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Automatic Postural Responses in the Cat: Responses to Headward and Tailward Translation* D.S. Rushmer, C.J. Russell, J. Macpherson 1, J.O. Phillips, and D.C. Dunbar Neurological SciencesInstitute and Dept. of NeurologyGood SamaritanHospitaland MedicalCenter, 1120NW 20th Avenue, Portland, OR 97209, USA



Summary. EMG responses, vertical and A-P shear forces and kinematics of "automatic postural responses" to unexpected translational perturbations in the headward and tailward directions were studied in cats. Muscles acting on the major joints of the forelimbs and hindlimbs were studied. Movement of the animals in response to perturbation were highly stereotyped and consisted of two phases: (1) motion of the feet during platform movement while the trunk remained relatively stationary followed by (2) active correction of posture by movement of the trunk in the direction of perturbation. Vertical force changes occurred after the perturbation was well underway (latency 65 ms) and were related to the displacement of the center of mass and active correction of trunk position. Shear forces showed both passive (inertial) and active components and suggested that the majority of the torque necessary for postural correction was generated by the hindlimb. EMG responses in forelimb and shoulder muscles were most correlated with increase in vertical force, showing a generalized co-contraction in tailward translation (when these limbs were loaded) and little activity when the forelimbs were unloaded. EMG responses in hindlimb showed reciprocal activation of agonists and antagonists during perturbation with strong synergies of thigh and foot flexors in tailward translation and thigh and foot extensors in headward translation. The forelimb EMG patterns were most consistent with the conclusion that the forelimb is used primarily for vertical support during perturbation. * Supported by NIH grants NS02289 and RR05593 as well as Good Samaritan Hospital and the Medical Research Foundation of Oregon l J. Macphersonwas supported by a CanadianMRC fellowship Offprint requests to: D.S. Rushmer, PhD (address see above)



It was concluded that hindlimb EMG responses were appropriate for both vertical support and performance of the postural correction. The hindlimb muscle synergies observed during translation are the "mirror image" of those observed in humans by other workers. Key words: Postural reflexes - Unexpected postural perturbations - Electromyographic activity - Hindlimb and forelimb muscles - Cat



Introduction Modern studies relating to the dynamics of the "automatic" reflex control of posture and stance have been described by a number of investigators in animals (Massion et al. 1975; Brookhart et al. 1965) and in human subjects (Nashner 1976, 1977). These studies have concentrated on the central nervous system (CNS) control of posture and stance and have provided a detailed description of the electromyographic (EMG) responses from limb muscles during quiet standing and during controlled perturbations of stance. In quadrupeds, it has been demonstrated that the CNS is actively involved in the continuous maintenance of posture in the quietly standing animal (Brookhart et al. 1965). Dogs make highly stereotyped reactions to controlled perturbations of posture and stance which involve EMG responses that are predictable in timing and amplitude (Mori and Brookhart 1968; Brookhart et al. 1970), and these postural responses are probably mediated by segmental, intersegmental and suprasegmental pathways. In addition, these highly stereotyped postural reflexes have been shown to occur prior to more complex movements, such as placing reactions and voluntary movement of the forelimbs in the cat (Coulmance et al. 1979; Dufosse et al. 1982).



