Keywords: Large-scale virtual environment, Rhesus Monkeys, Free Navigation, Navigation Strategy, Allocentric, Procedural

Spatial memory and navigation have been widely studied using animal models, most of them were performed with rodents and only few of them with non-human primates. Also, most of these studies were achieved in simple and small-scale mazes.

-New Method In order to test navigation strategy in macaque monkeys, we used a double-cross virtual maze in which they could freely move using a joystick and a procedure adapted from previous studies with rodents. The monkeys had first to learn several routes from a specific starting point to reach separate positions, each one containing distinct symbols, and then to associate each route with these symbols. After this phase, the monkeys had to reach these targets from a second starting point positioned at the other end of the maze, requiring the use an allocentric strategy. In order to evaluate monkey's strategy, we analyzed monkey's first choice as a function of the symbol presented.

-Results

The monkeys were able to learn routes and to associate routes with symbols but were not able to use an allocentric strategy. They also did not use the procedural strategy and seemed disoriented or adopted a stereotypical behavior.

-Comparison with Existing Method(s) Contrary to the few studies using small-scale environments, the monkeys seemed unable to solve the allocentric task. The studies using virtual mazes seemed not to specifically analyze monkey's navigation strategy.

-Conclusions Supplementary experiments will be necessary to explain the origin of the monkey's inability to use an allocentric strategy. Modified learning conditions could also incite the monkeys to develop an allocentric representation.

Introduction

Navigation (also called wayfinding) is described as the ability to reach an invisible target using spatial knowledge (Wolbers & Hegarty, 2010). In animal models based on laboratory mazes, two main navigation strategies have been described. The procedural strategy (also called the "response" or "route-based" strategy and recently the "sequential egocentric" strategy) corresponds to the association of a stimulus with a response and seems strongly associated with the functioning of the caudate nucleus and the dorsal striatum [START_REF] Packard | Inactivation of hippocampus or caudate nucleus with lidocaine differentially affects expression of place and response learning[END_REF]. The second, called the "allocentric strategy" is based on the use of a cognitive map and allows more flexible navigation behaviors (taking shortcuts, navigation detour, reaching places from different starting points) [START_REF] Spiers | A navigational guidance system in the human brain[END_REF]. This representation of space seems to be strongly dependent on the temporal lobe [START_REF] Hunsaker | Unfolding the cognitive map: The role of hippocampal and extra-hippocampal substrates based on a systems analysis of spatial processing[END_REF]. The use of animal models is one way to understand the precise role of the different cerebral structures in large-scale spatial abilities. Most of these studies were carried out on rodents [START_REF] Hunsaker | Unfolding the cognitive map: The role of hippocampal and extra-hippocampal substrates based on a systems analysis of spatial processing[END_REF] and only few of them have been performed on primates. Various paradigm and environments were used: T-maze [START_REF] Murray | Effects of fornix transection and cingulate cortical ablation on spatial memory in rhesus monkeys[END_REF], small scale open spaces with various geometry, containing visual cues, inside which the monkeys could freely move [START_REF] Hampton | Selective Hippocampal Damage in Rhesus Monkeys Impairs Spatial Memory in