-shaped maze (McDermott J and M Hauser, 2004). However, these mazes can at its best test spatial memory but not the type of cognitive function (e.g. learning of new spatial relations) lost in subjects with hippocampal damage. Furthermore, it came to our attention that some other more sophisticated monkeys maze models are being developed (Zhang B et al., 2008), which will be valuable for future studies involving spatial learning and memory. All of these studies were designed more to assess spatial relational learning but less on exploratory behaviours per se, and mainly focused on selective hippocampal lesions. As I have contended somewhere else (Kwok SC, 2011), fornix transection might produce different functional deficits from selective hippocampal lesions. In view of these considerations, we conducted an exploratory study with unrestrained monkeys, either with and without fornix lesions, in an enclosed chamber, in which they were allowed to explore the environment freely.
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To facilitate this my colleague and I designed and built a novel octagonal test chamber within which unrestrained monkeys were able to freely ambulate around (Figure 2). At the start of this experiment the chamber was a completely novel environment to all of the experimental animals and for six consecutive days we observed and recorded the exploratory behaviour of a control group and a group of fornix transected macaques by means of an automated movement tracking system. We hypothesised that if the role of the hippocampus in exploration and spatial learning is conserved between rodents and primates, then we would observe that macaques with fornix transection would continue to explore the chamber at a similar rate across days, whereas the control macaques might show reduced exploratory behaviour as the chamber becomes an increasingly familiar environment. Furthermore, we also manipulated the degree of visual symmetry of the chamber between days to assess whether any such effect would only be seen on days where the directionality within the chamber was made explicit by an addition of asymmetrical visual cues. Readers may be reminded that all the studies reviewed in a recent chapter (Kwok SC, 2011) sought to assess one (or maybe two) very specific aspect of memory functions, and mostly involved small-scale environments in which monkeys responded by reaching, rather than by traveling to, different locations in space. Recognising that a holistic picture of normal functioning of an organism will be better shown with testing conducted under more naturalistic, or at least larger and immersive, environments, I detailed here the exploratory behaviours in respect to the effects of fornix transection on locomotion, exploration and learning in a group of macaque monkeys.



SUBJECTS Six male cynomolgus monkeys (Macaca fascicularis) took part in this experiment. Their mean weight at the start of behavioural testing was 6.4 kg, and their mean age was 5 years and 3 months. All six monkeys had identical pre- and post-operative experience in concurrent discrimination learning tasks in series of experiments that were carried out before the present study began (Buckley MJ et al., 2005). They were housed together in a group enclosure, excepting two, who were housed together as a pair; all had automatically regulated lighting and with water available ad libitum.



SURGERY Three of the six monkeys had received bilateral fornix transection (group FNX) and the remaining three were unoperated controls (group CON). All procedures were carried out in compliance with the United Kingdom Animals (Scientific Procedures) Act of 1986. The operations were performed in sterile conditions with the aid of an operating microscope, and the monkeys were anesthetized throughout surgery with barbiturate (5% thiopentone sodium solution) administered through an intravenous cannula. A D-shaped bone flap was raised over the midline and the left hemisphere. The dura mater was cut to expose the hemisphere up to the midline. Veins draining into the sagittal sinus were cauterized and cut. The left hemisphere was retracted from the falx with a brain spoon. A glass aspirator was used to
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make a sagittal incision no more than 5 mm in length in the corpus callosum at the level of the interventricular foramen. The fornix was sectioned transversely by electrocautery and aspiration with a 20 gauge metal aspirator insulated to the tip. The dura mater was drawn back but not sewn, the bone flap was replaced, and the wound was closed in layers. The operated monkeys rested for 11 – 14 days after surgery before beginning postoperative training. Unoperated control monkeys rested for the same period of time between preoperative and postoperative training.