46



The present study was carried out to evaluate the kinematics and EMG activity of the cat in response to simple perturbations of posture and stance and to demonstrate the usefulness of the cat as an animal model for the study of the neural control of these postural responses. Particular attention has been paid to the relationship of EMG responses to the forces exerted on and by the animal and to the joint motion during perturbation, as well as to response differences between hindlimbs and forelimbs. The evidence that will be presented was derived from records of vertical and shear forces exerted by all four feet of the animal on the platform, rectified and integrated EMG from muscles on most joints of the fore- and hindlimbs and video recordings of animal motion. This is the first step in a series of experiments designed to study the dynamics of central nervous system control of these reflexes. This paper relates primarily to the description of EMG responses from selected muscles in the forelimb and hindlimb, as well as the biomechanics of quadrupedal movement, during postural perturbation consisting of horizontal translation in the anterior and posterior directions.
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Material and Methods Utilizing the experimental approach of Nashner (1976, 1977), a hydraulic platform was developed for the study of automatic reflex responses of cats to controlled perturbations of posture and stance. The platform allowed headward and tailward horizontal translations, independent vertical rises and drops of the limbs, and rotation of the platform surface about an axis through the foot pads. The animal stood on four square tables (approximately 5 x 5 cm) atop vertical hydraulic cylinders which could be adiusted laterally and anteroposteriorly to allow comfortable and natural free stance which was in all respects similar to that observed during standing on a flat surface. The four tables were instrumented with strain gauge bridges which allowed independent determination of the vertical force and the antero-posterior shear force exerted by each limb of the animal. In normal use, the entire apparatus was enclosed in a clear plastic box which confined the animal to the platform and contained a food tray for reinforcement. In the experiments reported here, the box and food tray remained motionless during the platform movement. The platform was controlled by a PDP-11 computer which generated the voltage waveforms supplied to the hydraulic servos and sampled data for display and storage. Postural perturbations were set up prior to an experimental run and were presented sequentially or randomly to the animal. Waveform parameters, such as waveform shape (step function or exponential), initiation . time, rise time, amplitude, and starting position could be determined independently for each perturbation presented9 The perturbations used in this study were generated by applying input waveforms to the hydraulic servos which were derived from the computation of a simple exponential function. The resulting position, velocity, and acceleration waveforms are shown in Fig. 1 (dotted fines). The expected velocity and acceleration waveforms, as calculated from the exponential function are shown in the figure as solid lines. The acceleration should rise instantaneously to a level of approximately 11 m/s2 and drop at
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Fig. 1. Characteristics of the postural perturbation. The position trace shows the exponential waveform described by the platform as it moved in the tailward direction. The velocity trace (dotted lines) is a calculated derivative of the position trace. Platform velocity follows the expected waveform (solid line) to approximately 62 cm/s, which is the upper flow limit for the hydraulic servo valves. Acceleration (dotted lines) was recorded using an analog accelerometer and only approximates the expected waveform (solid lines). The waveforms for headward translation were identical in shape, but inverted



the midpoint of the platform's motion to an equal, constant deceleration for the remainder of the perturbation. The associated velocity should increase with a constant slope to the midpoint of movement and then decrease linearly to zero. Actual acceleration of the platform, as measured with an analog acceleration trans-



D.S. Rushmer et al.: Automatic Postural Responses in the Cat ducer demonstrated that, while such constant accelerations and decelerations were attained during the beginning and end of the perturbation, they were not maintained during the middle of the platform's motion. This was due to the mechanical properties of the platform-hydraulic system which limited the maximum attainable velocity to about 60 cm/s. This attenuation of velocity can be seen in the velocity waveform, which was computed as a derivative of the position trace. The platform traveled 3.8 cm in 120 ms. Since the piston shaft in the hydraulic cylinder reduced the effective surface area in the cylinder, perturbations in the tailward direction were slightly different from those in the headward direction. Therefore, to assure that perturbations in both directions were identical, the hydraulic system was turned around for tailward perturbations. Animals were trained to distribute their weight evenly on all four limbs and maintain quiet stance on the platform for food reward (Coulmance et ah 1979). They were required to maintain the difference in vertical forces between the forelimbs, and that between the hindlimbs, within a preset window for periods of several seconds. Correct and incorrect weight distribution were signaled by small lights positioned above the food tray. Reward was followed by an 8-10 s intertrial interval before the next force stabilization trial began. Animals generally performed for periods of 30-45 rain, allowing presentation of 100-150 trials. The performance criterion was maintenance of force differences of less than 250 g for 3 s. Animals attained this criterion within 7 days. Postural perturbations were presented during periods of stable stance as described above. Forces exerted by the limbs, selected EMGs, and platform positions were sampled at 1 kHz for 80 ms prior to perturbation to establish baselines, and for 420 ms following perturbation initiation. After data sampling was over, the animal was given a food reward and the platform slowly returned to its starting position. Digitized data were displayed on a CRT immediately following each trial and were stored on floppy disks for subsequent off-line analysis. Motion of animals during and after perturbation was studied using a video tape recording and frame-by-frame analysis of body position with approximately 35-ms interframe intervals. To plot joint angles. 5 mm wide squares bearing a black and white checkerboard pattern were attached to the animal's skin directly over each joint and over the top of the scapula. Perturbations were analyzed by displaying every other frame on a video monitor and plotting the position of each square on tracing paper, starting with the frame in which platform movement was first detected. Joint angles were then computed for a total of 350 ms during and following platform movement. Average joint angles and average change in joint angle from frame to frame were computed with data from several trials and were then used to construct stick figures. There is some error inherent in this technique for measuring joint angle due to slippage of the skin over the joint. However, Miller et ah (1975), using a similar technique with verification by X-ray photography, estimated this error to be 5~ in movements with a total excursion of about 50~ In the present study, joint angle changes were smaller, usually less than 10~ so error due to skin slippage is assumed to be within + 1~ EMGs were recorded using chronic indwelling bipolar electrodes which were implanted surgically under general anesthesia. The electrodes used in initial experiments were constructed with two platinum-iridium sheets (surface area 1 • 4 mm) spaced approximately 1 cm apart on a silastic backing (Loeb 1979). They were sutured to fascia on the surface of the muscle. In later experiments these electrodes were replaced by pairs of flexible teflon-coated multistranded stainless steel wires which were stripped at the ends, sewn through the muscle, and sutured in place. Wires were threaded s.c. to a head plug cemented to the skull with dental acrylic. Both types of electrodes recorded



