Darting behavior: a quantitative movement pattern designed for discrimination and replicability in mouse locomotor behavior
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Abstract

In the open field behavior of rodents, SEE (Software for The Exploration of Exploration) can be used for an explicit design of behavioral endpoints with high genotype discrimination and replicability across laboratories. This ability is demonstrated here in the development of a measure for darting behavior. The behavior of two common mouse inbred strains, C57BL/6J (C57) and DBA/2J (DBA), was analyzed across three different laboratories, and under the effect of cocaine and amphetamine. “Darting” was defined as having higher acceleration during progression segments while moving less during stops. DBA mice darted significantly more than C57 mice across laboratories, despite being significantly less active. These differences were not blurred by cocaine (up to 20 mg/kg) and only slightly by amphetamine (up to 5 mg/kg) despite a several fold increase in activity. The strategy leading to the darting measure may be used to develop additional discriminative and replicable endpoints of open field behavior.
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Introduction

Behavior genetics and psychopharmacology depend critically on the accuracy and reliability of behavior measurements. In psychopharmacology, the behavior of mice and rats is used to assess the effects of drugs, and to study the relationship between neurochemistry and behavior. In behavior genetics, characterization of specific behaviors,  sometime referred to as behavioral phenotyping, is used in the process of making associations between behavioral endpoints and particular gene loci. The need for behavioral phenotyping has resulted in the design of batteries of behavioral and physiological tests for mice (Crawley et al, 1997, 2000; Crabbe et al, 1999, Rogers 1999). Most of the behavioral tests employed by these batteries (e.g., the open field test, the Morris water maze and the elevated plus maze) were adopted from traditional behavioral pharmacological assessments. In both fields, considerable effort has been made to automate these tests, in order to increase the throughput needed for testing large numbers of animals, and to avoid the effect of subjective human judgment.

A useful behavioral measure or “endpoint” should clearly demonstrate both discriminative ability and replicability. The first property refers to the ability of this endpoint to distinguish between different genotypes and/or different treatments. The second property refers to the ability to replicate the results. That is, genotype or treatment differences should be as consistent as possible when measured by different laboratories, by the same laboratory at different times, or as a result of small variations in experimental conditions. The experiment of Crabbe et al. (1999), employing some of the most common tests and inbred mouse strains, recently addressed this matter by rigorously equating the test apparatus and protocols in three laboratories and conducting behavioral tests simultaneously. Despite this exceptional degree of cross-lab control, large lab effects were found for nearly all behavioral endpoints, and the pattern of strain differences varied substantially among sites (i.e., significant lab ( genotype interaction) for many endpoints. As an indication of this issue’s importance, recent phenotyping projects (i.e., Mouse Phenome Database; Paigen and Eppig, 2000) require submitted data to be validated in at least two different laboratories. As research methods in psychopharmacology and behavior genetics become increasingly more sophisticated, behavioral measurement might become a bottleneck for progress, unless comparable sophistication is taken to improve behavior discrimination and replicability.

It was recently suggested that solving the replicability problem by even more rigorous equation of the laboratory environment is not feasible, and that it is preferable instead to choose behavioral tests that yield the most stable results (Wahlsten, 2001). Extending this approach, it is possible to design new behavioral methods and endpoints for higher discrimination and replicability, and higher resistance to lab factors. In addition, this approach has important implications for ethological research. A behavioral endpoint that highly discriminates different genotypes with high replicability is more likely to correspond directly to innate behavior pattern, or an “instinct”. In ethology, the structure of so-called innate behavior patterns is thought to be highly resistant to environmental influences. Behavioral endpoints that are “ethologicaly relevant” may be, in turn, more proper for behavioral analysis, even when testing for general properties such as “memory” or “learning” (Gerlai, 1996). Ethologicaly-relevant endpoints that can be defined algorithmically  and measured automatically have a potential for use in behavior genetics, psychopharmacology and ethology, as well as for fruitful interdisciplinary collaborations between these fields. In this study we demonstrate how construction of such endpoints may be achieved. 