HISTOLOGY



Figure 1. (A) Coronal section from the brain of a normal unoperated macaque just posterior to the level of the interventricular foramen; (B, C, D) coronal sections from the brains of three fornix transected monkeys showing that the fornix transection was complete (the anterior-posterior level of the fornix transection varies between these monkeys depending at which level the fornix was cut through a small hole made in the corpus callosum at that level).
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At the conclusion of this and a number of further tasks that involved concurrent object discriminations (Wilson CRE et al., 2007), visuospatial associative discriminations (Kwok SC and MJ Buckley, 2010), visuovisual associative learning (Kwok SC and MJ Buckley, 2009), and long-term retention memory (Kwok SC and MJ Buckley, 2010), the animals with fornix transection were deeply anaesthetised, then perfused through the heart with saline followed by formol-saline solution. The brains were blocked in the coronal stereotaxic plane posterior to the lunate sulcus, removed from the skull, and allowed to sink in sucrose-formalin solution. The brains were cut in 50 µm sections on a freezing microtome. Every fifth section was retained and stained with cresyl violet. Microscopic examination of the stained sections revealed in every case a complete section of the fornix (see Figure 1, panels B, C and D) with no damage outside the fornix except for the incision in the corpus callosum as described in the surgical procedures and at most, only slight damage to the most ventral part of the cingulate gyrus at the same anterior-posterior level in only one hemisphere of one animal (Figure 1, panel B). A coronal section of a normal control monkey’s brain with an intact fornix is also shown for comparison (Figure 1, panel A).



AMBULATORY APPARATUS The ambulatory apparatus was a symmetrical eight sided chamber with opposing sides of either 128 cm or 120 cm long (see Figure 2, panel 1 for a diagrammatic plan). The length across the chamber was 3.2 m and the total floor area was approximately 7.4 m2. Four touchscreens (each with a visible screen area of 20 inches diagonally) were embedded in four of the walls for the purpose of displaying stimuli and registering the monkeys’ responses to such stimuli (Figure 2, panel 1). An infra-red camera equipped with a wide angle lens was mounted centrally on the ceiling of the chamber (2.1 m above floor level) and was used with motion analysis software to continually record the movements of monkeys during the experiment. The walls and the floor of the chamber were coated with a durable waterproof material colored white and light yellow respectively upon which the dark coat of the monkey always stood out (due to differences in contrast) in the video images, thereby facilitating software analysis of the animal’s motion in the captured video. In addition, four separate infra-red CCTV cameras equipped with infra-red light sources were also mounted high upon the ceiling in a symmetrical manner which allowed each one to capture a direct view of one of the four touchscreens, enabling the experimenter to observe the monkeys’ screen touching behaviours from outside of the closed arena. Four extraction fans were installed, located on the top part of four of the wall panels to provide adequate ventilation within the enclosed arena during the testing session and the noise which these four fans generated while operated also acted as a mask of extra-chamber noise. One wall contained a large hinged door through which the experimenter could enter or leave the chamber between sessions to clean the chamber (three other walls contained a ‘false’ door to maintain visible symmetry). This large door (when closed) also contained within it a smaller door that could be raised or lowered to allow the monkey to enter or leave the chamber via a transport cage which could be securely abutted to the outside of the chamber at this point. When closed, the rectangular outline of this smaller door could be discerned from the inside and so the outlines of three ‘false’ small doors were drawn on three other walls to maintain visible symmetry. Altogether, a convincing
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visually-symmetrical environment was achieved within which human subjects quickly became disorientated after walking around for a few moments. However, on certain days, a non-symmetrical environment was created with the addition of visual aids to provide salient cues to directionality. A dramatic landscape poster (91 x 60 cm) was positioned above one touchscreen, a picture of a bird (30 x 27 cm) was positioned above another, and a 60W lamp shone through the extraction fan hole above a third screen (the effect of this lamp was to allow light to flood into the chamber from one point only in the room, akin to an artificial ‘sun’). The asymmetrical environment was set up exactly the same way on each of these asymmetrical days. A mechanism to deliver food rewards to the monkey inside the chamber was incorporated by means of four white food pellet bowls positioned to the lower left hand side of each touchscreen; food rewards could be delivered from dispensers installed outside the chamber via a tube system connected to these bowls. However, these pellet dispensers (and the touchscreens themselves) were not used in this study.



PROCEDURE For each session, a monkey was brought to the testing room in a wheeled transport cage, which abutted a sliding door of the apparatus, through which the monkey was introduced into the chamber. Each exploratory session lasted 20 minutes in which the animal was free to ambulate and explore the chamber at will. At the end of the session, the monkey left the chamber to be fed in its transport cage before being returned to its home cage. This procedure was repeated on 6 successive days, of which days 1, 3 and 5 were carried out in the symmetrical environment whereas days 2, 4 and 6 were carried out in the non-symmetrical environment. During the course of this study monkeys were given their daily food ration at the end of the daily session.