an Open-Field Test[END_REF][START_REF] Lavenex | Hippocampal Lesion Prevents Spatial Relational Learning in Adult Macaque Monkeys[END_REF], for example). Only two of them have used more complex mazes composed of rooms or hallways [START_REF] Etienne | Easy rider: monkeys learn to drive a wheelchair to navigate through a complex maze[END_REF][START_REF] Zhang | Maze model to study spatial learning and memory in freely moving monkeys[END_REF]. In recent years, virtual reality has emerged as a relevant tool for studying spatial representations in humans [START_REF] Iaria | Cognitive strategies dependent on the hippocampus and caudate nucleus in human navigation: variability and change with practice[END_REF] and in non-human primates (see Sato et al., 2003). Thereby, most of the latest behavioral and electrophysiological studies on spatial memory in rhesus monkeys have been performed with virtual mazes [START_REF] Sato | Context-dependent place-selective responses of the neurons in the medial parietal region of macaque monkeys[END_REF][START_REF] Furuya | Place-related neuronal activity in the monkey parahippocampal gyrus and hippocampal formation during virtual navigation[END_REF][START_REF] Wirth | Gaze-informed, task-situated representation of space in primate hippocampus during virtual navigation[END_REF], with differences between these studies: some used open spaces based on the Morris Water Maze [START_REF] Furuya | Place-related neuronal activity in the monkey parahippocampal gyrus and hippocampal formation during virtual navigation[END_REF][START_REF] Wirth | Gaze-informed, task-situated representation of space in primate hippocampus during virtual navigation[END_REF][START_REF] Morris | Developments of a water-maze procedure for studying spatial learning in the rat[END_REF] and other environments composed of rooms and hallways (Sato et al., 2003). All these studies illustrate the ability of macaque monkeys to navigate and learn routes with several decision points, to reach visible or hidden positions, using abstract cues (geometric and colored symbols) in artificial environments. Some of these studies suggest that macaque monkeys are capable of more flexible behaviors than route repetition (Sato et al., 2003;[START_REF] Furuya | Place-related neuronal activity in the monkey parahippocampal gyrus and hippocampal formation during virtual navigation[END_REF]. But, to our knowledge, only two studies have examined monkey's ability to use and develop an allocentric representation of space in "real" laboratory mazes [START_REF] Hampton | Selective Hippocampal Damage in Rhesus Monkeys Impairs Spatial Memory in an Open-Field Test[END_REF][START_REF] Lavenex | Hippocampal Lesion Prevents Spatial Relational Learning in Adult Macaque Monkeys[END_REF]. These two studies were based on the free exploration of small-scale environments and found that the control monkeys were able to resolve a task requiring an allocentric strategy. However, hippocampus lesion resulted in contradictory results: no effect [START_REF] Hampton | Selective Hippocampal Damage in Rhesus Monkeys Impairs Spatial Memory in an Open-Field Test[END_REF] or failure to use an allocentric representation of the maze [START_REF] Lavenex | Hippocampal Lesion Prevents Spatial Relational Learning in Adult Macaque Monkeys[END_REF]. The aim of our study was to develop and validate a paradigm to investigate navigation strategies in macaque monkeys, using a large-scale virtual environment, in which monkeys must use the relative positions of invisible targets to solve the task. Therefore, we used a virtual maze adapted from a cross-maze already used with rodents [START_REF] Packard | Inactivation of hippocampus or caudate nucleus with lidocaine differentially affects expression of place and response learning[END_REF].