Open field behavior (exploratory behavior, locomotor behavior in a novel environment) is a component listed in most test batteries. It can be measured automatically using photobeam cages or video tracking. The variables recorded in these tests typically include simple measures such as the cumulative distance covered by the mouse during a session and the ratio between staying in the periphery and center of the arena. These measures are usually cumulative and general, reflecting a common view that open-field behavior is largely stochastic in nature, and can be quantified mainly by some measure of “general activity”  (but see Paulus and Geyer, 1993 for a different viewpoint). In recent years, however, ethologically-oriented studies in rats (Eilam and Golani, 1989; Eilam et al, 1989; Golani et al, 1993; Tchernichovski et al, 1997; Drai et al 2000, Kafkafi et al, 2001) and more recently in mice (Drai et al, 2001; Benjamini et al, 2001; Drai et al, submitted) found that open-field behavior is highly structured and consists of typical behavior patterns. These patterns were also found useful in psychopharmacological and psychobiological studies (Whishaw et al., 1994; Cools et al., 1997; Gingras and Cools, 1997; Szechtman et al, 1999; Whishaw et al., 2001; Wallace et al., in press). Based on these patterns, SEE (Software for Exploring Exploration) was recently developed for the visualization and analysis of open field data measured automatically by video tracking (Drai and Golani, 2001), and was proposed as a tool for behavioral phenotyping (Drai et al, 2001; Drai et al, submitted; Kafkafi, submitted). We shall use here the term SEE both for the strategy and for the supporting software.
The first objective of the SEE software is computing and visualizing a previously defined set of measures for the characterization of open field behavior. SEE, however, is in fact a sub-language or “package”, residing within the powerful and flexible programming environment of Mathematica( (by Wolfram Research, see Wolfram, 1999), and can employ all the sophisticated tools available in Mathematica( for its computations. In addition, SEE automatically partitions the path of the animal into a string of discrete units - progression segments and lingering episodes - according to a proven natural categorization and ethological relevance (Drai at al, 2000; Kafkafi et al, 2001). These discrete units have simple properties such as duration, length and maximal speed, which can be used to analyze the behavior in a straightforward manner, compared to the more complicated methods that are usually required for the analysis of continuous time-series of coordinates (as in, e.g., Paulus and Geyer, 1993). Due to these properties, SEE can be used readily in order to explore the data, and develop and test new measures. This ability promotes a new approach to the problem of discriminative and replication ability in behavioral endpoints, which is more similar to the approach used in bioinformatics (e.g. Attwood, 2000; Pitt, 2001). In this approach, the raw path coordinates of an open field session are considered as an information-rich source that can be stored in a database and explored using specialized algorithms. Instead of a priori postulating that a certain measure of open-field behavior is relevant, it is thus possible to explore many different optional measures and select those that show high discrimination and replicability over most of the database. In this study, we illustrate our approach by applying SEE to construct a measure for the “darting” movement in the open field.

When rodents embark into an open environment that might be dangerous but is also attractive (e.g., because it offers food), they may display a typical pattern of “wary” movement: abrupt and fast bouts of progression, separated by short episodes of complete arrest or “freezing”. In North America, for example, where squirrels are common in highly populated areas, they can frequently be seen to employ this pattern when moving on the ground in order to collect man-made food near houses or people (McAdam and Kramer, 1998). Regarded as an evolutionary strategy, freezing behavior likely minimizes the chance of being detected by a predator, utilizing the natural camouflage properties of rodents’ hide that are typical to most wild species. The fast bouts of progression decrease the cumulative movement time required for covering the same distance, thus again decreasing the chance of detection. While conducting open-field experiments with inbred strains of mice, we noticed that DBA/2J (DBA) and CXBK mice tend to exhibit this pattern much more frequently than C57BL/6J (C57) and BALB/c.  The purpose of the study described in this report is to utilize a small database of six experiments, conducted  in three laboratories and including normal and drug-induced behavior of three inbred strains. These data will then be used to develop an endpoint for this pattern and to determine its utility in behavior genetic and psychopharmacology research.
Methods

The experiments used for this study were not originally designed to study darting behavior. Rather, they constitute a database that can be used for  developing many different endpoints. Conditions in each experiment were slightly different because of different technical limitations in each laboratory, and because we were still developing our protocol. In our approach, however, such differences are used in order to test further the replicability of the developed endpoint. An endpoint with high replicability should be robust under small changes in conditions, while an endpoint with low replicability might not have much value even when conditions are very rigorously equated (Crabbe et al, 1999; Wahlsten, 2001). In general, however, conditions of all the experiments below follow the protocol that  is being developed by us for an open-field test in a large arena. In this section we describe the conditions of six experiments, emphasizing those that were not the same in all of them. Table 1 summarizes these differences. The three laboratories in which experiments were conducted were the Maryland Psychiatric Research Center (MPRC) of the University of Maryland, the National Institute of Drug Abuse -IRP  (NIDA) in Baltimore and the zoology department of Tel-Aviv University (TAU). The experimental protocols followed the “Principles of Laboratory Animal Care” (NIH publication No. 86-23, 1996). The animals used in this study were maintained in facilities fully accredited by the American Association for the Accreditation of Laboratory Animal Care (AAALAC).
--Insert Table 1 about here--  

Experiment 1
 was conducted at NIDA IRP. Subjects were 8 C57BL/6J (C57) and 8 DBA/2J (DBA) mice, all 9-12 week old males. Animals were kept in 12:12 reverse light cycle, housed 2-4 per cage under standard conditions of 22°C room temperature and water and food ad libitum. The animals were housed in this room for at least 2 weeks before the experiment. Animals were tested once during their dark cycle. Each animal was brought from its housing room, introduced immediately into the arena and returned immediately after the end of the 30-minute session.