Movement Tracking and Arena Design Each session was captured digitally by an overhead camera attached to a computer. TopScan software 1.0 (Clever Sys. Inc. Virginia, VA, 20190, USA) was used to determine the monkey’s position and locomotion at a capturing speed of 30 frames/second. The video file was then compressed and analyzed within TopScan to generate the trace paths, cumulative traveled distance, number and duration of stops, traveling patterns and proportion of time spent in each of 12 designated zones. Figure 2 (panel 2) depicts each of the 12 zones used for analysis: the floor of the chamber was divided into 4 quarters (with a touchscreen centered in each) and each of these was subsequently split up into three smaller areas. This particular zoned design allowed us to assess which screen the monkey was closest to at any point in time and to observe whether or not a monkey had any predilection to spend time in particular areas within the chamber.
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Figure 2. Panel 1. A plan of the ambulatory apparatus showing its dimensions and the positions of internal features, such as four touchscreens embedded in four of the walls, the four white food pellet bowls positioned next to the touchscreens, and the door through which a monkey enters into the chamber. Panel 2. A topographic representation of the apparatus arena (consisting of 12 areas).



Behavioural Measures We recorded a number of behavioural measures in both the CON and FNX groups, across six consecutive days of testing. However on days 1, 3, and 5 we presented no visual cues to symmetry whereas on days 2, 4, and 6 we included the same set of cues to make the room visually asymmetrical. The following measures were used to examine the monkeys’ exploratory movements on each daily session which lasted a total of 20 minutes: [1] Cumulative distance. The exploratory paths taken by each monkey on each day were reconstructed and measured in length. The cumulative distances traveled by each monkey on the first day were also examined and analyzed within five consecutive four-minute epochs. [2] Number and duration of stops. A stop was defined by a ratio of displacements of an animal’s body between two consecutive time frames according to TopScan’s motion measure function. An animal was classified as static (stopped) when the motion measure was below a value of 0.5. The duration of total stops was also measured. [3] Designated zones and screen quadrants. The floor was divided into four main quadrants, each of them representing the area in front of a screen (i.e. screen quadrants 1, 2, 3 and 4) and each of these screen quadrants were further divided into three smaller zones (i.e. an ‘outer’ Zone A, an ‘intermediate’ zone B and an ‘inner’ zone C). Figure 2 (panel 2) shows the layout of each of the twelve zones. The proportion of time spent in each screen quadrant and zones were analyzed. [4] Trace paths and thoroughness of exploration. A plan of chamber floor was divided into 244 individual squares by means of a regular grid superimposed upon the plan.
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An average monkey body occupied roughly 10 squares of the grid. Trace paths of monkeys’ movements were generated in accordance to the center of a monkey’s body mass (computed by TopScan software) and each trace of exploration was then analysed with reference to this grid to determine the number of squares on the grid that were crossed either i) never, ii) once, or iii) more than once, this was done independently for every session of every monkey to examine the thoroughness of each daily exploration with respect to the proportion of floor-space visited.



RESULTS Behavioural Results Both the control and the fornix groups were active in that they locomoted extensively throughout the chamber during six 20-minute test sessions. Behaviour consisted of mainly locomotor progressions punctuated with periodic stops. Locomotion was mainly directed to the periphery of the chamber, but also included occasional trips across the center of the chamber. Comparisons between the control group and the fornix group across a wide range of behavioural measures showed that the two groups did not differ greatly in their behavioural profile across the six exploratory sessions.



Cumulative Distance A) Across Six Daily Sessions



Figure 3. Traces of the exploratory paths followed by a representative control monkey (left panel) and a fornix lesioned monkey (right panel) on the first (day 1) and last day (day 6) of testing.
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The mean distances traveled per 20-minute session averaged across the six sessions were 502 m for the CON group (range 359 m to 587 m) and 340 m for the FNX group (range 129 m to 621 m). An ANOVA of the average distance traversed per day showed that there were no significant differences between groups [F (1, 4) < 1]. A repeated measures ANOVA of the distance traveled on each of the six days of testing showed that there were also no significant changes in distance traveled by the groups across successive days [Session: F (5, 20) = 2.10, p > 0.1; Group*Session: F (5, 20) = 1.379, p > 0.1, and the linear trend component of this interaction was also insignificant] (see Figure 3 for examples of trace paths on the first and last days). An ANOVA considering the within-subjects differences between the mean daily distance traveled on symmetrical versus non-symmetrical days also showed no significant differences between groups [F (1, 4 < 1].



