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Short Abstract

Using cineradiographic filming the study describes how forelimb and skeletal bones move during skilled reaching in the rat. X-ray videoimaging opens new perspectives in understanding general principal of skeleton movement. Cineradiography can be a valuable tool for investigating motoric deficits after brain injury and evolution of the motor system. 

Long Abstract 

The forelimb movements (skilled reaching) used by rats to reach for a single food pellet to place into the mouth have been used to model many neurological conditions. Movement scoring is difficult, however, because the location and movement of body segments is estimated through the overlying fur and skin, which is pliable and partially obscures movement. Using moderately high-speed cineradiographic filming from lateral, dorsal, and frontal perspectives, the present study describes how forelimb and skeletal bones move during the skilled reaching act.  The analysis indicates that: (i) head movements for orienting to food, enabled by the vertical orientation of the rostral spinal cord, are mainly independent of trunk movement, (ii) skilled reaching consists of a sequence of upper arm and extremity movements each involving a number of concurrent limb segment and joint movements and (iii) food pellets are retrieved from the paw using either the incisors and/or tongue. The findings demonstrate that X-ray cinematography is valuable tool for assisting descriptive analysis and can contribute to understanding general principles of the relations between whole body, head, oral, and upper extremity movement. 
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 Materials and Methods

Subjects 

Four female (≈ 100 days old, with body weight 270-310 g) Long-Evans hooded rats from the University of Lethbridge and four female rats of the same strain (≈100 days old, with body weight 296-317 g) from the University de Montreal animal colony were used. The experiments were conducted in compliance with the guidelines of the animal care committees of the University of Lethbridge and the University of Montreal as outlined by the Canadian Council for Animal Care, which complies with international standards for animal care. Rats were housed in Plexiglas cages (36 cm long, 20 cm wide, and 21 cm deep) with sawdust bedding, in groups of two or three in a colony room maintained on a 12/12 h light/dark cycle (08:00–20:00 h) with controlled temperature and humidity.

Feeding and food restriction

Prior to and during training, the rats were gradually food deprived to 90–95% of their body weight by once a day feedings of 18-20 g of Purina rat chow. To familiarize them with the target food, the week prior to training, each rat received twenty 45 mg dustless precision pellets (product #F0021, Bioserve Inc., Frenchtown, NJ, USA) 1 h prior to the daily chow ration. Once reach training began, and until the end of the study, only rat chow was served in the home cage. 

Single pellet reaching box

The single pellet reaching box (28) is made of clear Plexiglas with the dimensions 35 cm long x 14 cm wide x 45 cm high. For X-ray imaging the reaching box has the same dimensions except the height (30 cm) to position the amplifier close to the rat to improve X-ray images. At the center of each front wall of the box there is a vertical slot, 1 cm-wide extending from 2 cm above the floor to a height of 15 cm. On the outside of the wall, in front of the slot, a 2 cm-deep shelf is mounted 3 cm above the floor. Two indentations on the surface of the shelf are located 2 cm from the inside of the wall in order to hold the food targets. The indentations were aligned with the edges of the slit. This location prevents a rat from lapping the food with its tongue, and because the paw pronates medially to grasp, requires the use of the contralateral paw for retrieval.

Recording apparatus

Video recording


Reaching performance was recorded using a Sony 3CCD camcorder (shutter -  speed 1/1000 s) and a cold light source. A Sony videocassette recorder DSR-11 was used for subsequent frame-by-frame analysis (30 frames/sec). 

X-ray recording 

Cineradiographic recording used a high-speed motion analysis camera hooked to an X-ray machine (Siemens Coroskop Bicor) as illustrated in Figure 1.  Continuous X-rays (100 kV, 8-9 mA) were applied during the reaching movement of the rats while digital images were acquired at 120 frames/sec either in the lateral, frontal or dorsal perspective with a camera (DALSTAR CA-D6, Dalsa Corp., Ontario, Canada) directly mounted on the 27 cm diameter image intensifier. In order to freeze the movements without compromising the quality of the image, the shutter speed was set at 1/500 s. These digital images were directly recorded on a PC using VisionNow Imaging System (Boulder Imaging, Louisville, Colorado; www.boulderimaging.com). 
Training