The arena was a large, circular (250 cm diameter) area with a non-porous gray floor and a 50 cm high, primer gray painted, continuous wall. The gray paint was specially chosen to provide a high-contrast background, enabling video tracking of black, brown and white mice without the need to dye or mark them. The large size of the arena is an important requirement of our protocol, since in our experience it increases considerably the relative spatial resolution and the quality of the results. Several landmarks of various shapes and sizes were attached in different locations to the arena wall and to the walls of the room where the arena was located in order to enable easy navigation for the mouse. The arena was illuminated with two 40 W neon bulbs on the ceiling, above the center of the arena.
Tracking was performed using a video camera installed on the ceiling, feeding directly into a  PC computer running a Noldus EthoVision™ video tracking system (Spink et al, 2001). We used a tracking rate of 30 frames per second in order to enable high time resolution, and the spatial resolution was about 1.3 cm per video pixel. Coordinate files were exported from EthoVision and analyzed using SEE.
Experiment 2
 was conducted at MPRC, replicating experiment 1 at NIDA. Subjects were 8 C57 and 9 DBA mice, all 9-12 week old males. Conditions were as in experiment 1, except that the animals were tested during their light cycle, the arena diameter was smaller, 2.10 m instead of 2.50 m, and the spatial resolution was about 1.0 cm instead of 1.3 cm per video pixel. In addition, the video signal was not digitized at the MPRC but recorded on tape and digitized by the Noldus EthoVision(  tracking system at NIDA-IRP.
Experiment 3
 was conducted at TAU, replicating experiment 1 at NIDA and experiment 2 at the MPRC. Subjects were 9 C57 and 9 DBA mice, all 9-12 week old males. Conditions were as in experiment 1, except that the tracking rate was 25/S and not 30/S, due to the limitation of using the European PAL video coding instead of the American NTSC, and spatial resolution was 1.0 cm per video pixel.
Experiment 4
  was conducted at NIDA. Subjects were 8 C57 and 8 CXBK mice, all 11-13 week old males. Conditions were as in experiment 1, except that animals were tested during their light cycle.
Experiment 5
 was conducted at NIDA. Subjects were 10-18 week old male C57  and DBA mice. Housing conditions were as in experiment 1, except that animals were kept in a regular 12:12 photoperiod and tested during their light cycle. Immediately before introduction to the arena, each mouse received an i.p. injection of either saline or cocaine (5, 10 or 20 mg/kg), or D-amphetamine (1.0, 2.5 or 5 mg/kg). Groups included 5 DBA and 5 C57 mice for each dose. The session duration was 90 minutes, in comparison with 30 minutes in all of the other experiments. Doses were assigned so that no two animals of the same cage received the same drug and dose.
Experiment 6
 was conducted at MPRC, repeating experiment 2 at MPRC. Subjects were 10 C57 and 10 DBA mice, all 9-12 week old males. Conditions were the same as in experiment 2 except that animals were tested during their dark cycle. 

SEE analysis

The first step of SEE analysis is smoothing the path and computing the speed in each data point, using the robust statistical method of LOWESS (for details see Kafkafi et al, 2001). This step  reduces tracking noise and eliminates outliers generated by incorrect recognition of the animal by the tracking system. Speed estimation is necessary for both the next step of analysis and for the darting (DART) endpoint developed in this study. Speed estimation, however, is especially sensitive to noise, because any method for measuring the speed at time ti must use the coordinates of at least two data points (e.g., the difference between the coordinates at ti and ti-1), thus adding up their noise components. For this reason, using the LOWESS method for the speed computation was crucial in this study.
The second step of SEE analysis is segmentation of the smoothed path into segments of two kinds: stops (or lingering episodes) and progression segments. This segmentation is done separately for each animal, based on the animal’s distribution of speeds. A stop does not imply zero speed. In fact, the mouse can perform many “local” movements during stops (which is why we sometimes refer to stops as lingering episodes). An intrinsic categorization into stops and progression segments, however, can be inferred from the bi-modal distribution of maximal speeds attained within progression segments (Drai et al, 2000). This step is necessary for computing the DART endpoint (as for most other endpoints) because one of its components is computed only in progression segments, while another is computed only in lingering.
The third step of SEE analysis is using stops and progression segments as natural building blocks from which more elaborate patterns can be constructed (Drai and Golani, 2001). At this stage, many other endpoints including also the traditional measures of distance traveled and center occupation are computed. The computation of DART is described in the results section, as it is a result of this study as much as a method.  