B) Across Epochs within the First Test Session (Day 1)



Figure 4. Traces of the exploratory paths followed by a control monkey (top panel) and two fornix lesioned monkeys (middle and bottom panels) in the first and second halves (10 minutes each) on the first day of testing.



As there was considerable individual variation in the mean distances traveled in the first epoch of the first testing session (Day 1) we conducted a repeated measures ANOVA on the logarithmic transformed distance traveled in five consecutive epochs within Day 1. This analysis showed that there was a significant difference between the groups in the within-
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subjects changes in distance traveled across these epochs [Group*Epoch: F (4, 16) = 3.601, p = 0.028] (see Figure 4 for example trace paths of animals from each group in the first and last half of session 1). Further, the linear trend component of this interaction was also significant [F (1, 4) = 10.468, p = 0.032] reflecting the fact that the difference between groups was apparent in the early epochs but not the latter epochs; indeed, despite marked individual differences in distance traveled in the first epoch, only the CON group animals showed a consistent tendency to travel less in later epochs (see Figure 5 for regression lines of the mean changes in distance traveled by each group across the five epochs of the first session).



Figure 5. A graph showing the regression lines of the distances traveled in five 4-minute epochs by the CON and FNX groups on Day 1.



Stops and Duration of Stops The mean numbers of stops averaged across the six sessions were 193 stops for the CON group (range 128 to 270) and 361 stops for the FNX group (range 234 to 536). An ANOVA of the average number of stop per day showed that there was no significant differences between groups [F (1, 4) = 2.888, p > 0.1]. A repeated measures ANOVA of the number of stops on each of the six days of testing showed that there were also no significant changes in the number of stops by the groups across successive days [Session: F (5, 20) < 1; Group*Session: F (5, 20) < 1, and the linear trend component of this interaction was also insignificant]. An ANOVA considering the within-subjects differences in the mean daily number of stops on symmetrical versus non-symmetrical days also showed no significant differences between groups [F (1, 4) < 1]. The mean duration of stops averaged across the six sessions were 271 seconds for the CON group (range 195 s to 391 s) and 429 seconds for the FNX group (range 184 s to 575 s). An ANOVA of the average duration of stops per day showed that there was no significant
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differences between groups [F (1, 4) = 1.319, p > 0.1]. A repeated measures ANOVA of the duration on each of the six days of testing showed that there were significant changes in the duration of stops across successive days [Session: F (5, 20) = 9.709, p < 0.0001] but there was no significant effect between groups [Group*Session: F (5, 20) = 1.232, p > 0.1, and the linear trend component of this interaction was also insignificant]. An ANOVA considering the within-subjects differences in the mean daily duration of stops depending upon whether the day was symmetrical or non-symmetrical also showed no significant differences between groups ( F (1, 4) = 3.039, p > 0.1).



Zone Preference The mean percentage of time spent inside the designated zones (see Figure 2, panel 2 for the division of zones) averaged across all of the six sessions were: zones A 1-4 (33.1% for CON and 33.0% for FNX); zones B 1-4 (63.6% for CON and 60.6% for FNX) and zones C 1-4 (3.3% for CON and 6.4% for FNX) respectively. ANOVAs showed that there were no significant differences between groups in the proportion of time which they spent in each of the different zones averaged across all days: zones A [F (1, 4) < 1], zones B [F (1, 4) < 1], and zones C [F (1, 4) = 4.836, p = 0.09] respectively. A repeated measures ANOVA indicated that there were some significant changes in the proportion of time spent by the animals in different zones across successive days of testing. The proportion of time spent by the monkeys in zones B varied significantly between days [Session: F (5, 20) = 3.550, p = 0.018] but there was no indication that the patterns of exploration exhibited by the two groups differed in this regard [Group*Session: F (5, 20) < 1]. As for other zones (zones A and zones C), there were no significant changes in zone preference across successive days and no significant changes between groups differences. ANOVAs considering the within-subjects mean differences in the percentage of time spent inside each of the zones depending upon whether the day was symmetrical or non-symmetrical also showed no significant differences between groups [Zone A: F (1, 4) = 4.192, p > 0.1; Zone B: F (1, 4) < 1; and Zone C: F (1, 4) < 1].