Method 2.1. Participants

Two female rhesus monkeys (Macaca mulatta) (M1, body weight 5.80 kg and M2 body weight 6.20 kg) were used in this research. They were housed under standard conditions (a 12-h light/dark cycle with light on from 08:00 to 20:00 h; humidity at 32 % and temperature at 24 ±2 °C). All experimental and animal care procedures were carried out in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals. The two monkeys were fed and given water after the condioning sessions.

Apparatus

The apparatus is a semi-immersive device in which the virtual maze was presented on a screen (2560 x 1600 pixels; 40 cm high x 62 cm wide). The monkeys were sitting in a chair equipped with a joystick on their right armrest, facing the screen, in a darkened room. The base of the screen was 90 cm from the floor and the monkeys head was placed 40 cm from the screen. The monkeys used a joystick which allowed them to move freely in the virtual maze : (on site to the left, on site to the right, forward, or simultaneously forward to the left and to the right). No backward movement was possible by pulling the joystick and the monkeys could make U-turns while staying in place. Reward delivery was automatically controlled to give water when the target is "hit".

Virtual maze

This maze is a part of a virtual environment we used in previous human experiments [START_REF] Taillade | Age-Related Wayfinding Differences in Real Large-Scale Environments: Detrimental Motor Control Effects during Spatial Learning Are Mediated by Executive Decline?[END_REF]. It was composed of three hallways orthogonally interconnected; four target positions (A, Z, E and R) and two potential starting points (Fig. 1A). Each target was associated with a symbol already used in the CANTAB Monkey and validated by several studies on rhesus monkeys [START_REF] Rodriguez | CANTAB delayed matching to sample task performance in juvenile baboons[END_REF]) (Fig. 1B). One visual cue was present at each decision point: a pink column to the left, viewed from SP1, between the A and Z arms and a blue column to the left, viewed from SP2, between the R and E arms (Fig. 2B). The floor had a white and grey texture, the walls were painted like "real" building frontage and many visual cues were present in the hallways (trees, road signs, barriers, etc.), so that each position in the maze was visually different from the others. No distal cue was available due to the wall's height (Fig. 1B). The speed of movement was proportional to the joystick's inclination. The maximum speed of movement (equivalent to 6 km/h in the real world) allowed the monkeys to reach the first intersection in 4 sec, the second intersection in 20 sec, the two closest targets (A and Z) in 9 seconds and the two farthest targets (E and R) in 30 seconds in case of optimal trajectory. During the phase 1 and 2, the monkeys could see directly SP2 from the intersection between the arms E and R (Fig. 1A &1B).

Adaptation

The experimenter frequently gave the monkeys various kinds of fruits to establish a friendly relationship with the animals. The monkeys had previously been exposed to another simple virtual maze with rooms, doors and symbols in which they were trained to use the joystick, make simple forward movements, turn left or right and reach symbols in small rooms, which required 7 months, 1.5 supplementary months to alternate between left and right turns, and 1 additional month to pass the doors. The monkeys stopped this experiment several months before beginning this one. So, the monkeys were familiarized with the apparatus, the chair and the joystick use and to navigate in an artificial environment.

[Figure 1] 

Behavioral tasks 2.5.1. Organization of the trials

The aim of the task was to reach the correct arms, according to the symbol presented at the beginning of the trial, from one defined starting point. Each single trial, whatever the phase (Route Learning, Route/Symbol association and Navigation Strategy task), was organized as in Fig. 1C and in this chronological order. The monkeys had to enter the arms (pass the virtual line formed by the two corners of each wall) to make the symbol appear, so that no symbol was visible from the two intersections that the monkeys occupy. So, the monkey's choice is based on their memory of the targets' positions. The monkeys received the reward when they "hit" the target, so that they must continue to navigate toward the target after entering the arm. For each reward, the monkeys received 1.5 ml of water. At the end of daily sessions, the monkeys received 1 fruit or vegetable. Due to initial irregularity in the number of daily trials, it was fixed to 40 during the course of the Phase 1. The monkeys worked 5 days per week. The rooms allowed to visually control the monkeys' behavior. We counted the trials where the monkeys pushed the joystick after SP1 appeared on the screen. When placed in SP1, if the monkeys did not touch the joystick and/or did not look the screen during more than 30 sec, the trial was cancelled, and a new trial began after 10 sec. If the monkeys, after pushing the joystick, stopped anywhere before entering the correct arm more than 30 sec, the trial was stopped, counted as incorrect and its last position recorded. The trials were counted correct when the monkeys entered directly to the correct arm and "hit" the target. During the phase 1, the monkeys performed a quite procedural task but once they were able to reach several different targets in a daily session (phase 2), the monkeys started to adopt a more flexible behavior, making U-turns and exploring the intersections. In prediction of the Navigation Strategy Test and in order to control view-points, we decided to limit the exploration time to 60 sec and prevent the monkeys to go toward SP1 (in these cases, the trial was stopped and counted as incorrect).

Experimental paradigm

The protocol was organized in three phases: The "Route Learning" phase, followed by the "Route/Symbol association" phase and finally the "Navigation Strategy Test" (Fig. 1D). Each phase is described below. The trial organization was the same in each of the 3 phases, but they were some changes in daily sessions organization and during the recall phase. Our goal was to incite a flexible behavior by allowing a free exploration of the maze and by conditioning the monkeys to reach several targets in a daily session. In prediction of the "Navigation Strategy test" some movement limitations were introduced.

Phase 1: Route Learning

The monkeys had to learn to go forward and to turn left or right to reach the four targets separately from the first starting point (SP1). The same symbol is presented in each daily session and the same target is presented until the criterion is reached (90% of correct response over a period of 2 consecutive weeks). At the beginning of each daily trial, the monkeys were shown the route five times and then they had to reach the target alone. When this criterion is reached for one arm, the next route is learned. The first target to reach was A, followed by Z, E and R (Fig. 1D).