The training consisted of daily 15-20 min sessions for each rat (see details: 38) The first objective was to introduce the rat to the reaching cage with pellets on the shelf and to have the rat retrieve the pellet by paw or tongue. Once a rat was successfully retrieving the pellet, pellets on the shelf were moved further away in order to encourage the use of a paw. After a rat demonstrated a preference for one paw, by making more reaching attempts with it, individual pellets were placed into the indentation contralateral to that paw. During the second week, rats continued to receive daily 20 min training sessions, consisting of discrete trials with inter-trial intervals during which the rats were shaped to leave the slot, walk to the rear wall of the cage, turn and approach the slot again for the next pellet. In addition, by withholding food on semi-randomly selected trials, rats were taught to sniff the shelf for a pellet and to reach only if a pellet was present. Thus, each rat eventually learned to orient to the food pellet, transport its limb through the slot, grasp the food pellet, and retract its paw through the slot to release the food into its mouth (11, 38). Over days, the rats were trained with different orientation of the cage relative to experimental room. In addition, the rats to be used for cineradiography were acquainted to the room and the sounds related to X-ray recording and equipment prior to the formal tests. 

Timeline

After achieving 50% in total success in the reaching task the rats were recorded by conventional video and X-ray cinematography techniques. Reaching performance (success level) was scored only during training period but not during recording of the reaching movements. In separate blocks of trials video camera or X-ray source and amplifier was mounted either laterally, dorsoventrally or frontally to obtain images of the rats’ forelimb and head in the vertical and anteroposterior directions, anteroposterior and mediolateral directions or vertical and mediolateral directions, respectively. 

Behavioral analysis

Quantitative analysis 

Reaching behavior was assessed by the following measures:

(1) Total success. A successful reach was defined as one in which an animal grasped a food pellet, transported it with the paw into the cage, and placed it into its mouth. To achieve a successful reach, the rat was free to advance the paw toward the food in as many “tries” as required. Total success was calculated as:  Success % = number of pellets obtained/20*100; 

(2) First trial success. First trial successes were those in which a rat obtained a food pellet on the first advance of the limb toward the food as calculated as: Success%=number of pellets obtained on first advance/20*100.

Movement pattern analysis:

The various movements comprising a reach have been identified using a conceptual framework derived from Eshkol-Wachmann Movement Notation (EWMN) (6, 28). In brief, EWMN is designed to express relations and changes of relation between the parts of the body. The body is treated as a system of articulated axes i.e. body and limb segments. A limb is any part of the body that either lies between two joints or has a joint and a free extremity. These are imagined as straight lines (axes), of constant length, which move with one end fixed to the center of a sphere. An important feature of EWMN is that the same movements can be notated in several polar coordinate systems. The coordinates of each system are determined with reference to the environment, to the animal's body midline axis, and to the next proximal or distal limb or body segment. By transforming the description of the same behavior from one coordinate system to the next, invariances in that behavior may emerge in some coordinate systems but not in others. Thus, the behavior may be invariant in relation to some or all of the following: the animal's longitudinal axis, gravity, or bodywise in relation to the next proximal or distal segment. On the basis of descriptions derived from EWMN, 12 of the movements (Table 1) were described from X-ray recordings. 


Representative reaching movements from video and X-ray recordings were captured with Final Cut Express HD (V.3.5 http://www.apple.com) and later analyzed frame-by-frame. Only successful reaches on first reach attempts were captured and analyzed. As X-ray recordings from frontal view due to superimposition of bones in antero-posterior space did not suit analysis of forelimb movement during reaching while this perspective was the best view for video analysis, here we demonstrate video recordings from frontal (Video 1) and X-ray recordings from lateral (Video 2) and dorsal views (Video 3). On each video the reaching action is shown both in real time and in a slow motion. On conventional video the motion is slowed down to 3%.  For cineradiography, the X-ray video is edited for both real time (speed up by 4 times) and slow motion (slowed down to 12 %) reaching action. 

Kinematic analysis of movement 


X-ray images copied on video tapes (Final Cut Express HD; V.3.5 http://www.apple.com) were further captured and analyzed by software of “Peak Motus” (Version 8; http://www.peakperform.com). The data were acquired via manual mode, digitizing moving points by cursor. Displacement of selected points and angles of joints either in horizontal or vertical plane was calculated during whole reaching movement and plotted on the graphs. The positions of digitized landmarks to calculate movement in the parasagittal plane are illustrated on Figure 2. Angles calculated are the projections of the atlanto-occipital and cervico-thoracic junctions onto the sagittal plane representing their contribution to movements of the head in vertical and forward motion during reaching (Video 4). Vector-based angle calculation method was used at the flexor side of each joint. 

Results 

Quantitative analysis


At the completion of behavioral training on the reaching task, the rats achieved a mean of 61 ± 7 % percent success as an overall reaching score, with 42 ± 15% on first reach successes.

