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Loss of Social/Non-social Context Discrimination by Movement Acceleration in the Valproate Model of Autism
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Autism spectrum disorder (ASD) is a neurodevelopmental alteration characterized by social/communicative deficits, repetitive/stereotyped movements, and restricted/obsessive interests. However, there is not much information about whether movement alterations in ASD comprise modifications at the basic kinematic level, such as trajectory and velocity, which may contribute to the higher level of processing that allows the perception and interpretation of actions performed by others, and hence, impact social interaction. In order to further explore possible motor alterations in ASD, we analyzed movement parameters in the Valproate (VPA) animal model of autism. We found that VPA-treated rats displayed greater movement acceleration, reduced distance between stops, spent more time in the corner of the open-field arena, and executed a number of particular behaviors; for example, supported rearing and circling, with no major changes in distance and velocity. However, in the social interaction test, we found other alterations in the movement parameters. In addition to increased acceleration, VPA-rats displayed reduced velocity, increased stops, reduced distance/stop and lost the social/non-social area discrimination that is characteristic of control rats in acceleration and stops variables. Hence, even if prenatal VPA-treatment could have a minor effect in motor variables in a non-social context, it has a crucial effect in the capacity of the animals to adjust their kinematic variables when social/non-social context alternation is required.
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INTRODUCTION

Autism spectrum disorder (ASD) is a multifactorial group of neurodevelopmental alterations of unknown etiology, in which genetic and environmental factors are involved (De Rubeis et al., 2014; Modabbernia et al., 2017). This condition elicits three principal behavioral alterations: (i) social and communicative deficits, (ii) repetitive/stereotyped movements, and (iii) restricted/obsessive interests (Frith and Happé, 2005). The diversity of these altered behavioral features supports a concept in which dysfunctions underlying ASD are produced by atypical neurodevelopmental trajectories, leading to a misconnected brain, where over-connected and under-connected circuits are developed (Wass, 2011). Moreover, growing evidence considered ASD as a multisystemic disorder affecting other pathophysiological domains, such as the gut-intestinal, immunologic, metabolic and motor systems (Bhat et al., 2011; Careaga and Ashwood, 2012; Julio-Pieper et al., 2014; Cheng et al., 2017; Sciara et al., 2020).

Motor alterations in ASD were described in the earliest studies of this pathology by Kanner (1943) and Asperger (1944), but despite the existence of stereotyped movements, these do not form part of the current diagnostic criteria. However, these alterations could be early indicators of a deviant neurodevelopment that precedes the emergence of social and communicative deficits. ASD alters motor control in several domains, such as posture, gait, and praxis, producing decreased static and dynamic postural control during quiet stance (Fournier et al., 2010a,b); gait alterations that may involve cerebellar or basal-ganglia frontostriatal circuits (Rinehart et al., 2006a,b), delayed development of anticipatory control (Schmitz et al., 2003; Hobson et al., 2009) and an important deficit in motor coordination (Fournier et al., 2010a,b). In addition, alterations in praxis have also been reported and suggest a deficit in the acquisition of internal motor models and hence, altered motor learning (Gidley Larson et al., 2008; Cossu et al., 2012). Importantly, evidence shows that praxis errors correlate with the Autism Diagnostic Observation Schedule (ADOS) score (Dziuk et al., 2007; Dowell et al., 2009). Furthermore, the wide range of motor impairments in ASD, linked to its persistent nature (Van Waelvelde et al., 2010), led to the proposal that motor dysfunction is rather a core feature of ASD, and not just a simple symptom (Rinehart and McGinley, 2010). In agreement with this hypothesis, movement execution in ASD displays atypical kinematics, which additionally is well correlated with the ADOS score (Cook et al., 2013).

Furthermore, animal models of autism have allowed us to explore the cellular and molecular underlying mechanisms and, to some extent, the associated motor alterations (Peralta et al., 2016; Fuentealba et al., 2019). In particular, prenatal exposition to the anticonvulsant drug Sodium Valproate (VPA) is currently the best validated model for environmentally induced ASD (Rodier et al., 1996; Wagner et al., 2006; Mabunga et al., 2015; Tartaglione et al., 2019), where morphological anomalies have been detected in motor areas, such as the facial motor nuclei (Oyabu et al., 2013), the motor cortex (Snow et al., 2008) and the cerebellar cortex (Wang et al., 2018). However, in this model, the descriptions of motor alterations, other than stereotyped/repetitive movements, have been limited to a general delay in achieving developmental milestones, and reduced locomotion and object manipulation (Schneider and Przewłocki, 2005; Reynolds et al., 2012; Peralta et al., 2016). Interestingly, motor deficiencies in the VPA-model, as occurs in ASD individuals, correlate with social deficits (Al Sagheer et al., 2018).

In order to explore possible motor alterations in the VPA-model related to independent free exploration or social interaction, we evaluated kinematic parameters in two habitually used behavioral tests for laboratory rats: the open field test (OFT) and the three-chamber social test (3C-ST). The first one is designed to evaluate locomotor activity and exploratory behavior without social demands and the second test specifically evaluates social interaction. In brief, the aim of our study was to determine whether the VPA autism model shows kinematic particularities and if they are influenced by social or non-social contexts.



MATERIALS AND METHODS


Animals

Pregnant female Sprague-Dawley rats were obtained from the Faculty of Chemical and Pharmaceutical Sciences, Universidad de Chile and housed in 25 × 45 × 15 cm cages under standard conditions (21 ± 2°C, 12:12 h light-dark cycle and ad libitum access to food and water). On embryonic day 12.5 (E12.5) experimental rats received a single i.p. injection of Sodium Valproate (450 mg/Kg, Sigma-Aldrich), while the control group received a saline solution injection. On postnatal day 21 (PN21), the day of weaning, pups were separated from their dam and males were housed in groups of 3–4 littermates until P30, when behavioral tests were performed. We only used males in this study, considering that prenatal VPA treatment produces effects both in males and females, but with qualitative and quantitative differences (Hara et al., 2017; Al Sagheer et al., 2018). At all times, efforts were made to minimize both the number of animals used and their suffering. All procedures were approved by the Ethic Committee of the Chilean Science and Technology National Commission (CONICYT), in compliance with the National Institutes of Health Guide for Care and Use of Laboratory Animals [National Research Council (NRC), 2011].



Behavioral Tests

All tests were performed between 9:00 and 15:00 h and recorded by a video camera located at 1.5 m from the test surface. Tests were performed sequentially with an interval of 48 h, beginning with the open field test. Animals were habituated to the room 5 min before each test and the apparatus were cleaned with 5% ethanol between each testing of the animals. No other person besides the experimenter was in the room. The tests were performed with 60 db of white noise and there were no visual clues in the room.


OFT

A black OFT of 60 × 60 cm was used. At the beginning of the test, every animal was located at the center of the illuminated arena and allowed to freely explore; such behavior was recorded for 5 min. OFT was conducted in two batches of control and experimental rats. A first batch composed of 13 control and 7 VPA-treated rats (n = 7), and a second batch composed of 8 control and 8 VPA-treated rats.



3C-ST

Social test was performed in a third batch of control (n = 8) and VPA treated (n = 11) rats. The apparatus consisted of three 30 × 22 cm adjoining chambers of transparent acrylic, connected by 10 × 10 cm doors. Because we used juvenile rats (PN30) we have used the apparatus dimensions for adult mice, which are similar in weight (Moy et al., 2004). Initially, the animal was allowed to habituate to the central chamber for 5 min (habituation stage) and then, the doors leading to both lateral chambers were opened. In this stage (social stage), the rats were exposed to a familiar congener located in one of the lateral chambers inside of a wired cage, while the other one contained an empty wired cage. Social interaction was recorded and evaluated during 10 min. Three VPA treated animals did not move at all during social stage of the 3C-ST, hence these animals were take-out of the social stage analysis.



EPM

In order to complement the behavioral evaluations, we performed the elevated plus maze test (EPM) to examine anxiety levels, as previously reported (Peralta et al., 2016) in the second batch of control and VPA-treated rats. Briefly, the arms measured 40 × 10 cm and the enclosed arms were limited by walls 30 cm high, and elevated 50 cm from the floor. At the beginning, the rat was placed in the center, facing to an open arm and video recording was performed during 5 min.



Behavioral and Kinematic Analysis

All videos were recorded with a web video camera (C210, Logitech International S.A., Lausanne, Switzerland), converted to the grayscale AVI format, and then processed by ImageJ 1.52p software (Schneider et al., 2012)1 using the “threshold” and “analyze particles” functions to obtain the Cartesian position coordinates (x, y) of the rat’s “center of mass” in each video frame. For all analyzed video sequences, a visual verification of whole photograms was performed in order to correct the data, when necessary. Even though time consuming, this method guarantees no biases in point position data. Data were then transferred to an Excel worksheet (Excel Microsoft 2016, Washington, United States) and each video data set was calibrated to the actual dimensions of the testing arenas. From these data sets we calculated the displacement between two consecutive frames and, using logical functions, extracted the frames in which the rats were moving and those in which the rats remained immobile. These two variables allowed us to obtain two parameters: “traveled distance,” as the cumulative sum of frame to frame displacement, and “effective velocity,” as the total distance divided by the time during which the rat was actually moving. We used the term “effective,” rather than “mean” velocity because we calculated the velocity only when the animal moved (excluding the time when it remained immobile). “Mean acceleration” was calculated as the mean value of frame to frame positive change of velocity, only counting the frames with displacements. The parameter “stops” corresponds to the number of times that a frame-series with displacements was interrupted by, at least, one frame of immobility, from another frame-series with displacements. The parameter “distance/stop” was obtained, as the total distance divided by the total number of “stops.” These analyses were performed for both the OF and 3C-ST behavioral tests.