Screen Quadrant Preference and Effects of Symmetry The mean percentage of time that the CON and FNX monkeys spent inside each of the screen quadrants (see Figure 2, panel 2) were as follows: for quadrant 1 (30.5% for CON and 24.7% for FNX); for quadrant 2 (19.9% for CON and 23.0% for FNX); for quadrant 3 (21.1% for CON and 25.8% for FNX); and for quadrant 4 (28.5% for CON and 26.4% for FNX) respectively. A repeated measures ANOVA of the mean percentage of time spent in each of the four quadrants (with 4 levels of the within-subjects factor quadrant, 2 levels of the withinsubjects factor symmetry, and one between-subjects factor group) indicated that quadratic component of the group x quadrant interaction approached significance [F (1, 4) = 5.646 p = 0.076]. This, together with our observations that there were marked individual differences in preferences to quadrants and the feature of our design which ensured differential availability of different kinds of cues to each quadrant in asymmetrical days prompted us to examine the data in closer detail. Thus, even despite individual differences in preferences we discerned
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that the CON group appeared on average to prefer to spend proportionally more time in the two quadrants on either side of, and therefore equally closest to, the exit (Figure 2, panel 2). A t-test confirmed that averaged over the 6 days the CON group’s summed preference scores for these two ‘exit’ quadrants as opposed to the other two ‘non-exit’ quadrants was indeed significantly greater than that of the FNX group (t = 2.379, df = 4, p = 0.038, 1-tailed). Furthermore, only one of the exit quadrants (quadrant 1) was illuminated by the artificial sun while the other (quadrant 4) remained in relative darkness. Although individual subjects exhibited varying preferences to quadrants with a single ‘attractive’ feature (exit proximity or lightness) examination of the data showed that a clear consensus in preference emerge in the CON group towards spending proportionally more time in the zone with both alluring features present (Figure 6). Indeed, an ANOVA considering the within-subjects differences in the percentage of time spent inside each of the four quadrants depending upon whether the day was symmetrical or non-symmetrical showed that the CON group tended to increase the amount of time spent within a particular quadrant (quadrant 1) when the chamber was made asymmetrical but that the FNX group showed no such bias on asymmetrical days [F (1, 4) = 14.266, p = 0.019]. No such effect was found with the other three quadrants (all F’s (1, 4) < 1). Individual differences in the proportion of time spent inside quadrant No. 1 % difference in duration spent in quadrant no. 1 (asymmetrical - symmetrical days)
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Figure 6. A graph showing the differences in the mean percentage of time (asymmetrical days – symmetrical days) spent within quadrant no. 1 for six individual monkeys.



Proportion of Arena Visited The average proportions of the arena visited by the monkeys averaged across the six sessions were 92.5% for the CON group (range 84.6% to 98.4%) and 94.2% for the FNX
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group (range 87.9% to 98.7%). An ANOVA of the percentage of squares visited showed that there were no significant differences between groups in all three measures: i) squares never visited, F (1, 4) = 0.106, p > 0.1; ii) squares visited only once, F (1, 4) = 0.053, p > 0.1; and iii) squares visited more than once, F (1, 4) < 1. A repeated measures ANOVA of the proportion of the arena visited on each of the six days of testing showed that there were no significant changes in the proportion of the arena visited by the groups across successive days [Session: F (5, 20) = 0.839, p > 0.1; Group*Session: F (5, 20) < 1, and the linear trend component of this interaction was also insignificant]. ANOVAs of the within-subjects differences in the mean proportion of the arena visited on symmetrical versus nonsymmetrical days also showed no significant differences between groups in all three measures [squares never visited: F (1, 4) < 1; squares visited only once: F (1, 4) = 1.561, p > 0.1; and squares visited more than once: F (1, 4) < 1].