Statistical analysis for comparing genotypes
Experiments 1, 2 and 3 were used for the development of the DART endpoint. We analyzed their results together, using two-way ANOVA of site (NIDA, MPRC and TAU) by genotype (DBA and C57). Although conditions were not completely identical in the three sites, they can be considered together for the purpose of estimating the replicability of DART. The results of experiment 4 are analyzed using t-test. The results of experiment 5 are analyzed using two-way ANOVA of dose × genotype for each of the two drugs.         

Results

Using the usual SEE analysis (Drai et al, 2000; Drai et al, submitted), the time series of the path in each session was partitioned into a string of segments of two kinds: progression segments and stops (fig. 1). We frequently refer to stops as “lingering episodes” in order to emphasize that they do not necessarily imply complete arrest, but usually contain many “local” movements such as scanning movements, grooming, sideway steps, etc (Drai et al, 2000; Kafkafi et al, 2001). 
--Insert Fig. 1 about here—

 
Our initial observations suggested that DBA progression is more “abrupt” or “darting like” than that of the C57. Darting in a progression segment is reflected by changes of speed. The simplest way to estimate the absolute change in speed over a whole progression segment is by dividing its maximum speed by its duration (i.e., its aspect ratio in the speed profile, as in the bottom graph in fig. 1). This measure reflects the average absolute acceleration (i.e., both acceleration and deceleration) in the hypothetical case in which the mouse accelerates from zero speed, reaches a single speed peak and decelerates to zero during the same time it took to accelerate. In realty, of course, this is often not so (fig. 1). Nevertheless, the Maximum Speed to Duration Ratio (MSDR) was found to discriminate the two strains. We also tested more elaborated measures of the average absolute acceleration, acceleration alone or deceleration alone, or the “sharpness” of speed peaks, and they all produced very similar results to those generated by the MSDR. Segment S1 in fig. 1 is a high-MSDR segment that is more frequent in DBA mice, while S2 is a low-MSDR segment that is more typical to C57, including more than one speed peak. The MSDR value for each animal was taken as the median of MSDR values of all segments during the session, or during 5 minutes time bins. One whole session with less than 10 progression segments and several 5 minutes time bins with less than 2 progression segments were left out of group statistics, since they provided too small a sample.  
--Insert Fig. 2 about here—

--Insert Fig. 3 about here—

--Insert Fig. 4 about here—
The MSDR in the two strains over the three laboratories is shown in fig. 2 (experiments 1, 2 and 3). MSDR highly discriminated the two strains (p<0.0001 ,F 1,45= 109.1, using two-way ANOVA). DBA mice had higher MSDR than C57. Note that the DBA mice were, as was already found by several previous studies (e.g. Crabbe et al, 1999), much less active than C57 mice. Activity is measured in this study by the total distance traveled (fig. 3). The higher MSDR of the DBA mice, reflecting higher acceleration and deceleration rates, is thus somewhat counter-intuitive, reinforcing the idea that distance traveled does not fully reflect “general activity” in open-field behavior. MSDR strain means, however, differed across sites. This was reflected by a highly significant lab effect (p< 0.0001,F 2,45=30.5, using two-way ANOVA). Thus, while MSDR was a highly discriminative endpoint, it was not a reliable measure across laboratories.
Our initial observations suggested that in addition for the abruptness of their locomotion, “jittery” mice were more likely to freeze during stopping. The general rate of local movements during stopping can be estimated by the lingering mean speed (LMS, fig. 4). This measure is computed by the total distance traveled in the lingering mode (i.e., during stops, see fig. 1), divided by the cumulative lingering time. As shown in fig. 4 for experiments 1, 2 and 3, C57 mice had higher LMS than DBA (p<0.0001 ,F 1,45= 36.25), but lab effect was also significant (p<0.013 ,F 2,45= 4.8, both using two-way ANOVA). Thus, LMS was similar to MSDR in being a highly discriminative endpoint, but not a reliable measure across laboratories.
--Insert Fig. 5 about here—