Movement element analyses


Forelimb movements during reaching were compared by analyzing the video and X-ray recordings frame by frame for three reaches per rat. The results are discussed in relation to 12 movement elements comprising a successful reach (31), first as observed with video recording and following this with X-ray recording. Reaching movements both on video and X-ray images are demonstrated on the rat reaching with the right paw. A summary of the main findings from X-ray images is documented in Table 1. 
Discussion 


Skilled reaching for food by the rat has been extensively used as a model of a number of neurological conditions that affect arm and hand movements in humans (37). A drawback in using descriptive methods is that the rat is small, the movement is performed quickly, and the movements of limb segments must be estimated through an overlying fur and a skin that is pliable. Thus, joint locations are not always clear and they cannot be accurately located using external markers. The present study examines conventional scoring methods in the light of moderately high-speed cineradiographic records of rat reaching for a single food pellet. The results provide a number of new insights in rat skilled reaching movements and so extent conventional descriptions made from frame-by-frame analysis of video recordings.

Video and cineradiographic recordings gave very similar perspectives of the rat reaching for food. In addition, the rats adapted well to the cineradiographic recording situation so that X-ray views of skilled reaching were obtained from frontal, lateral, and dorsal perspectives. Success measures of performance in the two testing situation indicated that the rats’ performance was comparable so that the movements used in the two situation were likely much the same.


The first insight into the rat’s movements relate to the movement of the animal’s head during orienting toward the food pellet. When reaching for food, the rat locates the food by sniffing and so must orient its head to detect whether food is on the shelf. If food is present, it must raise its head to advance the paw toward the food. From the conventional video recording, the vertebral column from the shoulders to the head appears horizontal and it is not clear whether the trunk assists head movement or whether the head is moved independently of the trunk during the reaching action. The cineradiographic record revealed that during head orienting the vertebral column has S-shaped configuration, with the head positioned upon a proximal curvature that approached the perpendicular, and not horizontal as suggested by the macroscopic appearance of the neck. Previously, Vidal et al. (1986) have described S-shaped skeleton topography in rats and mice, and other quadruped animals during resting posture. Recently, the S-shaped vertebral configuration was observed in the rabbit and mouse during exploration and locomotion, respectively (13, 14, 25). Here, we extend the previous findings by showing that the rats maintain S-shaped vertebral configuration during movement and we show that this position allows head movement at the atlanto-occipital and cervico-thoracic junctions independent of the trunk both when a rat orients to locate food and when head is raised to advance the limb to food. 


A relatively stable trunk position and independent head motion probably provides energy saving and balanced movement with a reduced number of degrees of freedom that the central nervous system needs to control (2). The S-shaped vertebra configuration and relative independence of the head and body movements contribute to structuring of movements in the geocentrically oriented space (parasagittal plane). Willock & Pearson (1992) argue that S-shaped configuration is favorable configuration for scanning the horizon. This notion becomes more important for species that make orienting movements guided by senses other than vision. As the reaching movement in rats is guided by olfaction (31, 34), independent movement of the head and stabilization of body might be important for the organization of reaching movement with respect to the mid-sagittal plane. 

X-ray images confirmed that midline of the body often serves as reference plane for limb and limb segments during reaching as described by Whishaw & Pellis (1990) from video-images. When the rat lifts the paw, the digits are aligned to midline; when it aims, the elbow and radio-ulnar axis are brought to the parasagittal plane. Probably information provided from sensory graviceptors/proprioceptors to central nervous system are essential to guide motor actions in the environment and determines the path structure of forelimb during reaching in rats. This may be in part because the rat does not monitor its reach using vision and so reaches as does a human in the absence of visual feedback (10).  Movement of the limb along the parasagittal plane is additionally useful for directing the paw through the slow toward the food.

Cineradiographic images confirmed that skilled reaching comprises a set of segmental movements but they are somewhat more complex that has been revealed by EWMN description based on video recording. Nevertheless, confirming EWMN, reaching was achieved via movements emerging sequentially: (1) orient to locate the food pellet; (2-3) limb lift with the digits to midline and digits semiflexed; (4) aim with elbow in; (5-6) advance with the digits extend; (7) pronation/arpeggio; (8) grasp; (9) supination I; (10) supination II; (11) release the food into the mouth and (12) replacing the limb on the floor or the wall of the reaching box (32). 