Evaluation of Walking Velocity and Specific Exploratory Behaviors

Specific behaviors, such as “supported rearing” (defined as straighteners putting the two paws on the walls, Sturman et al., 2018), “returns” (180° turns) and circling behavior (360° turns) were visually evaluated in the first batch of control and experimental rats by a trained -blind to condition- operator. OFT videos of the second batch were used to determinate corner activity (four 20 × 20 cm corner quadrants), percentage of the time in central 20 × 20 cm quadrant, and to evaluate walking velocity. Walking velocity was measured in specific video-segments in which the animal performed, at least three steps in a straight-line. These isolated video sequences (45 video-sequences) were analyzed with ImageJ software and velocity was determined as the displacement in cm, directly measured in the calibrated image, and the time derived from the number of photograms, according to the time resolution of the video.



Statistical Analysis

Statistical analyses were performed using GraphPad Prism 8.0.2 (GraphPad Software Inc., San Diego, CA, United States). The non-parametric two-tailed Mann-Whitney U-test was used when comparing two groups (values in the total time or total area in the tests). Multiple comparisons in minute-by-minute analysis from OFT and 3C-ST-habituation and social/non-social areas- were analyzed by two-way ANOVA, followed by Tukey (minute-by-minute analysis) or Sidak (social/non-social areas) post hoc tests. In all cases, a p-value lower than 0.05 was considered as statistically significant.



RESULTS

In order to analyze possible motor alterations in our VPA model, we decided to explore changes in kinematic parameters in two behavioral tests; one designed to evaluate locomotor activity (OFT), and another one usually chosen to evaluate social interaction (3C-ST).


Kinematic Parameters During the OFT

We determined “traveled distance,” “effective velocity,” and “mean acceleration,” both in control and VPA-treated rats during the 5 min of the OFT sessions. Both groups exhibited a similar total “traveled distance” and “effective velocity” (Figures 1A,B), while the VPA-group showed increased “mean acceleration” (140.2 ± 10.9 cm/s2), which was higher (p < 0.0001, Mann-Whitney U-test) than that of the control group (81.3 ± 5.8 cm/s2) (Figure 1C). Our analysis allowed us to calculate the number of times in which the animal halted its displacement and initiated another (“stops”). Accordingly, control rats stopped 588.7 ± 57.16 times during the 5 min of the test, while the VPA-group stopped 761.71 ± 13.4 times, with no significant difference (p = 0.1005, Mann-Whitney U-test) (Figure 1D). The total traveled distance values were used to calculate the mean distance between stops: “distance/stop” for each animal. While the control group traveled a mean of 25.5 ± 5.4 cm between halts, the VPA-group traveled an average of 9.7 ± 1.5 cm, the difference was statistically significant (p < 0.05, Mann-Whitney U-test) (Figure 1E).
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FIGURE 1. Effect of prenatal VPA treatment on kinematic parameters in the OFT. (A) “Traveled distance,” (B) “effective velocity,” (C) “mean acceleration,” (D) “stops,” and (E) “distance/stop” in the total duration (5 min) of the test. ∗p < 0.05; Mann-Whitney U-test, VPA compared to controls. Minute-by-minute analysis of (F) “traveled distance,” (G) “effective velocity,” (H) “mean acceleration,” (I) “stops,” and (J) “distance/stop.” #p < 0.05; Two-way ANOVA, followed by the Tukey post hoc test, min 1 compared to min 5. n controls = 13, n VPA = 7.


Nonetheless, when we analyzed the minute-by-minute data along the 5 min of the test, we detected a gradual decline for the “traveled distance” from the beginning (minute 1) to the end (minute 5). In fact, two-way ANOVA showed a significant main effect of time [p < 0.0001, F(4, 48) = 14.04], without an effect of the VPA treatment [p = 0.7611, F(1, 12) = 0.0971], or minute × VPA interaction [p = 0.6253, F(4, 18) = 0.6636], thus evidencing a reduction of the same magnitude for both control and VPA-treated groups (Figure 1F). In the control group, the “traveled distance” registered in the first minute was 459.3 ± 42.1 cm and significantly decreased at the last minute to 251.7 ± 44.9 cm (p < 0.01, Tukey post hoc test, first minute vs. last minute). Similarly, analysis in the VPA-group showed a “traveled distance” in the first minute of 517.9 ± 36.8 cm, which significantly decreased in the last minute, reaching 200.3 ± 29.8 cm (p < 0.01, Tukey post hoc test, first minute vs. last minute). Regarding the behavior of “effective velocity” along the five minutes of the OFT, we did not observe significant effects by two-way ANOVA analysis for time [p = 0.4214, F(4, 48) = 0.9913], VPA treatment [p = 0.2736, F(1, 12) = 1.317] nor interaction time × VPA [p = 0.2153, F(4, 18) = 1.609]. Control and VPA-groups showed a nearly invariable “effective velocity” along the trial period (p = 0.99 for control and p = 0.44 for the VPA-group; Tukey post hoc test, comparing the first and last minute in both cases) (Figure 1G). Interestingly, “mean acceleration” was relatively stable during the 5 min of the test in the control group, while the VPA-group showed a statistically significant decline. Two-way ANOVA analysis showed a significant main effect of time [p = 0.0114, F(4, 48) = 3.643], VPA treatment [p = 0.0003, F(1, 12) = 25.72] and time × VPA interaction [p = 0.0248, F(4, 18) = 3.3615]. “Mean acceleration” significantly decreased (p < 0.05, Tukey post hoc test) from the first minute (165.8 ± 14.8 cm/s2) to the last minute (106.9 ± 13.8 cm/s2), reaching values that were not statistically different from those of the control group in the last 2 min (Figure 1H).

As shown in Figure 1I, the “stops” was relatively stable during the 5 min of the test in the VPA group, while the control group started with a reduced number of stops in minutes 1 and 2, which rose to VPA values in minutes 4 and 5. The minute-by-minute analysis of stops with two-way ANOVA showed a significant main effect of time [p = 0.0044, F(4, 48) = 4.358], no significant effect of VPA treatment [p = 0.0772, F(1, 12) = 3.735] and significant time × VPA interaction [p = 0.0036, F(4, 18) = 5.784]. Even if no statistically significant difference was found between the control and VPA-group at any minute, the first minute in the control was statistically different from minute five in the same control condition (p < 0.05, Tukey post hoc test).

On the other hand, minute-by-minute “distance/stop” showed a profile inverse to that of stops, which was expected considering no changes in traveled distance (Figure 1J). “Distance/stop” was relatively stable during the 5 min of the test in the VPA group, while the control group started with an increased value in minutes 1 and 2, which then went down to control values in minutes 3–5. The minute-by-minute analysis of “distance/stop” with two-way ANOVA showed a significant main effect of time [p = 0.0002, F(4, 48) = 6.892], a significant effect of VPA treatment [p = 0.0368, F(1, 12) = 5.517] and significant time × VPA interaction [p = 0.0474, F(4, 18) = 2.979]. There was no statistically significant difference between the control and VPA-group in any minute, but the first minute in the control group was statistically different from minute five in the same control condition (p < 0.05, Tukey post hoc test).

These data evidenced that prenatal VPA treatment specifically affects the acceleration of movements without influencing the “traveled distance” and “effective velocity” parameters. In addition, habituation to the OFT arena occurred normally at the level of “traveled distance” and only the VPA-group showed an habituation-like behavior at the level of “mean acceleration,” suggesting that not all kinematic parameters show a similar variation as a function of time. Interestingly, the parameters “stops” and “distance/stop” showed a constant behavior in the VPA-group, while the control group was able to modulate them along the time of the test, suggesting that VPA animals decrease in-time acceleration by decreasing the traveled distance but not increasing the stops.

In order to further analyze the effect of prenatal VPA-treatment in movement characteristics, we quantified particular behaviors, such as “supported rearing” and “circling.” Figure 2A shows that the VPA-group performed nearly twice more “supported rearing” events than the control group (12.54 ± 2 in control vs. 22.3 ± 2.53 in VPA rats, p < 0.01, Mann-Whitney U-test), without a significant effect on “returns.” Circling activity increased nearly three times in the total OFT arena (regardless of direction) in the VPA-group (0.85 ± 0.23 in control vs. 2.29 ± 0.56 in VPA rats, p < 0.05, Mann-Whitney U-Test) and was more notorious in the OFT corners (0.38 ± 0.19 in control vs. 1.71 ± 0.56 in VPA rats, p < 0.05, Mann-Whitney U-Test) (Figure 2B). In addition, VPA rats showed greater permanence in the corners. The time spent in the corner of the OFT arena for VPA rats was lightly superior but the difference was statistically significant (63.26 ± 5.6% in control vs. 78.11 ± 2.9% in VPA group, p < 0.05, Mann-Whitney U-test) (Figure 2C). Regarding the% of the time spent in the center of the OFT, VPA rats showed a statistically significant (p < 0.05, Mann-Whitney U-test) lower time (2.41 ± 1.9%) compared to control group (7.99 ± 3%) (Figure 2D).
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FIGURE 2. Effect of prenatal VPA treatment on the (A) supported rearing (s. rearing) and returns and (B) circling activity in the first batch of animals (n controls = 13 and n VPA = 7). (C) % of time spent in OFT corners, (D) % of time spent in OFT center, (E) walking velocity on OFT, and (F) % of time in the closed arms of the EPM for the second batch of animals (n controls = 8 and n VPA = 8). ∗p < 0.05; Mann-Whitney U-test, VPA compared to controls.