When the correlation between LMS and MSDR in the three experiments is considered, however, two patterns emerge (fig. 5 ). First, the combination of the two endpoints seems to discriminate better the two genotypes over all three sites than each endpoint by itself. Secondly, within each genotype, the lab means seem to be positively correlated and in the same order. This means that LMS and MSDR may be transformed into two other factors, one of which highly discriminates the two genotypes while not discriminating the labs (i.e., has high replicability across labs), and another that discriminates the labs while not discriminating the genotypes. The first factor seems to be the ratio of MSDR/LMS or some monotonous function of it. Graphically, this is the slope of each (MSDR, LMS) combination from the coordinate (0, 0) in fig. 5. In fact, this factor can be even better represented by considering the angle of each (MSDR, LMS) combination from the coordinate (0, 10), as suggested by the two dashed lines in fig. 5. This angle is computed by the arc tangent of the ratio between MSDR and LMS, while subtracting the coordinate (0, 10) and normalizing each endpoint by its typical range, about 35 m/s2 for the MSDR and 4.5 m/s for the LMS. We can thus define the DART factor as: 

DART =ArcTan((MSDR – 10)/35 / (LMS/4.5)) 

The second factor, which does not discriminate the genotypes but seems to discriminate the laboratories very well can be defined as the distance from the (0, 10) coordinate while using the same normalization, i.e:

Sqrt(((MSDR – 10)/35)2 + (LMS/4.5)2)
The results of experiments 1, 2 and 3 as expressed in terms of DART are shown in fig. 6. The figure shows that this measure indeed achieved both high genotype discrimination (p<0.0001, F 1,45= 128.9, using two-way ANOVA) and high replicability, as reflected in non-significant sites effect and interaction (p = 0.83 ,F 2,45= 0.18, and p=0.37 ,F 2,45 = 1.0 respectively using two-way ANOVA). It is important to stress that these statistics do not prove that DART is generally discriminative and replicable, since DART was designed a posteriori from the same data, so as to achieve such a high score. They do, however, highlight DART as a candidate endpoint for additional experiments.
--Insert Fig. 6 about here—

CXBK, a recombinant inbred strain generated by a cross of C57BL and BALB/c, was another strain that, according to subjective observations, appeared to display jittery movement. In experiment 4 we compared this strain to C57BL/6J in one laboratory (NIDA). MSDR, distance traveled, LMS and DART for experiment 4 are shown in figures 2, 3, 4, and 6, respectively (for experiment 4). CXBK had significantly higher DART than the C57 mice (t-test, p<0.01). Note that the mean value for the C57 strain is very similar to the values in experiments 1, 2 and 3, demonstrating the replicability of DART over different experiments in the same laboratory, despite slightly different conditions (testing during light cycle instead of dark cycle, see table 1). The DART of the CXBK, while higher than that of the C57, was still much lower than that of the DBA in all other experiments, although they traveled similar or smaller distances (fig. 3).
Dopaminergic stimulants are known to have a profound effect on various parameters of locomotor behavior. It would thus be interesting to examine their effect on DART. In experiment 5 we tested C57 and DBA mice injected with amphetamine and cocaine in the arena in one laboratory. While amphetamine and cocaine are both indirect dopaminergic agonists, their electrophysiological (Sonders et al., 1997), neurochemical (Carboni et al., 1989; Pifl et al., 1995) and psychopharmacological (Jones et al., 1993; Jones and Holtzman, 1994; Vandershuren et al., 2000) effects are slightly different in nature.  In addition, previous studies using inbred rat strains suggest that the psychomotor stimulant properties of these two drugs may be mediated in part by distinct set of genes (George et al., 1991).  The sensitivity of the distance traveled (fig. 7), LMS (fig. 8) MSDR (fig. 9) and DART (fig. 10) to these two indirect dopaminergic agonists was assessed. As expected, the distance traveled was increased in a dose-dependent manner by both cocaine (genotype(dose two-way ANOVA, p<0.0001) and amphetamine (p<0.0001), up to approximately three fold that of the control animals. C57 were more active than DBA over the dose range of cocaine (p<0.0001) and amphetamine (p<0.0001).
--Insert Fig. 7 about here—
--Insert Fig. 8 about here—
--Insert Fig. 9 about here—

--Insert Fig. 10 about here—
Cocaine, however, did not have a similar effect on DART (fig. 10). In fact, cocaine (doses of 5, 10, and 20 mg/kg) had no significant effect on DART in the two strains (two-way genotype × dose ANOVA, F3, 32=2.3, p=0.095), while the difference between genotypes remained highly significant (F1,32=74.5, p<0.0001). Note also that the means of the two strains were similar to those found for uninjected animals in all other experiments in the three laboratories (fig. 6). This demonstrates again the high replicability of the DART measure even under a variety of conditions. The results for experiment 5 shown in figures 2, 3, 4 and 6 include the saline-injected groups, using only the first 30 minutes of each session in order to compare them to the 30 minute sessions of the non-injected animals of the other experiments, while figures 7, 8, 9, and 10 show the results of experiment 5 with all doses using the whole 90 minutes of each session. 