Individual Differences Despite the overall pattern of the main effects of the behavioural measures, there were some striking individual differences in the behaviour pattern of FNX monkeys. Similar to hippocampal rats [(O'Keefe J and L Nadel, 1978), Table A14], the effect of fornix lesion on hyperresponsivity in our FNX monkeys was also not invariant. For instance, the most and the least active monkeys of all were both from the FNX group. In the measure of distance traveled, the least active monkey (FNX3) traveled merely 129 meters on average across six sessions, whereas the most active one (FNX1) traveled 621 meters (compared to 421 meters overall mean of all six monkeys). Evidence of this bipolar activity level within FNX group also manifested itself in other measures such as the number of stops and the total duration of static state. In the aspect of traversing patterns, one lesioned monkey (FNX2) traversed distinctly from others (e.g. FNX1) in a manner that it did not explore in a circling pattern around the periphery of the chamber but making many crosses and shortcuts across the chamber instead (Figure 4, contrasting middle and bottom panels). In order to minimise the variances due to individual differences, many of our analyses above have taken individual differences into account by considering within-subjects measures such as change in individual activity levels over epochs, and over days, and by using comparisons of within-subjects activities on symmetrical versus asymmetrical days.



CONCLUSION Following Clark et al. (2005)’s findings of intact exploratory behaviour in hippocampal lesioned rats on an open circular table, the present study tested the prediction that transection of the fornix in monkeys would not abolish their exploratory behavioural patterns in a novel environment. On 6 successive days, control and fornix transected monkeys were introduced into an octagonal chamber in which their locomotion and movements of exploration were assessed according to a number of measures. Both CON and FNX monkeys visited, punctuated by stops, the majority of the floor-space of the chamber in each of the 20-minute sessions. CON and FNX monkeys were surprisingly similar on most measures of exploratory
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movements: including the cumulative distance traveled, the proportion of the floor-space of the chamber traversed, the number of stops and the amount of time spent still. We observed that FNX monkeys were as active as controls, but showed no signs of hyperactivity relative to controls, in locomoting within the chamber across all 6 days. The similarity of activity level between groups is taken as evidence that FNX monkeys are not un-motivated relative to the CON monkeys. The present results confirm that locomotor ability and motivation for exploring in a novel environment are well preserved in macaque monkeys with fornix lesions. This strengthens arguments (Gaffan D, 1998) against the claim made by Whishaw and Jarrard (1996) that the hippocampal system, rather than contributing to learning per se, might instead mediate integrative processes providing movements that lead to learning. Our findings indicate that disrupting the normal function of the hippocampal system in non-human primates, by means of fornix transection, has no effect upon these proposed motor processes. Thus, in so far as our behavioural measures assess the extent of exploratory behaviour, our results do not support the hypothesis put forward by O’Keefe and Nadel (1978) that, if subject to hippocampal system disruption, animals would cease to display exploratory behaviours. Clark et al. (2005) showed that whilst unoperated control rats exhibited ‘habituation’ (in terms of sustaining reactivity to salient aspects of a testing situation) over successive days of testing in a novel environment, rats with hippocampal lesions in contrast did not. In our experiment in which macaques were similarly introduced into a novel environment, neither the CON nor FNX group showed signs of habituation over successive days as both groups manifested similar exploratory movements across the six daily test sessions. However, we did find evidence for habituation with regard to exploratory behaviour within the first test session as our CON group exhibited a consistent decrement in traveled distance within consecutive epochs of the first test session whereas our FNX group did not. The failure of our FNX group to display ‘habituation’ within the first session is consistent with previous evidence in rat studies that animals with hippocampal system disruption behave differently, with regard to sustaining reactivity to salient aspects of a testing situation (Clark BJ et al., 2005). With regards to Clark et al. (2005)’s study, one could estimate a ratio of the body mass of rats (250 – 300 g on average) to the area of the circular table (5.1 m2) that could be explored by the rats in that study. In order to allow our macaques to explore an environment with the same body mass to area ratio we would have had to build an arena measuring approximately 16 times larger than the 7.4 m2 of floor space available in our current arena. Not only was our novel environment relatively smaller in scale than the novel environment given to rats by Clark and colleagues (2005), it may also be considered to be relatively simplistic in terms of the extent of distinguishing visual features present a real naturalistic environment for macaques, say in a forest. Therefore, it is at least possible to speculate that the relatively small size and low complexity of our environment may have been a contributing factor towards our CON macaques’ abilities to habituate within a very short period of time (within the first 20 minutes) so that no further decrements in measurements could be observed across subsequent days. However, it is also interesting to note that preliminary studies have indicated that when rats are allowed to explore ‘infinite’ virtual environments will freely locomote (or ‘explore’) vast environmental ranges covering up to 220 meters in a single 10-minute session (Hölscher C et al., 2005) suggesting that the environmental ranges given to rats in experimental contexts are similarly restrictive in allowing the expression of natural exploratory tendencies. Thus, while our data is at least suggestive that non-human primates may be able to habituate to visual environmental cues at a faster rate than rodents, in the absence of any means to