Phase 2: Route/Symbol Association

For each daily session, one symbol among the four is randomly presented as a target and the monkeys must choose the correct arm corresponding to the symbol. The choice is initially made between 2 targets in phase 2a, and then between 3 targets in phase 2b and finally between 4 targets in phase 2c (after 90% of correct responses have been reached during 2 consecutive weeks for each part). The chronological order of the target presentation is showed in figure 1D. At the end, we tested the monkeys with the 4 targets randomly presented for 5 days, but with the symbols invisible at the end of the arm to avoid reinforcement.

Phase 3: Navigation Strategy Test

In order to test the monkeys' navigation strategy, the monkeys started the trials from the second starting point (SP2) (Fig. 1A&B). This test is based on the same principle than previous studies in rodents [START_REF] Packard | Inactivation of hippocampus or caudate nucleus with lidocaine differentially affects expression of place and response learning[END_REF] and monkeys [START_REF] Hampton | Selective Hippocampal Damage in Rhesus Monkeys Impairs Spatial Memory in an Open-Field Test[END_REF][START_REF] Lavenex | Hippocampal Lesion Prevents Spatial Relational Learning in Adult Macaque Monkeys[END_REF] with a learning phase from one starting point and a recall phase from a second or several others. The rules and trial organization were the same as in the previous phase 2c from SP1: 40 trials each daily session, 5 days per week, trial stopped after the first choice, random target presentation and target invisible at the end.

Results

During these three phases, we recorded the arms visited by the monkeys. For the phases 1 and 2, we only take into account the percent of correct response (first arm visited) and show only the number of weeks and trials to reach criterion. In the phase 3, we analyzed the percent of visit of each arm in a daily session, as a function of the target presented to characterize the monkeys' strategy. If the monkeys developed and used an allocentric representation, we expected the monkeys' percent of first visit to the correct arm to be above chance for each of the target, as from SP1. If they only relied on a procedural strategy, we expected them to preferentially choose the first left arm (E) when A was the target, the first right arm (R) when Z was the target, the arm Z when R was the target and the arm A when E was the target. Random choices would result in about 25 % of choice of each arm for each target and stereotyped behavior would result in a preferred choice toward one arm whatever is the target.

Phase 1: Route Learning

The table represents the number of trials to criterion and the number of weeks, for each target and each monkey (Figure 2A). The number of trials to criterion decrease between targets, probably through a better familiarity of the monkeys with the task, joystick and the virtual environment.

Phase 2: Route/Symbol Association

The results of the second phase (2a, 2b, 2c) are presented in the figure 2B. The two monkeys showed similar results concerning the number of weeks to reach criterion but concerning the number of trials, 7353 trials were necessary for monkey 1 and 5985 trials for monkey 2.

[Figure 2] Figure 2: A: Summary of the results of the "Route learning" phase (Phase 1), for the two monkeys. B: Summary of the results of the "Route/Symbol association" phase (Phase 2) for the two monkeys. C: First results of the "Navigation Strategy" test (Phase 3) for the two monkeys. The graphs represent the percentage of response as a function of the target (A, Z , E and R), for each arm, for the first week of testing, for the starting points (SP2) and for the two monkeys. rA, rZ, rE, rR represent the first arm chosen by the monkeys and Uturns/stops represents the cases in which the monkeys made more than 2 complete turns or stopped more than 30 sec in the first intersection.

Phase 3: Navigation strategy test

In order to analyze the monkeys' strategy and behaviors, we constructed the theoretical table (target x response score) with the number of each response (as a function of the targets), expected for the allocentric and egocentric strategies, also for stereotypical and random behaviors. These theoretical tables were compared with the response's tables observed for the two monkeys during the first week of testing, using a Chi-square test. None of the observed responses corresponded to an allocentric (χ²=207,644; p<.0001 for the monkey 1 and χ²=301,659; p<.0001 for the monkey 2) nor an egocentric strategy (χ²=213,564; p<.0001 for the monkey 1 and χ²=301,060; p<.0001 for the monkey 2). The comparison with tables corresponding to a random choice between E and R or stereotyped choice toward E or R showed significant differences (random choice between E and R: χ²=21,199; p<.0001 for the monkey 1 and χ²=58,033; p<.0001 for the monkey 2; stereotyped choice toward E: χ²=21,745 ; p<.001 for the monkey 1 and χ²=40,852; p<.0001 for the monkey 2; stereotyped choice toward R: χ²=49,280 ; p<.0001 for the monkey 1 and χ²=122,063 ; p<.0001 for the monkey 2).