In contrast to cocaine, amphetamine decreased DART in both genotypes (two-way ANOVA, F3, 32=7.6, p<0.001), while maintaining the difference between them (F1, 32=52.8, p<0.0001). Interestingly, an examination of the two components of DART, LMS (fig. 8) and MSDR (fig. 9), suggests that the mechanism of this effect was different in the two strains. In the C57 mice, amphetamine did not change LMS while decreasing MSDR. In contrast, in the DBA , amphetamine did not change MSDR while increasing LMS. In any case, the effect of amphetamine on DART (F=7.6) was considerably smaller than its effect on activity (F=20.0), although genotype effect was large with both endpoints (F=52.8 with DART, F=31.3 with activity). The amphetamine-induced decrease in DART seemed to be dose-dependent in the DBA mice, while in C57 mice, all three doses of amphetamine decreased DART by about the same amount. This difference may be, however, a result of “floor effect”, since no animal had a DART score of less than 0.2.

The data from experiments 1 to 3 were used for designing the DART endpoint, while the data from experiments 4 and 5 were used for testing its discrimination and replicability, although they were physically conducted before the endpoint was established. Experiment 6, however, was conducted after the design process of the DART measure was completed. This experiment repeated experiment 2 at MPRC, but this time testing the animals during their dark period. As seen in fig. 6 (experiment 6), DART highly discriminated C57 and DBA mice (t-test, p<0.0001) while strain means closely replicated the results of all previous experiments. Since both experiment 5 at NIDA and experiment 6 at the MPRC were conducted with C57 and DBA mice and were not used for the development of the DART endpoint, it is possible to use their results in order to test its discrimination and replicability. In this test the genotype effect was significant (p< 0.0001, F 1,27=75.1, using two-way ANOVA), while lab (p= 0.20, F 1,27=1.7) and interaction effects (p= 0.37, F 1,27=0.84) were not significant. When using LMS the genotype effect was almost as large (p< 0.0001, F 1,27=69.7) and the lab effect was not significant (p= 0.23, F 1,27=1.5), but the interaction was significant (p< 0.01, F 1,27=7.7). With MSDR the lab effect was significant but smaller (p< 0.001, F 1,27=18.2) while lab and interaction effects were not significant. DART thus achieved the highest discriminative power and replicability for C57 and DBA, despite the differences in conditions between experiments 5 and 6.  
--Insert Fig. 11 about here—

Calculating DART through the session in time bins of five minutes in the six experiments (fig. 11) shows that it had similar dynamics in both C57 and DBA. There was an increase of DART during the first 5 – 10 minutes, followed by stabilization  during the rest of the session. The replicability of strain means was preserved during each of the five minutes time bins.  In contrast, the single CXBK group continued to increase its DART throughout the session. They started at a level similar to that of the C57 groups and ended at a level similar to that of the DBA groups.      

Discussion

Behavior genetics and psychopharmacology studies designed to map determinant gene loci and neurochemical mechanisms rely heavily on the sensitivity and reliability of behavioral endpoints.  The goal of this study was to construct an endpoint from an established database that would meet these criteria.

The segmentation of open-field behavior into natural units of stops (lingering episodes) and progression segments, employed in SEE, facilitated the construction of new endpoints that can be useful for quantifying movement patterns and analyzing genotype and drug effects. The construction of the DART endpoint from basic properties of stops and progression segments demonstrates this ability. DART discriminated between two common inbred strains, C57 and DBA, in a replicable way over three laboratories, despite some differences in conditions (slightly different arena sizes, testing during light or dark period, saline-injected vs. non-injected animals) and tracking parameters (tracking rate and spatial resolution). In another experiment in one of these laboratories, DART was also able to differentiate C57 and CXBK mice. The DART of C57 in this experiment was similar to that found in all of the other experiments, while the DART of the CXBK was intermediate between those of C57 and DBA in all other experiments. DART was found to be highly discriminative and replicable in experiments that were not used for its design.

The general validity of the DART endpoint is currently being tested by us in an experiment involving additional eight inbred strains, using the same protocol and SEE analysis. This increase of the database may result in further refinement of the definition of DART in order to achieve even higher discrimination, replicabilty and generality 
DART was not significantly correlated with the distance traveled within strains and groups. This means that there is no technical reason (such as the process of measurement or the definition of endpoint) for a correlation between these two endpoints. Correlation with distance traveled across strains could not be tested in this study, of course, because only two strains were used in each experiment. A three-fold increase in the distance traveled induced by cocaine, however, was not accompanied by a significant change in DART. This result cannot be interpreted as poor sensitivity or resolution of the DART measure, since it was still able to discriminate between the two strains as effectively as the activity measure. This suggests that DART can be dissociated from “activity”, and thus may be a relatively independent property of locomotor behavior.