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evaluate the relative efficacy of perceptual cues to directionality employed by these two different studies, with different species, and with different environmental ranges, this interpretation must remain speculative at present. Furthermore, other potentially important aspects of species differences, such as the relative importance of visual exploration in monkeys compared to olfactory and tactile exploration in rats, would also need to be taken into account before making any strong claims about general species differences in habituation rate. We found one further measure that distinguished the behaviour of the unoperated control macaques from that of those with fornix transection in our novel experimental arena. Unlike fornix transected animals, control animals showed stronger preferences for spending time in certain regions of the environment. In particular we found that control animals exhibited a mild but statistically significant preference for spending relatively more time in one particular quadrant of the arena (quadrant number 1) on those days in which asymmetrical visual cues gave a stronger sense of directionality to the environment whereas fornix transected animals did not show such a preference on either symmetrical or asymmetrical days. I speculate that the preference for quadrant number 1 might have resulted from a combination of factors. Firstly, with the aid of visual landmarks on asymmetrical days, the CON group may have had a greater capacity to remember from which direction they were introduced into the arena and therefore might have been better able to keep track of the location of the entrance/exit to the arena. Quadrants 1 and 4 happened to be the two quadrants located right next to the exit and all things being equal monkeys might have preferred to locate themselves in and around these quadrants with a view to expediting their exiting from the arena when the opportunity arose (overall, our analyses confirmed that control monkeys indeed expressed a preference for locating themselves within these two quadrants, but that this was not the case in fornix transected animals). However, the chamber was also set up with an ‘artificial sun’ shining light into the arena from above quadrant 4 and which primarily illuminating the other three quadrants. All things being equal, monkeys may have preferred to spend more time in quadrants 1 – 3 either because these positions afforded a view of the source of the light form outside the arena, or perhaps because the relative brightness of these zones afforded a greater sense of security while in an unfamiliar environment. The combination of these two factors may explain why quadrant 1 was much preferred over other quadrants for normal monkeys on asymmetrical days as it was the only quadrant which presented both potential benefits. There are a number of potential reasons for why fornix lesioned macaques may have failed to habituate and to develop regional preferences in response to salient visual cues to directionality available on asymmetrical days. One potential explanation is that our lesioned animals might simply have been impaired at recognising non-spatial or spatial visual features. However we judge this as unlikely as monkeys with fornix transection have been shown to be completely unimpaired at discriminating objects in the context of trial-unique objectrecognition memory tasks (Charles DP et al., 2004), and fornix lesioned macaques have also been shown to remain unimpaired at discriminating large numbers of spatial problems exposed to preoperatively (Buckley MJ et al., 2004; Buckley MJ et al., 2005). Indeed, object and spatial recognition memory has been shown, under some circumstances, to even survive neurotoxic lesions directed towards the hippocampus and amygdala in macaques (Murray EA and M Mishkin, 1998). Moreover, differences in forgetting rate between CON and FNX groups are also deemed to be unlikely to account for the group differences because fornix transection in macaques was shown not to affect the rate at which over 100 visuospatial
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discrimination problems were forgotten even after an interval as long as 15 months (Kwok SC and MJ Buckley, 2010). On the other hand, the lack of selective habituation in the FNX group may reflect the necessity of an intact hippocampal system to build and update the internal representation of the spatial layout of an environment during exploration (Clark BJ et al., 2005; O'Keefe J and L Nadel, 1978). Indeed, some spatial learning theories stipulate that the hippocampal system contributes to exploratory behaviour indirectly by facilitating animals’ acquisition of spatial information regarding their environment (Hines DJ and IQ Whishaw, 2005). While fornix transection has previously been shown to impair macaques’ abilities to learn about scenes (Gaffan D, 1994), such scene learning tasks do not explicitly demand spatial learning. Nevertheless, other tasks that do explicitly tax spatial learning have been shown to be impaired after fornix