Discussion:

The first objective of the study was to confirm the abilities of macaque monkeys to freely move in a large-scale virtual space. The two initial phases (Route Learning and Route Symbol Association) required several months and hundreds of trials. Our results confirm those found by other studies showing the abilities of macaque monkeys to learn routes in virtual spaces to reach non-visible targets [START_REF] Sato | Context-dependent place-selective responses of the neurons in the medial parietal region of macaque monkeys[END_REF][START_REF] Furuya | Place-related neuronal activity in the monkey parahippocampal gyrus and hippocampal formation during virtual navigation[END_REF][START_REF] Wirth | Gaze-informed, task-situated representation of space in primate hippocampus during virtual navigation[END_REF]. They also confirm that they are able to associate several separate routes with abstract symbols (Sato et al., 2003). Even if the monkeys initially adopted stereotypical behaviors, after several thousand of learning trials, they were capable of more flexible behavior and could make U-turns to explore other arms when they made the wrong choice and avoided obstacles. The second aim of this study was to test the ability of macaque monkeys to develop a cognitive map of the maze, using an adaptation of a paradigm used with rodents and to analyze their navigation strategy [START_REF] Packard | Inactivation of hippocampus or caudate nucleus with lidocaine differentially affects expression of place and response learning[END_REF]. Our results show that even if our monkeys were able to reach these positions directly from the first starting point and could see directly the second starting point several thousand times, they were unable to develop an allocentric representation of the maze. Also, the analyze of monkey's responses doesn't allow to characterize their behavior, considering that the comparisons revealed significant differences with the responses' tables expected for the egocentric strategy, a random choice or stereotyped choice toward a single arm. These results could be due to the presence of mixed behaviors difficult to characterize with a Chi-square analysis. Indeed, many hypothesizes could explain the monkeys' inability to reach the targets from SP2 and their behaviors' profile: inability to recognize SP2 from the new point of view, inability to mentally rotate the entire maze, the absence of distal cues, feeling to be placed in another maze, lack of flexibility (inability to adapt to changing rules), or the effect of over-training.

Conclusion:

The monkeys could learn several routes associated with non-visible symbols in a virtual space, freely move and choose their route using a joystick, avoid obstacles, and make U-turns, suggesting that they perceived the virtual environment as a "space" in which they could move and make choices. However, they failed to use an allocentric strategy, at least when they had to navigate from a new starting point. Also, the navigation performance of monkey at the second starting point does not appear to be underlined by an egocentric strategy. Further investigations will be necessary to specify the origin of the monkeys' inability to reach the targets from the second starting point, in order to clarify rhesus monkeys' difficulties in using allocentric navigation strategies.
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 2 Figure 2: A: Summary of the results of the "Route learning" phase (Phase 1), for the two monkeys. B: Summary of the results of the "Route/Symbol association" phase (Phase 2) for the two monkeys. C: First results of the "Navigation Strategy" test (Phase 3) for the two monkeys. The graphs represent the percentage of response as a function of the target (A, Z , E and R), for each arm, for the first week of testing, for the starting points (SP2) and for the two monkeys. rA, rZ, rE, rR represent the first arm chosen by the monkeys and U-turns/stops represents the cases in which the monkeys made more than 2 complete turns or stopped more than 30 sec in the first intersection.

Acknowledgements

The present work was supported by the CNRS and the ANR. The authors thank Nguyen Tho Hai and Orignac Hughes for their technical support.

Bernard N'Kaoua : Conceived and designed the experiments. Drafting the article. Final approval of the version to be published. Christian Gross : Conceived and designed the experiments. Drafting the article. Final approval of the version to be published.

Conflicts of interest statement

The authors declare that there are no conflicts of interest.