The failure of cocaine to affect DART suggests that DART is not primarily mediated by the dopaminergic system. Amphetamine did decrease DART significantly in the two strains, but this decrease was still smaller relative to the increase in activity, while the strain difference in these two measures remained similar and highly significant.
There are three possible explanations for the observed relation between MSDR and LMS, and the high replicability of the DART measure that was composed by dividing the first measure by the second. The first explanation is that this relationship may be a result of our search, since DART was designed and chosen a posteriori from data of the first three experiments with the intention of producing a discriminative and replicable measure. This is not likely, however, since similar group means and genotype differences were found in the three other experiments in the database, one of which was physically conducted after the DART endpoint was established. The second explanation is that MSDR and LMS are two unrelated behavioral measures of interest that, each by itself, discriminates DBA and C57 mice, but not with enough between-site replicability. The reasons may be a between-site variation of some unknown factor or factors such as our handling, tracking or analysis procedures, affecting both MSDR and LMS in the same way. Dividing one measure by the other thus eliminated this effect and produced a highly replicable measure. The third possible explanation is that MSDR and LMS are two measurable aspects of a behavioral property mediated by the same set of genes. Consequently it is both genotype-specific and more resistant to between-labs differences than each of the two original measures separately. Note that the second and third explanations need not exclude each other, and the underlying phenomenon may involve both of them. The third explanation predicts that MSDR and LMS will be inversely correlated across genotypes, when more inbred strains will be phenotyped using this approach.
In general, note the low within-group variability in most of our results relative to the whole range of values, despite the small group sizes (5-10 animals) used. This high resolution is typical of SEE analysis, and is probably due to the combination of large arena size, 30 min session duration, high tracking rate, robust smoothing algorithms, and analysis based on ethologically-relevant units. This level of resolution and algorithmic elaboration is, in our experience, important for achieving high discrimination and replicability.      

DART may reflect the animal’s tendency toward stress, jitteriness or anxiety. Freezing is known to be part of the natural defensive behavior in mice and rats, including laboratory animals (e.g. Blanchard et al. 2000). DBA mice were reported to be more anxious than C57 in several tests (Tarantino et al, 2000; Lepicard et al., 2000) although other studies (Crabbe et al, 1999, Griebel et al, 2000) did not find this difference significant. It should be noted that in all of the experiments in this study, DBA mice spent significantly less time in the center of the arena than C57 mice, which is usually considered an indication of fear or anxiety. We plan to test this hypothesis by measuring the DART of the two strains with anxiogenic and anxiolitic drugs.  

This study demonstrates how a database of several experiments, conducted in several laboratories and with slightly different conditions, can be applied for the purpose of designing more replicable endpoints. Had our purpose been the study of how specific laboratories or specific changes in test conditions affect certain endpoints, it would have been preferable to use all these animals in a single large experiment, in which lab, drugs or test conditions could be systematically varied, while all other conditions would have been equated. In the real world, however, many laboratories employ slightly different conditions even when using the same test, and testing and housing procedures are difficult to fully standardize because each laboratory has its own technical limitations. In addition, it is frequently unclear what laboratory-specific factors may affect what endpoints with what genotypes, and many of these factors might not be known at all (Crabbe et al, 1999). Our database of several slightly different experiments is a sample that probably provides a more faithful representation of the population of all laboratories, and is thus more appropriate for testing the practical replicability of endpoints.  

The approach demonstrated here is somewhat reminiscent of the approach that has been successfully employed in bioinformatics during recent years (e.g., Attwood, 2000; Pitt, 2001). The two components of this approach are:

1) A database that includes the raw data (in this case the path coordinates in an open field arena) from several experiments, conducted according to a similar protocol in several different laboratories, and with several genotypes and treatments. Increasing the size and scope of this database should directly increase the potential power of the produced endpoints.  

2) Software for addressing any desirable subsection of this database, and performing desirable computations over it. This software should enable the user to scale up such computations readily, defining new variables and operators that can be used in turn as building blocks of more complex variables and operators. Endpoints that correspond increasingly better  to complex behavior patterns may be designed this way, achieving increasingly  higher discrimination and replicability.  