On the other hand, considering that the kinematic parameters of distance, velocity and acceleration that we calculated involve movements that imply displacement, but not necessarily a particular type of movement, we conducted a preliminary evaluation of walking velocity. For this, we visually selected video segments in which the animal performed a straight-line walk and thus, calculated a velocity that truly represented walking velocity. No significant difference was found in the mean walking velocity between control and VPA rats (28.33 ± 1.11 in control vs. 36.5 ± 11.5 in VPA rats, p = 0.43, Mann-Whitney U-Test) (Figure 2E). A remarkable observation during this evaluation was the extreme difficulty in finding video segments in which VPA rats walked in a straight line, and the great variability of the data for this group. In contrast, the control group showed minimal variability and many segments of straight-line walking. Of note, given that the results represent mean ± standard error and that the statistical n value was 8 independent individuals for each group, increased variability in the VPA-group was not due to the number of animals.

Since anxiety is a fundamental sign in ASD individuals and in animal models of autism, we conducted the EPM test in order to corroborate this characteristic. Figure 2F shows that the VPA-group spent more time in the closed arms than the control group (71 ± 7.5% in control vs. 89 ± 3.6% in VPA rats, p < 0.05, Mann-Whitney U-Test) demonstrating a higher level of anxiety in VPA-treated rats.



Kinematic Parameters Determined During the Habituation Stage in the 3C-ST

In order to investigate if the kinematic parameters evaluated in the OFT were dependent on the space used in the determination, we analyzed the first stage of the 3C-ST, which lasts 5 min and represents a sort of “open-field” of little dimensions. In fact, we essentially replicated the previous results for the “traveled distance,” “effective velocity,” and “mean acceleration” from the OFT. No significant differences were found between control and VPA groups in “traveled distance” and “effective velocity” during the entire habituation stage of the test (Figures 3A,B). However, the “mean acceleration” in the control group (61.2 ± 2.5 cm/s2) significantly increased in the VPA group (126 ± 18.5 cm/s2) (p < 0.01, Mann-Whitney U-test) (Figure 3C).
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FIGURE 3. Effect of prenatal VPA treatment on kinematic parameters in the habituation stage of 3C-ST. (A) “Traveled distance,” (B) “effective velocity,” (C) “mean acceleration,” (D) “stops,” and (E) “distance/stop” in the total time of the habituation stage of the 3C-ST. ∗p < 0.05; Mann-Whitney U-test, VPA compared to controls. Minute-by-minute analysis of the (F) “traveled distance,” (G) “effective velocity,” (H) “mean acceleration,” (I) “stops,” and (J) “distance/stop.” #p < 0.05; Two-way ANOVA, followed by the Tukey post hoc test. n controls = 8 and n VPA = 11.


Total stops in the control rats were 803 ± 17 during the habituation stage of the 3C-ST, and significantly increased to 991 ± 49 in the VPA-group (p < 0.01, Mann-Whitney U-test) (Figure 3D). Inversely, while the control group traveled a mean of 7.56 ± 0.7 cm between halts, the VPA-group traveled 5.32 ± 0.72 cm in average, which was statistically lower (p < 0.05, Mann-Whitney U-test) (Figure 3E).

The minute-by-minute two-way ANOVA analysis of “traveled distance” showed a main effect of time [p < 0.0001, F(4, 40) = 19.25], without an effect of VPA treatment [p = 0.8113, F(1, 10) = 0.06007] or time × VPA interaction [p = 0.2972, F(4.25) = 1.300]. We observed a statistically significant gradual decline for “traveled distance” from the first to the last minute in control and VPA groups (p < 0.0001 for the VPA-group and p < 0.05 for the control group; Tukey post hoc test, first minute vs. the last minute in each group, Figure 3F). Moreover, “effective velocity” showed a similar behavior according to two-way ANOVA analysis; main effect of time [p < 0.0001, F(4, 40) = 22.02], no effect of VPA treatment [p = 0.7246, F(1, 10) = 2.842], and significant minute × treatment interaction [p = 0.0453, F(2, 25) = 2.842]. There were no statistical differences between the control and VPA groups in each minute, but a statistically significant decline in the control group (p < 0.01; Tukey post hoc test, first minute vs. the last minute) and the VPA-group (p < 0.0001; Tukey post hoc test, first minute vs. the last minute) (Figure 3G). This behavior was different from that observed with the OFT, where the decline from minutes 1 to 5 was not statistically significant in both groups (compare Figure 3G with Figure 1G).

The analysis of “mean acceleration” by two-way ANOVA indicated a significant main effect of time [p < 0.0001, F(4, 40) = 11.97], VPA treatment [p = 0.0134, F(1, 10) = 8.973] and time × VPA interaction [p < 0.0001, F(4, 25) = 9.442]. “Mean acceleration” was relatively stable during the 5 min of the 3C-ST habituation stage in the control group. On the other hand, the VPA-group showed a statistically significant decline (p < 0.0001; Tukey post hoc test) from the first minute (147.9 ± 18.8 cm/s2) to the last minute (98.1 ± 16.8 cm/s2), reaching values that were not statistically different from that of the last minute in the control group (Figure 3H). This behavior was completely equivalent to that found in the OFT (Figure 1H).

Regarding the behavior of “stops” during the 3C-ST habituation stage, we observed that the stops increased in the VPA-group compared to the control group in the first minute and a gradual decline to converge to control values was produced in minute five (Figure 3I). Two-way ANOVA indicated no significant main effect of time [p = 0.1117, F(4, 40) = 2.009], a significant effect of VPA treatment [p = 0.0270, F(1, 10) = 6.699] and a significant time × VPA interaction [p < 0.0030, F(4, 25) = 5.345]. Minute five of the VPA-group was significantly lower than the first minute in the same group (p < 0.001; Tukey post hoc test).

The “distance/stop” parameter showed an inverse pattern respect to the “stops.” We observed decreased “distance/stop” in the VPA-group compared to the control group in the first minute and a gradual decline -also observed in controls-, to converge to control values in minute five (Figure 3J). Two-way ANOVA indicated no significant main effect of time [p = 0.1117, F(4, 40) = 2.009], a significant effect of VPA treatment [p = 0.0270, F(1, 10) = 6.699] and a significant time × VPA interaction [p < 0.0030, F(4, 25) = 5.345]. The differences between the first minute and the last minute in control and VPA groups was statistically significant (p < 0.0001 for the control and p < 0.0001 for the VPA-group; Tukey post hoc test).

In general, the results obtained in the habituation stage of 3C-ST validate our analysis performed with the OFT, and show that prenatally VPA-treated rats do not display considerable differences in their kinematic characteristics (such as distance and velocity). However, a general increase in mean acceleration was present in all conditions, along with increased halts during trajectories and reduced distance between stops, more or less evident depending on the behavioral test used. In fact, increased “stops” and reduced “distance/stop” were more evident in the beginning of the OFT and habituation stage of the 3C-ST.



Kinematic Parameters Determined During the Sociability Stage of the 3C-ST

The sociability stage of the 3C-ST lapses for 10 min and in this case we also evaluated kinematic parameters, but now in an alternant social/non-social context. First, we analyzed the percentage of time spent in the social area, corresponding to the chamber where a congener was located. This parameter is usually used as a sign of social preference and its reduction is interpreted as an index of social deficit. While control rats spent 63.7 ± 2.34% of the total time in the social area -showing their natural social preference- the VPA-group spent significantly less time in this area (36.5 ± 7%, p < 0.001; Mann-Whitney U-test) (Figure 4A). Hence, the VPA-model exhibited social deficits, so we then proceeded to analyze kinematic parameters that differentiated total (all chambers), social (only in the social chamber) and non-social (center plus empty chamber) areas.
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FIGURE 4. Effect of prenatal VPA treatment on (A) social time and kinematic parameters in the social stage of the 3C-ST; (B) “traveled distance,” (C) “effective velocity,” (D) “mean acceleration,” (E) “stops,” and (F) “distance/stop”. ∗p < 0.05; Mann-Whitney U-test, VPA compared to controls. n controls = 8 and n VPA = 8.


First, at the level of total area, we did not observe statistical differences between the control and VPA groups in “traveled distance,” but a reduction tendency in the VPA-group, compared to the control group (p = 0.064; Mann-Whitney U-test, Figure 4B), probably underlying a statistically significant reduction in “effective velocity” in that group (16.6 ± 0.5 cm/s in the control group vs. 11.5 ± 1.5 cm/s in the VPA-group, p < 0.05; Mann-Whitney U-test, Figure 4C). Similarly to the OFT and the habituation stage of the 3C-ST, there was a statistically significant increase of “mean acceleration” (p < 0.001; Mann-Whitney U-test); from 116.3 ± 3.8 cm/s2 in the control group to 197.7 ± 20.5 cm/s2 in the VPA-group (Figure 4D). No statistical difference was found at the level of “stops” in the entire area of the 3C-ST social stage (Figure 4E). However, a significant reduction was observed in the “distance/stop” parameter (p < 0.05; Mann-Whitney U-test) (Figure 4F). These results show that when facing a social condition, acceleration remains elevated, but an additional difference between control and VPA rats appears: reduced velocity, considering all the areas of the 3C-ST.