transection (Buckley MJ, 2005; Buckley MJ et al., 2004; Bussey TJ et al., 2005; Gaffan D, 1994; Gaffan D and S Harrison, 1989; Murray EA et al., 1989). Furthermore, as recent experiments by Charles et al. (2004) and Brasted et al. (2003) have indicated that an intact fornix is also required to support various kinds of temporal information processing tasks, thus one can infer that fornix lesions impairs learning about spatial-temporal context. I propose that a general impairment in learning about context could have impeded the ability of FNX animals to develop location preferences as well as their ability to habituate to the novel environment at the same rate as controls. Nonetheless, we still cannot completely rule out that the behavioural differences between our FNX and CON monkeys might be attributable to underlying deficits of a perceptual nature. According to the MTL (Medial Temporal Lobe) Memory System theory, the MTL contributes exclusively to mnemonic processing (Squire LR and S Zola-Morgan, 1991). However, more recently some authors have challenged this theory on account of evidence that some MTL structures, particularly the perirhinal cortex, contribute to perception [for recent reviews see: (Buckley MJ, 2005; Buckley MJ and D Gaffan, 2006; Bussey TJ and LM Saksida, 2005; Bussey TJ et al., 2005; Lee ACH, MD Barense et al., 2005; Murray EA and TJ Bussey, 1999)]. By this account, MTL structures are critical to higher order perceptual as well as mnemonic processes, and therefore the hippocampus might be involved in perception, of scenes and spatial information in particular. This would be consistent with recent new evidence demonstrating deficits in a variety of spatial processing tasks which place little or no demands on memory following hippocampal damage (Hartley T et al., 2005; Lee ACH, MD Barense et al., 2005; Lee ACH, TJ Bussey et al., 2005). Although in the context of the current study, we are unable to conclude whether the failure of the FNX group to habituate and develop location preference was caused either by mnemonic deficits, perceptual deficits or both, I advocate the view that a role for the hippocampus in spatial perception is not necessarily contradictory to a relational memory view of the hippocampus (Eichenbaum H et al., 1994). The hippocampal system could be involved in the binding of perceptually distinct items both for explicit long-term memory as well as for more immediate processing of the relationships among perceptually distinct elements of scenes or events that give rise to perceived spatio-temporal context. In this study, although monkeys with fornix transection habituated to their new environment in a chamber at a slower rate than their normal counterparts during the first 20min session, their habituation caught up after the first testing session and matched the controls’ level eventually. Since exploratory learning of an environment involves learning of a wide range of information, we cannot ascertain in that experiment whether the slower
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learning of the environment was centred on deficits in learning the visuospatial or just the spatial elements of the context, or in perceptual processing of the context, or other nonmnemonic factors such as differential responses to ‘stress-inducing’ features of the testing situation (Gray JA, 1982). The finding however suggests a possibility that the learning deficits caused by fornix transection are not always of an all-or-none manner. It might be a slowing in the initial phases wherein associative information can be learnt rapidly with an intact hippocampal system (Brasted PJ et al., 2003; McClelland JL et al., 1995) as it has been theorised, from the perspective of connectionist modelling, that the hippocampus might underlie the most rapid learning phases of new associative information (McClelland JL et al., 1995). We have subsequently attempted to test this ‘fast learning’ idea more rigorously by training animals with or without fornix transection to acquire conditional visuospatial problems in another study (Kwok SC and MJ Buckley, 2010), and found that monkeys with fornix transection are impeded in acquiring this kind of problem. Added on to the fast learning impairments already known in visuomotor conditional problems (Brasted PJ et al., 2003), that study provides new evidence to extend the scope of fast learning impairments to a new kind of problem, namely conditional visuospatial. Data from neurophysiological studies showing that neuronal activity changes relatively early in the hippocampus during the learning of location-scene associations (Wirth S et al., 2003) also indicate a wider hippocampal role in subserving the process of fast learning of spatial associations. In conclusion, in the present study FNX monkeys displayed a behavioural pattern that was very similar to that of control animals overall excepting for the fact that they failed to habituate to a novel environment in the same time frame as controls and that they failed to develop a predilection of a particular quadrant. We are able to conclude that motivation and locomotor ability remain intact after FNX transection and to reject the hypothesis that fornix lesions abolish exploratory behaviour per se. Based on the fact that FNX monkeys failed to habituate and to develop location preferences, I suggest that an intact fornix is necessary for habituation to a novel environment, as well as to build and update the internal representation of the spatial layout of an environment during exploration. Whether the underlying nature of this deficit is perceptual or mnemonic remains to be elucidated, and this is therefore a topic of considerable interest that future work should aim to address.
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