47 multiunit EMGs which were then full-wave rectified and integrated (time constant 10 ms) prior to digitizing. Animals began testing on the platform 1 week after electrode implantation. They displayed no outward signs of discomfort or altered posture due to the presence of the electrodes. Animals were used in experiments for periods of several months with no change in EMG quality. The responses to postural perturbations were studied in 13 cats. EMGs were recorded from muscles acting on all the major joints of the forelimb and hindlimb (Fig. 2). Several animals had EMG recording electrodes on only four muscles, usually agonistantagonist pairs. Other animals had eight or more pairs of electrodes, the majority of which were concentrated in muscles of a single limb. Muscles in the distal forelimb included in the experiments were (Crouch 1969): 1) Extensor digitorum eommunis (ECOM), extends the four principal digits. 2) Palmaris longus (PALO), flexes the first phalanx of each of the digits. 3) Pronator teres (PTER), pronates the hand. Muscles acting primarily on the elbow were: 1) Cleidobrachialis (CLBR), flexes the forearm. 2) Brachialis (BRAC), flexes the forearm. 3) Triceps brachii, originates from three heads, two from the humerus and the third (long) from the caudal scapula and extends the forearm. Records were made from both the long head (TRLO) and from the lateral head (TRI). Activity was recorded from a number of muscles acting on the humerus and scapula. These were: 1) Cleidotrapezius (CLTR), draws the scapula craniodorsad. 2) Acromiotrapezius (ACTR), holds the vertebral borders of the scapulae together and pulls them closer. 3) Spinotrapezius (SPTR), draws the scapula dorsocaudad. 4) Pectoralis minor (PEMI), adducts or draws the arm toward the midline. 5) Acromiodeltoideus (ACDL), a flexor and an outward rotator of the humerus. Activity from a number of muscles in the hindlimb was studied. Muscles acting on the distal portions of the limb were: 1) Extensor digitorum longus (EDL), extends the digits and flexes the foot. 2) Tibialis anterior (TIBA), flexes the foot. 3) Peroneus longus (PRNL), flexes and rotates the foot. 4) Peroneus brevis (PRNB), extends the foot. 5) Plantaris (PLAN), extends the foot. 6) Triceps surae, the medial gastrocnemius (MGAS) and the lateral gastrocnemius (LGAS) originate from the femur and insert into the proximal end of the calcaneus. Gastrocnemius is an extensor of the foot and flexes the shank. Soleus (SOL), which originates from the fibula and joins the lateral border of the gastrocnemius tendon, extends the foot. Activity in a number of muscles acting on the thigh and shank was recorded. These were: 1) Gracilis (GRAC), adducts and extends the thigh. 2) Biceps femoris (BIFM), abducts and extends the thigh and flexes the shank. 3) Semitendinosus (STEN), flexes the shank and extends the thigh. 4) Semimembranosis (SMEM), extends the thigh and flexes the shank. 5) Gluteus medius (GLUT), abducts and extends the thigh. 6) Vastus lateralis (VLAT), a part of the quadriceps femoris muscle, extends the shank. 7) Rectus femoris (RFEM), also part of the quadriceps femoris, extends the shank. 8) Sartorius (SART), flexes the thigh and shank. 9) Iliopsoas (ILPS), flexes the thigh and fixes and flexes the spine.
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Results



in response were observed, these figures are typical of the responses of all animals tested.