Cineradiographic analysis clarifies the intrinsic organization of these movements. The X-ray images clearly indicate a proximo-distal organization of reaching action reminiscent of the proximo-distal fractionation of “body scheme” in humans (20). The proximal end of the limb generated almost all movement components associated with transport and withdrawal. For example, lift, aim and advance were initiated from the shoulder; supination I/II, and replacing the paw was largely dependent on the movements at the shoulder joint. Specific role of the shoulder segment in initiation of reaching action supports descriptions of muscle activity during reaching action in rats (16). Hyland and Jordan (1997) show that lattisumus dorsi activity (a shoulder flexor) is the earliest muscle event in reaching and contributed to raising the paw from the ground. The X-ray images also identified how the scapula and humerus head, tethered by muscles, participate in the reaching action. The X-ray findings showing that there are a number of concurrent movements at joints during each limb action are thus in line with electromyographic findings that most limb muscles are active throughout a reaching movement (16). 

Video images do show that movements do take place in the more distal portion of the limb and these involved rotation at the wrist and digit opening and closing for grasping. This was confirmed from the X-ray images. In primates, rotation of the paw is contributed to by rotation of the radius and ulna, but in the rat these bones are fused. The X-ray images also indicate that paw rotation did not rely only on movement at the wrist but was contributed by movements of the upper arm.

Because the rat supinates its paw to release food to the mouth, and covers the mouth with the paw in doing so, it is unclear from video records how the food is grasped by the mouth. The X-ray images show that with the paw adjacent to the mouth, the digits are partially extended and the rat either grasps the food with the incisors or it laps the food out of the paw using the tongue. Then, it manipulates the food with the tongue toward the molar teeth for chewing and subsequent swallowing.  Thus, it is clear that the rat does not place the food in the mouth or grasp the food with its lips, as do primates. It will be interesting to examine whether this “grasping by the teeth” and “lapping by the tongue” actions are affected in representative animal models of neurological conditions. 

Conclusion


Cineradiography during forelimb skilled reaching for a food pellet to place it into the mouth extends the taxonomic analysis of reaching movement derived from conventional video-image analysis in rats. Cineradiographic analysis provides new findings with respect to skeleton topography, head movement and the involvement of scapula and humerus during skilled reaching. Because X-ray analysis indicates that forelimb and paw movements are more complex than is suggested by video recording, X-ray video-imaging opens new perspectives in understanding general principal of skeleton movement in rats and other mammals. Thus, it can be a valuable tool for investigating motoric deficits after brain injury and for understanding evolution and organization of the motor system. Because the contribution of motor system injury to changes in mouth and tongue use in taking food from the paw and in eating are not easily obtained from conventional video recording, X-ray analysis also provides a new vista for exploring oral functions. Finally, X-ray imaging shows that the rodent head can make a number of movements independently or in conjunction with trunk movement, which suggests that the effects of some motor system changes can be studied using X-ray images of orienting.
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Figure and Video legends:

Figure 1. Experimental setup. The number corresponds to: 1 - X-ray source; 2 - image amplifier of X-ray system; 3 - camera recording the X-ray sequence from the image amplifier; 4 - reaching cage. Bidirectional arrow indicates to movement range of the image amplifier for appropriate zooming of the rat or forelimb segments; curved arrows - range of motion of X-ray system to mount the X-ray source and image amplifier in desired position for filming the rats either from lateral, dorsal or frontal perspective.

Figure 2. Stick figure and kinematics of the head and body movement during skilled reaching from lateral perspective in a representative rat. Stick figure shows trunk and head posture (S, snout; AO, atlanto-occipital junction; CT, cervico-thoracic junction; BS, the base of the spine) during approach (Apr), orient (O), limb lift (L), grasp (Gr) and replace (Rp). 

Video 1. Conventional Video of the rat from frontal view during skilled reaching action in real time and slow motion.

Video 2. Cineradiography of the rat from lateral view during skilled reaching action in real time and slow motion.

Video 3. Cineradiography of the rat from dorsal view during skilled reaching action in real time and slow motion.

Video 4. Head and body movements during approaching the slot for reach-to-eat action from lateral view: (A) Conventional video; (B) Cineradiography; “Peak Motus” Analysis from X-ray images: (C) Displacement in the horizontal plane of different body parts (S, snout; AO, atlanto-occipital junction; CT, cervico-thoracic junction; BS, the base of the spine). Note: displacement of the snout is produced by movement of the forequarters (i.e. Sc); (D) Displacement in the vertical plane indicates that movement of the snout is produced by movement at the atlanto-occipital and cirvico-thoracic junction. (E). Angular changes at AO and CT show independent and/or simultaneous angular changes produce head movements. 
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