Furthermore, the analysis of kinematic parameters to separate social from non-social areas showed a differential effect of VPA treatment. First, two-way ANOVA analysis of “traveled distance” showed no effect for area [p = 0.4944, F(1, 14) = 0.4923], but a significant effect of treatment [p = 0.013, F(1, 14) = 7.907], without area × treatment interaction [p = 0.0741, F(1, 14) = 3.725]. The VPA-group showed a reduced “traveled distance” in the social area compared to the control group (2215.27 ± 109.85 cm in controls vs. 1134 ± 329.66 cm in the VPA-group, p < 0.01; Sidak post hoc test), while no significant difference was found in the non-social area (1079.9 ± 126.9 cm in controls vs. 1244.6 ± 346.05 cm in the VPA-group, p = 0.07; Sidak post hoc test) (Figure 5A). In addition, no statistical difference was found in “traveled distance” between social and non-social areas in the control (p = 0.1608; Sidak post hoc test) or VPA groups (p = 0.6397; Sidak post hoc test). These results suggest that VPA-treated rats reduce their locomotor activity in the new condition; however, this parameter did not differentiate between social and non-social areas, in both control and VPA groups.


[image: image]

FIGURE 5. Effect of prenatal VPA treatment on kinematic parameters in social and non-social areas during the social stage of the 3C-ST; (A) “traveled distance,” (B) “effective velocity,” (C) “mean acceleration,” (D) “stops,” and (E) “distance/stop.” #p < 0.05; One-way ANOVA, followed by Sidak post hoc test. Social/non-social (S/n-s) ratios of (F) “traveled distance,” (G) “effective velocity,” (H) “mean acceleration,” (I) “stops,” and (J) “distance/stop.” ∗p < 0.05; Mann-Whitney U-test, VPA compared to controls. n controls = 8 and n VPA = 8.


In relation to “effective velocity,” two-way ANOVA analysis showed a significant main effect of area [p < 0.0001, F(1, 14) = 57.01] and VPA treatment [p = 0.0016, F(1, 14) = 15.34], without area × treatment interaction [p = 0.1200, F(1, 14) = 2.742]. A statistically significant reduction was observed in the VPA-group in social (p = 0.0153) and in non-social (p = 0.0004) areas, in relation to the control group (Sidak post hoc test) (Figure 5B). Moreover, both control and VPA groups showed a significant difference between social and non-social areas. The control group showed an “effective velocity” of 14.34 ± 0.6 cm/s in the social area and 22.73 ± 1.3 cm/s in the non-social area (p < 0.0001; Sidak post hoc test), while the VPA group showed an “effective velocity” of 8.05 ± 1.8 cm/s in the social area and 13.42 ± 2.34 cm/s in the non-social area (p = 0.0019; Sidak post hoc test). Therefore, “effective velocity,” in contrast to “traveled distance” is a parameter that discriminates between social and non-social contexts in both control and VPA-treated rats.

We then analyzed “mean acceleration” and found that it was the only variable that dramatically differentiated VPA from control animals in “open field” conditions (OFT and the habituation-stage of the 3C-ST). Two-way ANOVA analysis indicated a main effect of area [p = 0.0253, F(1, 14) = 6.265] and VPA treatment [p = 0.0014, F(1, 14) = 15.69], without area × VPA interaction [p = 0.3133, F(1, 14) = 1.094]. A statistically significant increase of “mean acceleration” was observed in the VPA-group in both social (p < 0.01) and non-social (p < 0.05) areas, in relation to the respective areas in the control group (Sidak post hoc test) (Figure 5C). While acceleration in the social area was 98 ± 4.8 cm/s2 in the control group, the VPA-group showed a value of 194 ± 15.4 cm/s2. In the non-social area, control acceleration was 151.2 ± 6.3 cm/s2, increasing to 217.1 ± 35.4 cm/s2 in the VPA-group. On the other hand, social vs. non-social areas presented a statistically significant difference in the control group (p < 0.001; Sidak post hoc test), but not in the VPA-group (p = 0.8200) (Figure 5C), suggesting that in the control group, mean acceleration is able to discriminate social from non-social areas, while the VPA group loses that ability.

“Stops” in social and non-social areas also showed a differential behavior between control and VPA groups. Two-way ANOVA analysis of stops indicated a main effect of area [p = 0.0024, F(1, 14) = 13.66], no effect of VPA-treatment [p = 0.9002, F(1, 14) = 0.01632] and a significant area × VPA interaction [p = 0.0120, F(1, 14) = 8.326] (Figure 5D). A statistically significant difference was found between social and non-social areas in the control group (p = 0.0007), but not in the VPA group (p = 0.8200; Sidak post hoc test). However, no significant difference was observed between control and VPA groups in social (p = 0.1368) or in non-social (p = 0.0944) areas (Sidak post hoc test). This result suggests that the control group is able to discriminate social from non-social areas in this parameter, while the VPA-group loses that ability.

On the other hand, two-way ANOVA analysis of “distance/stop” showed a main effect of area [p < 0.0001, F(1, 14) = 32.29] and VPA treatment [p = 0.0029, F(1, 14) = 13.00] and a significant area × VPA interaction [p = 0.0058, F(1, 14) = 10.55] (Figure 5E). The difference between social and non-social areas in the control group was statistically significant (p < 0.0001), but not for the VPA-group (p = 0.2031; Sidak post hoc test). No significant difference of distance/stop was observed in the social (p = 0.0940) area, but a significant difference was found in the non-social area when comparing the control with the VPA-group (p = 0.0002; Sidak post hoc test), suggesting that this parameter discriminates social from non-social areas in controls, but not in VPA treated rats.

To corroborate the specificity of the kinematic parameters in the loss of social/non-social discrimination, we calculated a social/non-social ratio for the kinematic variables. In the control group, the social/non-social ratio for distance was 1.15 ± 0.09, and it was not statistically different from the VPA-group, which showed a ratio of 0.95 ± 0.16 (p = 0.16; Mann-Whitney U-test, Figure 5F), suggesting no context discrimination for this parameter in control and VPA groups. On the other hand, the social/non-social ratio for “effective velocity” was similar in the control group (0.64 ± 0.04) to that of the VPA-group (0.54 ± 0.08), suggesting that both groups decrease their velocity in the social area in a similar way (p = 0.64; Mann-Whitney U-test, Figure 5G); thus, this parameter is able to discriminate social from non-social contexts in both groups. In contrast, the social/non-social ratio for “mean acceleration” was significantly higher in the VPA-group (1.05 ± 0.18) than in the control group (0.64 ± 0.03) (p < 0.05; Mann-Whitney U-test, Figure 5H). The social/non-social ratio for “stops” was 1.93 ± 0.1 in the control group, showing a preference for halting in the social chamber, while the VPA-group ratio was 1.09 ± 0.2, suggesting no preference (Figure 5I). The difference between social/non-social ratios for stops was statistically significant (p = 0.030, Mann-Whitney U-test), suggesting that controls discriminate by context, an ability lost in the VPA-group. Regarding “distance/stop,” no statistical difference was found between control and VPA groups (p = 0.0830, Mann-Whitney U-test) (Figure 5J).

The results obtained in the social stage of the 3C-ST corroborated increased acceleration in the VPA group and suggests that control animals reduce their movement acceleration and increase their halts when they move in the social chamber, while VPA-treatment abolishes the ability to modulate acceleration and halts when the rats face social or non-social contexts.



DISCUSSION

We have studied basic kinematic parameters in the juvenile rat VPA-model of autism using two behavioral tests (OFT and 3C-ST), which represent two different contexts. The most remarkable observation of our work was evidenced in the social stage of the 3C-ST, where, according to the “mean acceleration” and “stops” parameters, the social/non-social context discrimination was lost in the VPA-group, whereas distance does not discriminate a social context, while velocity does in both groups. In addition, we showed that VPA treatment produced consistent increases in “mean acceleration” and reduced “distance/stop,” with almost null effect on “traveled distance” and “effective velocity” in the OFT, an effect corroborated during the habituation stage of the 3C-ST. However, in the last case, we observed additionally increased “stops.” These results suggest that in a socially neutral context, the motor alterations in ASD may specifically affect certain kinematic parameters; i.e., acceleration and related variables as “stops” and “distance/stop,” without evidently affecting distance and velocity. Moreover, in a condition where there is an alternation of social vs. non-social contexts, velocity is also affected and more importantly, we evidenced an effect in the ability to dynamically change “mean acceleration” and “stops” parameters between social and non-social contexts. To our knowledge, this is the first report in an animal model of autism that shows this type of discriminative behavior for acceleration and stops variables in control rats, and its loss in VPA-treated rats.