The path of the animal in the arena, in analogy to the base sequence of a DNA strand, is considered as a structured and information- rich series that can be stored and reanalyzed. As in molecular genetics, the segmentation of this series into discrete and meaningful units (in our case stops and progression segments) highly facilitates the analysis. Another possible advantage of this approach is that many experimenters can contribute data to such a database, while many data analysis specialists can study it without the need to conduct their own experiments. Any progress in the design of new endpoints can be immediately employed by the experimenters to design new experiments and to reevaluate old experiments. This approach is thus more suitable to tackle the inherent complexity of behavioral phenotypes.   
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Table 1: Experiment groups, labs and conditions in the six experiments. NIDA: laboratory at National Institute of Drug Abuse - IRP in Baltimore; TAU: laboratory at Zoology Department of Tel-Aviv University; MPRC: laboratory in Maryland Psychiatric Research Center, University of Maryland.
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Fig. 1: The LOWESS smoothed path (above) and the LOWESS computed speed profile (below) of two progression segments S1 and S2, separated by a lingering episode LE. Each coordinate in the path designates one video frame, measured at a rate of 30 frames/s. The MSDR of S1 is its maximal speed divided by its duration (i.e., its aspect ratio in the speed profile), in this case 55.9/1.27 = 44.1cm/s2. The MSDR of S2 is 41.3/1.8 = 22.9cm/s2. The LMS of SE is its length divided by its duration, in this case 11.8/2.07 = 5.7cm/s.

[image: image3.png]DART index

3

B 3
Experitment nurmber

3




Fig. 2: MSDR values (mean(SE) of C57 (black squares), DBA (open diamonds) and CXBK (gray star) in the six experiments.
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Fig. 3: Distance traveled (mean(SE) of C57 (black squares), DBA (open diamonds) and CXBK (gray star) in the six experiments.
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Fig. 4: LMS values (mean(SE) of C57 (black squares), DBA (open diamonds) and CXBK (gray star) in the six experiments.
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Fig. 5: Correlation of LMS with MSDR in experiments 1, 2 and 3. Symbols represent individual animals. Dark symbols: C57 mice, clear symbols: DBA mice. C1: mean of C57 in experiment 1, C2: mean of C57 in experiment 2, C3: mean of C57 in experiment 3, D1: mean of DBA in experiment 1, D2: mean of DBA in experiment 2, D3: mean of DBA in experiment 2. Dashed lines illustrate the suggested regularity of genotype and lab effects (see text).   
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Fig. 6: DART measure (mean(SE) of C57 (black squares), DBA (open diamonds) and CXBK (gray star) in the six experiments.
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Fig. 7: Distance traveled (mean(SE) of C57 and DBA with amphetamine (to the right) and cocaine (to the left).
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Fig. 8: LMS values (mean(SE) of C57 and DBA with amphetamine (to the right) and cocaine (to the left).
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Fig. 9: MSDR values (mean(SE) of C57 and DBA with amphetamine (to the right) and cocaine (to the left).
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Fig. 10: DART  (mean(SE) of C57 and DBA with amphetamine (to the right) and cocaine (to the left).
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Fig. 11: DART (mean(SE) in time bins of 5 minutes in the six experiments. C57 groups are represented by dark symbols, DBA groups by open symbols, and a single CXBK group by gray stars. 
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				Experiment		Groups		n		Location		Arena's radius		cycle

				1		C57, CXBK		8, 7		NIDA		125 cm		day

				2		C57, DBA		8, 8		NIDA		125 cm		night

				3		C57 with: saline, 1 mg/kg PCP, 5mg/kg PCP		5, 7, 3		MPRC		105 cm		day

				4		C57, DBA		8, 8		MPRC		120 cm		day

				5		C57, DBA		8, 9		TAU		120 cm		night
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				Experiment		1		2		3		4		5		6

				Group (n) - Treatment		C57 (8)		C57 (8)		C57 (8)		C57 (8)		C57 (5) - Saline		C57 (10)

						DBA (8)		DBA (8)		DBA (8)		CXBK (8)		DBA (5) - Saline		DBA (10)

														C57 (5) - Cocaine 5 mg/kg

														DBA (5) - Cocaine 5 mg/kg

														C57 (5) - Cocaine 10 mg/kg

														DBA (5) - Cocaine 10 mg/kg

														C57 (5) - Cocaine 20 mg/kg

														DBA (5) - Cocaine 20 mg/kg

														C57 (5) - Amphetamine 1 mg/kg

														DBA (5) - Amphetamine 1 mg/kg

														C57 (5) - Amphetamine 2.5 mg/kg

														DBA (5) - Amphetamine 2.5 mg/kg

														C57 (5) - Amphetamine 5 mg/kg

														DBA (5) - Amphetamine 5 mg/kg

				Location		NIDA		MPRC		TAU		NIDA		NIDA		MPRC

				Arena's diameter		250 cm		210 cm		250 cm		250 cm		250 cm		210 cm

				Tracking rate		30/s		30/s		25/s		30/s		30/s		30/s

				Spatial resolution		1.3 cm		1.0 cm		1.0 cm		1.3 cm		1.3 cm		1.0 cm

				Period of testing		dark		light		dark		light		light		dark
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