In the OFT, control and VPA-treated rats exhibited similar kinematic characteristics, such as total displacement and velocity. In addition, according to the “traveled distance” parameter, both groups seemed to equally habituate to the arena. In order to obtain a real parameter of movement velocity in general, but not associated with a particular type of movement (walking, jumping, turns, etc.), we calculated “effective velocity” as the mean velocity, considering only the time in which the animal showed a displacement of its center of mass, respect to the precedent video frame. Furthermore, despite the similarity displayed by control and VPA groups in these two basic kinematic parameters, we found an important difference in movement acceleration, measured as “mean acceleration.” Nonetheless, it is important to mention that we cannot infer whether these differences are associated with a particular movement characteristic; in other words, related to increased acceleration, which might represent less smooth movements or faster movement initiation. Even though a more precise kinematic study is necessary to clear this point out, we can conclude that the observed differences represent an intrinsic characteristic of the animal movements affected by the VPA treatment. A previous report in which kinematic parameters were studied in different strains of control mice has indicated that the acceleration-influenced parameter “velocity/stops,” may differentiate mice strains, and this parameter was associated with “darting behavior,” which can reflect vulnerability to stress, anxiety or jitteriness (de Visser et al., 2006). In fact, we performed the elevated-plus maze and found evidence of increased anxiety in VPA-treated rats, a feature also corroborated by the reduced time in the center of OFT arena in our experimental group. Hence, the increased acceleration that we found in the VPA-group, in addition to conserved or reduced velocity could be concordant with the recognized anxious profile characteristic of this ASD animal model (Markram et al., 2008; Markram and Markram, 2010).

Of note, VPA-treated animals normally habituate the “traveled distance” parameter in the OFT and the 3C-ST, while “mean acceleration” reflects a habituation-like behavior only in VPA animals. In addition, velocity showed a habituation-like behavior in both control and VPA rats in the little arena of habituation stage of 3C-ST. We suggest that acceleration is a more sensitive parameter for detecting anxiety in VPA animals. In fact, Olexová et al. (2013), measured displacement and showed that VPA-treatment reduces habituation, but during a longer period of time (15–20 min). It is interesting that we found increased “stops” and decreased “distance/stop” in the first minute of the OFT and in the habituation stage of 3C-ST, but these parameters reached control values at the second or third minute of the test, suggesting that “stops” and “distance/stop” could be related to “acceleration.”

Since our kinematic parameters did not characterize any particular type of movement, we also evaluated walking, rearing, turns and circling behavior. When comparing control and VPA rats, we did not find any differences in walking velocity, but we had difficulties in finding video sequences in which VPA rats walked in a straight line, reflecting their propensity to perform circling behavior, especially in the corners of the arena test, where they also spent more time in comparison to controls. Increased circling behavior and supported rearing may suggest anxious behavior but, considering that standing upright is a normal behavior (Makowska and Weary, 2016), we cannot discard the idea that these corner-directed behaviors may reflect a particular type of exploration induced by VPA treatment. Circling behavior has already been reported in another animal model, in which VPA administration is performed early in postnatal (PN4-PN11) mice (Bath and Pimentel, 2017). Interestingly, a particular type of circling motor activity has been described in ASD children and was reported as “stereotypical spinning behavior” (Bracha et al., 1995) or a “turning bias,” which correlates with ASD severity (Cohen et al., 2014). Another report, using a fully automatic system, showed greater and faster head turning in ASD children (Martin et al., 2018). Hence, the circling activity displayed by the VPA-group seems to represent a behavioral characteristic of ASD subjects, which can be objectively measured in both human and animal models. Furthermore, atypical movements have been reported in different studies. For example, one report associated increased acceleration with increased velocity and “jerky” arm movements in ASD individuals (Cook et al., 2013). On the other hand, increased acceleration has been associated with oscillations of the trunk and head during gait, and determines slow walking in ASD adults (Armitano et al., 2020). These observations resemble our findings of reduced velocity associated with increased acceleration in the social stage of the 3C-ST, and may be related to the reduced distance traveled between halts, also observed in our study.

Our findings might be explained by alterations of several neurobiological substrates, including several supra-spinal motor control structures. The method that we used to calculate the kinematic parameters does not address a particular type of movement, but considering that it is based on the displacement of the animal’s center of mass, locomotion may be a main component influencing our results. It is well recognized that the mesencephalic locomotor region (LMR), located in the upper brainstem, is fundamental in defining walking velocity (Skinner and Garcia-Rill, 1984; Sherman et al., 2015), although the LMR may interact with certain neuronal populations located in the caudal brainstem (Capelli et al., 2017). Interestingly, brainstem structural alterations were the first morphological hallmarks described in both, the VPA model, and in postmortem encephalic tissue from ASD individuals (Rodier et al., 1996; Inui et al., 2017). Moreover, locomotor nuclei in the LMR can be classified into areas associated with exploratory, appetitive, and defensive locomotion, which interact with frontostriatal circuits of the basal ganglia, lateral and medial hypothalamus, respectively (Jordan, 1998).

Based on the exploratory component of our behavioral tests and taking into account the particular exploratory behavior displayed by VPA-treated rats in the OFT arena, basal ganglia circuits may be interesting regions in which the neurobiological underpinnings of the kinematic alterations observed in ASD could be further investigated. In fact, multiple alterations have been described in basal ganglia circuits in ASD individuals and animal models of autism (Subramanian et al., 2017). This collection of subcortical nuclei, connected reciprocally with the frontal cortex, is associated with a number of motor, associative and cognitive functions that involve several complex behaviors, such as joint attention, imitation, communication, inhibitory control, action chaining, compulsive and goal-directed behaviors, which are all altered in ASD (Subramanian et al., 2017). Furthermore, among the most relevant neurotransmitters of the basal ganglia is dopamine (DA), a neurotransmitter produced by the mesencephalic nigral neurons and critically involved in exploratory behavior (Alexander and Crutcher, 1990). The similarity between the motor alterations produced in ASD, Parkinson’s disease and PANDAS (pediatric autoimmune neuropsychiatric disorder associated with streptococcal infections), where dopaminergic neurons are targeted, suggest a pivotal role for DA in ASD pathophysiology (Paval, 2017). Hence, the particular exploratory behavior and altered kinematics reported in our study in VPA rats, including the loss of social context discrimination, might reflect dopaminergic dysfunction of basal ganglia circuitry produced by the embryonic VPA-treatment. In agreement with this idea, altered dopaminergic neurotransmission has been reported in the VPA-model, characterized by reduced DA release in the prefrontal cortex and attenuated hyperlocomotive response to a methamphetamine challenge (Hara et al., 2015). However, it seems that DA has mixed actions because an increased baseline DA overflow level has been reported in the frontal cortex of VPA-treated rats (Nakasato et al., 2008). More investigations are necessary to elucidate de precise relationship between dopaminergic dysfunction and the motor and kinematic alterations observed in ASD.

Kinematic studies in ASD are scarce but, an interesting work showed a characteristic kinematic signature regarding micro-movements during a reaching task in ASD (Torres et al., 2013). The authors found that, while goal-directed segments of movement are clearly distinguished from spontaneous segments in control people, ASD individuals did not showed such difference. Studying the variability of such micro-movements, the same authors suggest that ASD subjects do not acquire the motor performance amelioration that spontaneously arises from autonomous motor exploration, suggesting a difficulty in the flexible switching of behavior. Our data, although obtained from a completely different method of kinematic analysis, also suggest that behavioral inflexibility is expressed, or generated, at the most basic level of motor control.

An interesting recent report of Vabalas et al. (2020) used machine learning-data mining on eye-tracking and hand-movement tracking data from a control/ASD sample to predict ASD in another independent sample, with a success of 70–78%. These results support the use of kinematic analysis as a useful tool to aid in ASD diagnosis and reinforce the importance of kinematic features as distinctive parameters of ASD. Interestingly, the authors comment, as a main observation, that control individuals modulated acceleration/deceleration and vertical amplitude in order to copy unusual elevated movement kinematics, while autistic individuals tended to retain their usual style of movement. These results agree with the idea that behavioral inflexibility in ASD is observed even at the basic level of motor control. Further examples supporting the utility of movement analysis to aid in ASD diagnosis or treatment-following can be found in Budman et al. (2019) and Fulceri et al. (2019).

On the other hand, studies in the VPA-model do not normally address kinematic parameters, such as velocity and acceleration. Only a recent report evaluated velocity in control and postnatally VPA-treated rats in a context of empathy-like pro-social behavior, evaluating the willingness of rats to open a restrainer where a conspecific was trapped (Fontes-Dutra et al., 2019). Interestingly, VPA-treated rats took more time when first opening the restrainer, but showed the same percentage of opening from the first day of opening, compared to the control group. The authors suggest that VPA-rats are able to display empathy-like behavior, which is hampered by the abnormal anxiety or deficient communication of these animals. Importantly, they showed that increased average velocity in the entire test-apparatus or in the door zone was a good predictor for the first day of opening, both in the control and VPA groups, without differences in time or distance in the door zone. Even though acceleration was not evaluated in this study, these data suggest that the ability to change a kinematic parameter depending on the social situation could be related to a pro-social behaviour.”

On the other hand, atypical kinematics has been evidenced in ASD individuals by studying a simple sinusoidal arm movement and, importantly, the degree of such atypicality correlates with the ADOS score and the difficulty to interpret biological movement (Cook et al., 2013). Nevertheless, how can a simple alteration in a basic kinematic parameter affect such a complex and high-order function of the brain such as social cognition? An interesting discussion presented by the same authors argues how such a simple kinematic alteration could finally exert a relevant impact on biological movement perception and, thus, on reciprocal social cognition (Cook, 2016). Indeed, the “motor resonance” hypothesis explains how watching another person perform a movement induces activity in one’s own motor areas, a phenomenon mediated by the “mirror neurons” (Zentgraf et al., 2011). Increasing evidence (discussed by Cook, 2016) has shown that movement similarity is fundamental for action perception and the prediction of others’ behavior. In addition, the resulting movement synchronicity and automatic imitation results intrinsically rewarding, promoting positive emotional connections. Hence, atypical kinematics in ASD individuals might reduce motor similarity between autistic and non-autistic people, bidirectionally breaking the virtuous circle of “motor resonance” and thus, dramatically impacting the high order processes of social cognition.

Finally, we provide, for the first time, evidence of the effect of prenatal exposition to VPA -a “bona-fide” model of autism- on the social/non-social context discrimination by the kinematic variables, acceleration and stops, suggesting that these specific parameters may reflect behavioral inflexibility, a fundamental alteration of ASD, pervasive even at the most basic levels of motor control.



DATA AVAILABILITY STATEMENT

The datasets presented in this article are not readily available because data sharing is not applicable to this article as no new data were created in this study. Requests to access the datasets should be directed to EA, ealiaga@ucm.cl.



ETHICS STATEMENT

The animal study was reviewed and approved by the Ethic Committee of the Chilean Science and Technology National Commission (CONICYT).



AUTHOR CONTRIBUTIONS

EA and JF designed the study, analyzed and interpreted the data, and wrote the article. NQ, SS-O, and FP performed the experiments, analyzed the data, and participated in the final correction of the article. FA, KM-G, and CM-R participated in the analysis and interpretation of data and editing of the article. All authors gave approval of the final version to be published and agreed to be accountable for all aspects of the work.



FUNDING

This study was funded by the Fondo Nacional de Desarrollo Científico y Tecnológico (FONDECYT; Grant 1110855 to EA) and the Vicerrectoría de Investigación, Universidad Católica del Maule (Grant 434210 to EA and Grant “Sapere-Aude” to NQ).



ACKNOWLEDGMENTS

We would like to thank María Paz Encalada and Camila Fernanda Salazar for their aid in the initial proofs of data extraction.


FOOTNOTES

1https://imagej.nih.gov/ij


REFERENCES

Al Sagheer, T., Haida, O., Balbous, A., Francheteau, M., Matas, E., Fernagut, P. O., et al. (2018). Motor impairments correlate with social deficits and restricted neuronal loss in an environmental model of autism. Int. J. Neuropsychopharmacol. 21, 871–882. doi: 10.1093/ijnp/pyy043

Alexander, G. E., and Crutcher, M. D. (1990). Functional architecture of basal ganglia circuits: neural substrates of parallel processing. Trends Neurosci. 13, 266–271. doi: 10.1016/0166-2236(90)90107-l

Armitano, C. N., Bennett, H. J., Haegele, J. A., and Morrison, S. (2020). Assessment of the gait-related acceleration patterns in adults with autism spectrum disorder. Gait Posture 75, 155-162. doi: 10.1016/j.gaitpost.2019.09.002

Asperger, H. (1944). Die autistischen psychopathien im kindersalter. Arch. Psychiatr. Nervenkrankheiten 117, 76–136. doi: 10.1007/BF01837709

Bath, K. G., and Pimentel, T. (2017). Effect of early postnatal exposure to valproate on neurobehavioral development and regional BDNF expression in two strains of mice. Epilepsy Behav. 70(Pt. A), 110–117. doi: 10.1016/j.yebeh.2017.02.026

Bhat, A. N., Landa, R. J., and Galloway, J. C. (2011). Current perspectives on motor functioning in infants, children, and adults with autism spectrum disorders. Phys. Ther. 91, 1116–1129. doi: 10.2522/ptj.20100294

Bracha, H. S., Livingston, R., Dykman, K., Edwards, D. R., and Adam, B. (1995). An automated electronic method for quantifying spinning (circling) in children with autistic disorder. J. Neuropsychiatry Clin. Neurosci. Spring 7, 213–217. doi: 10.1176/jnp.7.2.213

Budman, I., Meiri, G., Ilan, M., Faroy, M., Langer, A., Reboh, D., et al. (2019). Quantifying the social symptoms of autism using motion capture. Sci. Rep. 9:7712. doi: 10.1038/s41598-019-44180-9

Capelli, P., Pivetta, C., Soledad Esposito, M., and Arber, S. (2017). Locomotor speed control circuits in the caudal brainstem. Nature 551, 373-377.

Careaga, M., and Ashwood, P. (2012). Autism spectrum disorders: from immunity to behavior. Methods Mol. Biol. 934, 219–240. doi: 10.1007/978-1-62703-071-7_12

Cheng, N., Rho, J. M., and Masino, S. A. (2017). Metabolic dysfunction underlying autism spectrum disorder and potential treatment approaches. Front. Mol. Neurosci. 10:34. doi: 10.3389/fnmol.2017.00034

Cohen, I. L., Gardner, J. M., Karmel, B. Z., and Kim, S. Y. (2014). Rating scale measures are associated with Noldus EthoVision-XT video tracking of behaviors of children on the autism spectrum. Mol. Autism. 5:15. doi: 10.1186/2040-2392-5-15

Cook, J. (2016). From movement kinematics to social cognition: the case of autism. Philos. Trans. R Soc. Lond. B Biol. Sci. 371:20150372. doi: 10.1098/rstb.2015.0372

Cook, J. L., Blakemore, S. J., and Press, C. (2013). Atypical basic movement kinematics in autism spectrum conditions. Brain 136(Pt. 9), 2816–2824. doi: 10.1093/brain/awt208

Cossu, G., Boria, S., Copioli, C., Bracceschi, R., Giuberti, V., Santelli, E., et al. (2012). Motor representation of actions in children with autism. PLoS One 7:e44779. doi: 10.1371/journal.pone.0044779

De Rubeis, S., He, X., Goldberg, A. P., Poultney, C. S., Samocha, K., Cicek, A. E., et al. (2014). Synaptic, transcriptional and chromatin genes disrupted in autism. Nature 515, 209–215.

de Visser, L., van den Bos, R., Kuurman, W. W., Kas, M. J., and Spruijt, B. M. (2006). Novel approach to the behavioural characterization of inbred mice: automated home cage observations. Genes Brain Behav. 5, 458–466. doi: 10.1111/j.1601-183x.2005.00181.x

Dowell, L. R., Mahone, E. M., and Mostofsky, S. H. (2009). Associations of postural knowledge and basic motor skill with dyspraxia in autism: implication for abnormalities in distributed connectivity and motor learning. Neuropsychology 23, 563–570. doi: 10.1037/a0015640

Dziuk, M. A., Gidley Larson, J. C., Apostu, A., Mahone, E. M., Denckla, M. B., and Mostofsky, S. H. (2007). Dyspraxia in autism: association with motor, social, and communicative deficits. Dev. Med. Child Neurol. 49, 734–739.

Fontes-Dutra, M., Della-Flora Nunes, G., Santos-Terra, J., Souza-Nunes, W., Bauer-Negrini, G., Hirsch, M. M., et al. (2019). Abnormal empathy-like pro-social behaviour in the valproic acid model of autism spectrum disorder. Behav. Brain Res. 364, 11–18. doi: 10.1016/j.bbr.2019.01.034

Fournier, K. A., Hass, C. J., Naik, S. K., Lodha, N., Cauraugh, J. H., and Autism Dev Disord. (2010a). Motor coordination in autism spectrum disorders: a synthesis and meta-analysis. J. Austim. Dev. Disord. 40, 1227–1240. doi: 10.1007/s10803-010-0981-3

Fournier, K. A., Kimberg, C. I., Radonovich, K. J., Tillman, M. D., Chow, J. W., Lewis, M. H., et al. (2010b). Decreased static and dynamic postural control in children with autism spectrum disorders. Gait Posture 32, 6–9. doi: 10.1016/j.gaitpost.2010.02.007

Frith, U., and Happé, F. (2005). Autism spectrum disorder. Curr. Biol. 15, R786–R790. doi: 10.1016/j.cub.2005.09.033

Fuentealba, C. R., Fiedler, J. L., Peralta, F. A., Avalos, A. M., Aguayo, F. I., Morgado-Gallardo, K. P., et al. (2019). Region-specific reduction of BDNF protein and transcripts in the hippocampus of juvenile rats prenatally treated with sodium valproate. Front. Mol. Neurosci. 12:261. doi: 10.3389/fnmol.2019.00261 eCollection 2019

Fulceri, F., Grossi, E., Contaldo, A., Narzisi, A., Apicella, F., Parrini, I., et al. (2019). Motor skills as moderators of core symptoms in autism spectrum disorders: preliminary data from an exploratory analysis with artificial neural networks. Front. Psychol. 9:2683. doi: 10.3389/fpsyg.2018.02683

Gidley Larson, J. C., Bastian, A. J., Donchin, O., Shadmehr, R., and Mostofsky, S. H. (2008). Acquisition of internal models of motor tasks in children with autism. Brain 131(Pt. 11), 2894–2903. doi: 10.1093/brain/awn226

Hara, Y., Ago, Y., Takano, E., Hasebe, S., Nakazawa, T., Hashimoto, H., et al. (2017). Prenatal exposure to valproic acid increases miR-132 levels in the mouse embryonic brain. Mol. Autism 8:33. doi: 10.1186/s13229-017-0149-5

Hara, Y., Takuma, K., Takano, E., Katashiba, K., Taruta, A., Higashino, K., et al. (2015). Reduced prefrontal dopaminergic activity in valproic acid-treated mouse autism model. Behav. Brain Res. 289, 39–47. doi: 10.1016/j.bbr.2015.04.022

Hobson, J. A., Harris, R., García-Pérez, R., and Hobson, R. P. (2009). Anticipatory concern: a study in autism. Dev. Sci. 12, 249–263. doi: 10.1111/j.1467-7687.2008.00762.x

Inui, T., Kumagaya, S., and Myowa-Yamakoshi, M. (2017). Neurodevelopmental hypothesis about the etiology of Autism spectrum disorders. Front. Hum. Neurosci. 11:354. doi: 10.3389/fnhum.2017.00354

Jordan, L. M. (1998). Initiation of locomotion in mammals. Ann. N.Y. Acad. Sci. 860, 83–93. doi: 10.1111/j.1749-6632.1998.tb09040.x

Julio-Pieper, M., Bravo, J. A., Aliaga, E., and Gotteland, M. (2014). Review article: intestinal barrier dysfunction and central nervous system disorders–a controversial association. Aliment Pharmacol. Ther. 40, 1187–1201. doi: 10.1111/apt.12950

Kanner, L. (1943). Autistic disturbances of affective contact. Acta Paedopsychiatr. 35, 100–136.

Mabunga, D. F., Gonzales, E. L., Kim, J. W., Kim, K. C., and Shin, C. Y. (2015). Exploring the validity of valproic acid animal model of Autism. Exp. Neurobiol. 24, 285–300. doi: 10.5607/en.2015.24.4.285

Makowska, I. J., and Weary, D. M. (2016). The importance of burrowing, climbing and standing upright for laboratory rats. R Soc. Open Sci. 3:160136. doi: 10.1098/rsos.160136

Markram, K., and Markram, H. (2010). The intense world theory - a unifying theory of the neurobiology of autism. Front. Hum. Neurosci. 4:224. doi: 10.3389/fnhum.2010.00224 eCollection 2010

Markram, K., Rinaldi, T., La Mendola, D., Sandi, C., and Markram, H. (2008). Abnormal fear conditioning and amygdala processing in an animal model of autism. Neuropsychopharmacology 33, 901–912. doi: 10.1038/sj.npp.1301453

Martin, K. B., Hammal, Z., Ren, G., Cohn, J. F., Cassell, J., Ogihara, M., et al. (2018). Objective measurement of head movement differences in children with and without autism spectrum disorder. Mol. Autism 9:14.

Modabbernia, A., Velthorst, E., and Reichenberg, A. (2017). Environmental risk factors for autism: an evidence-based review of systematic reviews and meta-analyses. Mol. Autism 8:13.

Moy, S. S., Nadler, J. J., Perez, A., Barbaro, R. P., Johns, J. M., Magnuson, T. R., et al. (2004). Sociability and preference for social novelty in five inbred strains: an approach to assess autistic-like behavior in mice. Genes Brain Behav. 3, 287–302. doi: 10.1111/j.1601-1848.2004.00076.x

Nakasato, A., Nakatani, Y., Seki, Y., Tsujino, N., Umino, M., and Arita, H. (2008). Swim stress exaggerates the hyperactive mesocortical dopamine system in a rodent model of autism. Brain Res. 1193, 128–135. doi: 10.1016/j.brainres.2007.11.043

National Research Council (NRC) (2011). Guide for the Care and Use of Laboratory Animals, 8th Edn. Washington, DC: The National Academies Press. doi: 10.17226/12910

Olexová, L., Senko, T., Stefánik, P., Talarovičová, A., and Kršková, L. (2013). Habituation of exploratory behaviour in VPA rats: animal model of autism. Interdiscip. Toxicol. 6, 222–227. doi: 10.2478/intox-2013-2033

Oyabu, A., Tashiro, Y., Oyama, T., Ujihara, K., Ohkawara, T., Ida-Eto, M., et al. (2013). Morphology of the facial motor nuclei in a rat model of autism during early development. Int. J. Dev. Neurosci. 31, 138–144. doi: 10.1016/j.ijdevneu.2012.12.002

Paval, D. (2017). A dopamine hypothesis of autism spectrum disorder. Dev. Neurosci. 39, 355–360. doi: 10.1159/000478725

Peralta, F., Fuentealba, C., Fiedler, J., and Aliaga (2016). Prenatal valproate treatment produces autistic-like behavior and increases metabotropic glutamate receptor 1A-immunoreactivity in the hippocampus of juvenile rats. Mol. Med. Rep. 14, 2807–2814. doi: 10.3892/mmr.2016.5529

Reynolds, S., Millette, A., and Devine, D. P. (2012). Sensory and motor characterization in the postnatal valproate rat model of autism. Dev. Neurosci. 34, 258–267. doi: 10.1159/000336646

Rinehart, N., and McGinley, J. (2010). Is motor dysfunction core to autism spectrum disorder? Dev. Med. Child Neurol. 52, 697. doi: 10.1111/j.1469-8749.2010.03631.x

Rinehart, N. J., Tonge, B. J., Bradshaw, J. L., Iansek, R., Enticott, P. G., and McGinley, J. (2006a). Gait function in high-functioning autism and Asperger’s disorder: evidence for basal-ganglia and cerebellar involvement? Eur. Child Adolesc. Psychiatry 15, 256–264. doi: 10.1007/s00787-006-0530-y

Rinehart, N. J., Tonge, B. J., Iansek, R., McGinley, J., Brereton, A. V., Enticott, P. G., et al. (2006b). Gait function in newly diagnosed children with autism: cerebellar and basal ganglia related motor disorder. Dev. Med. Child Neurol. 48, 819–824. doi: 10.1111/j.1469-8749.2006.tb01229.x

Rodier, P. M., Ingram, J. L., Tisdale, B., Nelson, S., and Romano, J. (1996). Embryological origin for autism: developmental anomalies of the cranial nerve motor nuclei. J. Comp. Neurol. 370, 247–261. doi: 10.1002/(sici)1096-9861(19960624)370:2<247::aid-cne8>3.0.co;2-2

Schmitz, C., Martineau, J., Barthélémy, C., and Assaiante, C. (2003). Motor control and children with autism: deficit of anticipatory function? Neurosci. Lett. 348, 17–20. doi: 10.1016/s0304-3940(03)00644-x

Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 9, 671–675. doi: 10.1038/nmeth.2089

Schneider, T., and Przewłocki, R. (2005). Behavioral alterations in rats prenatally exposed to valproic acid: animal model of autism. Neuropsychopharmacology 30, 80–89. doi: 10.1038/sj.npp.1300518

Sciara, A. N., Beasley, B., Crawford, J. D., Anderson, E. P., Carrasco, T., Zheng, S., et al. (2020). Neuroinflammatory gene expression alterations in anterior cingulate cortical white and gray matter of males with autism spectrum disorder. Autism Res. 13, 870-884. doi: 10.1002/aur.2284

Sherman, D., Fuller, P. M., Marcus, J., Yu, J., Zhang, P., Chamberlin, N. L., et al. (2015). Anatomical location of the mesencephalic locomotor region and its possible role in locomotion, posture, cataplexy, and parkinsonism. Front. Neurol. 6:140. doi: 10.3389/fneur.2015.00140

Skinner, R. D., and Garcia-Rill, E. (1984). The mesencephalic locomotor region (MLR) in the rat. Brain Res. 323, 385–389. doi: 10.1016/0006-8993(84)90319-6

Snow, W. M., Hartle, K., and Ivanco, T. L. (2008). Altered morphology of motor cortex neurons in the VPA rat model of autism. Dev. Psychobiol. 50, 633–639. doi: 10.1002/dev.20337

Sturman, O., Germain, P. L., and Bohacek, J. (2018). Exploratory rearing: a context- and stress-sensitive behavior recorded in the open-field test. Stress 21, 443–452. doi: 10.1080/10253890.2018.1438405

Subramanian, K., Brandenburg, C., Orsati, F., Soghomonian, J. J., Hussman, J. P., and Blatt, G. J. (2017). Basal ganglia and autism - a translational perspective. Autism Res. 10, 1751–1775. doi: 10.1002/aur.1837

Tartaglione, A. M., Schiavi, S., Calamandrei, G., and Trezza, V. (2019). Prenatal valproate in rodents as a tool to understand the neural underpinnings of social dysfunctions in autism spectrum disorder. Neuropharmacology 159:107477. doi: 10.1016/j.neuropharm.2018.12.024

Torres, E. B., Brincker, M., Isenhower, R. W., Yanovich, P., Stigler, K. A., Nurnberger, J. I., et al. (2013). Autism: the micro-movement perspective. Front. Integr. Neurosci. 7:32. doi: 10.3389/fnint.2013.00032

Vabalas, A., Gowen, E., Poliakoff, E., and Casson, A. J. (2020). Applying machine learning to kinematic and eye movement features of a movement imitation task to predict autism diagnosis. Sci. Rep. 10:8346. doi: 10.1038/s41598-020-65384-4

Van Waelvelde, H., Oostra, A., Dewitte, G., Van Den Broeck, C., and Jongmans, M. J. (2010). Stability of motor problems in young children with or at risk of autism spectrum disorders, ADHD, and or developmental coordination disorder. Dev. Med. Child Neurol. 52, e174–e178.

Wagner, G. C., Reuhl, K. R., Cheh, M., McRae, P., and Halladay, A. K. (2006). A new neurobehavioral model of autism in mice: pre- and postnatal exposure to sodium valproate. J. Autism Dev. Disord. 36, 779–793. doi: 10.1007/s10803-006-0117-y

Wang, R., Tan, J., Guo, J., Zheng, Y., Han, Q., So, K. F., et al. (2018). Aberrant development and synaptic transmission of cerebellar cortex in a VPA induced mouse autism model. Front. Cell Neurosci. 12:500. doi: 10.3389/fncel.2018.00500

Wass, S. (2011). Distortions and disconnections: disrupted brain connectivity in autism. Brain Cogn. 75, 18–28. doi: 10.1016/j.bandc.2010.10.005

Zentgraf, K., Munzert, J., Bischoff, M., and Newman-Norlund, R. D. (2011). Simulation during observation of human actions -theories, empirical studies, applications. Vision Res. 51, 827–835. doi: 10.1016/j.visres.2011.01.007


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Quezada, Salas-Ortíz, Peralta, Aguayo, Morgado-Gallardo, Mac-Rae, Fiedler and Aliaga. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnbeh-14-555610-g004.jpg
[ J [ <
oo ° - o
- >
*
°
o - €
[«
o
1 1 1 1
o n o [Te] o
N ~ -
& (s/wio) A3100]9A aAOaYT
(1) <
[ ] [ ] [ ] - 0.
° >
OO m
=
oldoo B
o
1 1 1
o (=] o o
(=] (=] o
(=] o (=]
© < N
m (w) asueysip pajaael L
® <
0000 [ e o
>
*
°
£
ooﬁ o - c
o
o
1 1 1 1
o o o o o
(-] © < (3]

(awmn €303 J0 %)
< awl [e1oos

Amm\Eov uoljelajadde ueay

o 00 <
[} [} [ ] - o
° >
e £
(o] (o] - m
o o
I 1 1 1
< ™ (3] - o
(wo) doys/eoueysia
<
[ ] [ J -0
o |'e >
°
5
ww [ S
[«
o
1 1 1 1 1
o o o o (=3 o
(=] (=] (=] (=] (=]
n o wn o n
N N - -
sdojg
[ X ]
( 1] [ ] ~ M
Y >
*
°
W ;
-
o
o
1 1 1 I
(=] (=] (=] (=] o
o o o o
< () [ -





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Loss of Social/Non-social Context Discrimination by Movement Acceleration in the Valproate Model of Autism



		INTRODUCTION



		MATERIALS AND METHODS



		Animals



		Behavioral Tests



		OFT



		3C-ST



		EPM







		Behavioral and Kinematic Analysis



		Evaluation of Walking Velocity and Specific Exploratory Behaviors



		Statistical Analysis







		RESULTS



		Kinematic Parameters During the OFT



		Kinematic Parameters Determined During the Habituation Stage in the 3C-ST



		Kinematic Parameters Determined During the Sociability Stage of the 3C-ST







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		FOOTNOTES



		REFERENCES

















OPS/images/fnbeh-14-555610-g005.jpg
A #
3000 —
£ . ¢
&) [oFeYe]
- %c [o]
8 2000 ® o0 ®
< 7] o %
I ] L
o o ©
3 %
T 1000 ;
[
>
[ ! .:0
F °
0 T T
Social Non-social
B NS
40+ #
E L | #
£ [ —
< 301 # o
.'? . |
o °
§ o w5
>
@ o8s800 , %E;.
= 4 (o] .
& s°
& °
» T T
Social Non-social
c #
| SO |
« 400+
v - 3
£ #
£ 3004 —
c
2 °
5 () %
g 2004 .—._-t— o ¢3ee
] . 05830
] ° o °®
8 100 sy
g
)
2 0 T T
Social Non-social
D #
1500
°
10004 Qoo © _°
°
a o o®
2 o =g
500-] ° 0@‘3 .
o
.
0 T T
Social Non-social
E #
#
6— | —
E o
L i () .
o o
B ,
[ o
e .
§ 7 =+
o i X
o o
0 T T
Social Non-social

o Control
e VPA

o Control
e VPA

o Control
e VPA

o Control
e VPA

O Control
e VPA

Ratio of s/n-s
traveled distance

Ratio of s/n-s Ratio of s/n-s
effective velocity

mean acceleration

Ratio of s/n-s

Ratio of s/n-s stops

distance/stop

2.0
1.5 o °
o (]
1.0+ D%o ‘1,.
o
0.54
°
0.0 T T
Control VPA
1.09
® o
0.84 )
o E
o %o
0.4+ L]
0.2+ °
0.0 T T
Control VPA
2.0
°
1.5- ®
°
3
o °
0.5 0%853 e s
0.0 T T
Control VPA
—
S o
1 885
& 3
1- ==
°
°
" °
b T T
Control VPA
2.0
H
1.5
e
g-ago (X
054 %o L
0.0 T T
Control VPA





OPS/images/cover.jpg
, frontiers _
in Behavioral Neuroscience









OPS/images/fnbeh-14-555610-g001.jpg
Traveled distance (cm) }>

W

Effective velocity (cm/s)

(@)

Mean acceleration (cmlsz)

o

Stops

Distance/stop (cm)

3000
8
20004 8.° .
= o
°
1000
o
0 T T
Control VPA
25+
20 8
. o
15 o
%ﬁ' 0q®
10 [ =5
o °
5 o ©
0 T T
Control VPA
1
200
°
°
o .
o 5 ° o ]
100+ 0003
O§ &0
. o
50 o
0 T 1
Control VPA
1000
800 80 L
T o
stee]
600
leXel
400
200
o
0 T T
Control VPA
80+
o
60
0.0
40 o
] Ty
o [ ]
§°  es
0 Y T
Control VPA

Traveled distance (cm) L

®

Effective velocity (cm/s)

I

Stops Mean acceleration (cmlsz)

Distance/stop (cm)

600
400
#|# -0- Control
-o- VPA
200
0 T T T T T
1 2 3 4 5
Time (min)
20+
15
-0- Control
10
-o- VPA
5_
0 T T T T T
1 2 3 4 5
Time (min)
2004 # 2
#
150
#
-0- Control
100 §\§_§/§\§ -o- VPA
50
0 1 T T 1 1
1 2 3 4 5
Time (min)
200
150
-0- Control
100
-e- VPA
50
0 T T T T T
1 2 3 4 5
Time (min)
15+
10 T
-0- Control
# & VPA
5_
0 1 1 1 T 1
1 2 3 4 5

Time (min)






OPS/images/fnbeh-14-555610-g002.jpg
>

Number of behaviors

% O Control e VPA
404
°
30
20 Qo .I. .
o *°
o B .
o 23
0 & &
Supported rearing Return
25+ *
£
g—a 20 oo
8 E
£s "7 .
o3
(= 10
=%
E® 4] %
" 8
0 T I
Control VPA

Circling behaviors

Walking velocity (cm/s)

O Control e VPA
* *
[ [
° .
o0 .

®F - ox

?0 %% @ oo

==
Total Out of corner In corner
150
°
100+
50
e Tl

1
Control

Time in OFT corner

-n

Time in closed EPM arms

(% of total time)

(% of total time)

*
100
°
go{ © as®
60 e
oo
a0 ©°
20
0 1 1
Control VPA
150 *
1
100 o 0se
0QoO s
% °
50 o
o
0 1 1
Control VPA





OPS/images/fnbeh-14-555610-g003.jpg
Traveled distance (cm) 3>

W

Effective velocity (cm/s)

(9]

Mean acceleration (cmlsz)

Stops

Distance/stop (cm)

3000+
°
2000+ °
[
0800 oo ®
°
10004 Qo .
o ©
0 T T
Control VPA
100
80+ °
°
60 e
oae i
404 o°©° Y]
e o
20
0 T T
Control VPA
300+ —
°
200
® o
°
bics sl
100
o0
8e8e3 o ©
0 I 1
Control VPA
1400+ —
H
1200
°
.
1000 %
o ]
800 -Sﬁ- ®e
3 °
600 T I
Control VPA
el 1
10
82,0 °
— oo
o °
54 o © =S
LY
0 1 I
Control VPA

Traveled distance (cm)

u

Mean acceleration (cmlsz)

Stops

Effective velocity (cm/s)

Distance/stop (cm)

500

400+

300

200

100

# |# -0 Control
-e- VPA

T T T T T
1 2 3 4 5

Time (min)

-0~ Control
-~ VPA

200

150+

100+

50

Time (min)

J "
-O- Control
-~ VPA

240
220
200
180
160

140

Time (min)

# o Control

-~ VPA

120

Time (min)

# -o- Control
-~ VPA

Time (min)





OPS/images/logo.jpg
, frontiers )
in Behavioral Neuroscience