Motion of the Animal Motion of the animal during and after tailward or headward translation was concentrated on the niost proximal joints and most distal joints of the extremities with minimal angle change in the other limb joints. Figure 3A and B shows representative stick figures from flame-by-flame analysis of videotapes taken during tailward and headward translation, respectively. The stick figure and joint angle measurements were averaged over three trials from the same animal. While slight interanimal variations



Tailward Translation. The movements evoked by tailward perturbation can be divided into two phases: (1) those during platform motion (the first 120 ms of the perturbation) and (2) those following cessation of platform movement. During the platform movemen(, the feet were thrown tailward while the trunk remained relatively stationary (Fig. 3A). The plot of the change in the angles between the feet and the platform during this period (Foot-Platform) indicated an immediate dorsiflexion of the toes of both fore- and hindlimbs. At the same time, the humerus



Fig. 3. Motion of the animal during and after tailward (A), and headward (B) translation. Plots near each joint show change in joint angle (angle measured indicated at each joint) from the onset of platform movement through approximately 350 ms of the perturbation and correction. Stick figures are drawn from joint angles at perturbation onset (a, solid line), cessation of platform movement (b, dashed line), which is also shown as a small vertical line on the joint angle plots, and at 350 ms following movement onset (c, solid line). The shaded portion includes motion from time b to time c. The angle marked Scapula-Long Axis is taken from a point at the top of the scapula and provides an indication of scapular rotation
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50 retracted (Shoulder) while the scapula rotated (Scapula-Long Axis). Wrist and elbow joint angles remained constant. As the feet moved tailward, the pelvic girdle lifted, and the hindlimbs were unloaded. This upward motion was accompanied by an extension of the thigh (Upper Leg-Long Axis) and a flexion of the knee joint (Knee). The joint angle of the ankle (Ankle) showed no change during the perturbation. The recovery phase of the response began shortly after platform movement ended. This was characterized by tailward movement of the trunk and return of the proximal and distal joint angles to their original values. Headward Translation. Motion of the animal both during and after headward translation is shown in Fig. 3B. Again, the response was divided into two phases. During the first phase, the feet moved forward with the platform, while the trunk remained essentially stationary. This evoked a plantar flexion of the toes as indicated by the increase in the angle between the lower limbs and the platform surface (Foot-Platform). The shoulder protracted, entirely by scapular rotation, and the thigh flexed (ScapulaLong Axis, Upper Leg-Long Axis) with the same time course. The recovery phase was characterized by forward movement of the trunk to its original position with respect to the platform and concomitant return of the joint angles to their original values. No significant change was observed in the angles of the knee, ankle, wrist and elbow joints, either during or after perturbation.



Forces Exerted During Perturbation Both vertical and anterior-posterior shear forces were measured during translational perturbations (Fig. 4). Shear forces measured during the platform movement consisted of the sum of the shear force generated by the cat acting on the platform and that produced by the mass of the force plate itself as it was accelerated or decelerated. Therefore, shears produced by the cat alone were derived by subtraction of shear measurements made during platform motion without the cat from those made during actual perturbation of the animal. Tailward Translation. During tailward translation, the vertical force records from forelimbs (LAFR, R A F R ) and hindlimbs (LPFR, RPFR) consisted of large amplitude slow waves (latency approximately 65 ms, peak approximately 121 ms) which reflected the movement of the feet in relation to the center of mass. The vertical force on the forelimbs increased



D.S. Rushmeret al.: AutomaticPostural Responses in the Cat while that on the hindlimbs decreased. The change in vertical force reached a maximum coincident with the cessation of platform movement and returned to baseline after 400 ms following initiation of the perturbation. The latencies of onset of the slow waves were coincident with the initial force development in the majority of muscles activated during the postural response, suggesting that the vertical force records consisted of an active component as well as a passive one due to the shift in the animal's center of mass. The shear force records (LASH, RASH, LPSH, RPSH) demonstrated important differences between the functional role of the forelimbs and the hindlimbs in the postural correction. During the first 65 ms of the perturbation all four shear records displayed a complex waveform in the headward direction (Fig. 4Aa). This can be ascribed to the inertia of the animal's limbs as the platform moved tailward, since it occurred prior to force development in the majority of activated muscles. As the platform decelerated, an additional peak of headward shear force (Fig. 4Ab) was observed in the fore- and hindlimb traces which was coincident with the initial change in vertical force. This headward shear was produced by an active response of the animal, since passive response to the deceleration would be observed as a tailward shear. Toward the end of the perturbation the shear force records show a rapid reduction (Fig. 4Ac), with a reversal to tailward shear in the forelimbs and a drop to zero shear in the hindlimbs. These portions of the shear records are the net result of a passive tailward force due to deceleration and a headward force produced actively by the cat. The active components of these waves were larger in the hindlimbs than in the forelimbs. The shear forces following the perturbation suggest that the torques necessary for the postural correction were generated entirely by the hindlimbs, which exerted a large headward shear (Fig. 4Ad) that decreased with the same time course as the vertical forces. The forelimb shears following the perturbation were consistently near zero. This result suggests that the active headward shear, which occurred prior to the end of the perturbation, was the result of the stiffening of the forelimbs associated with co-contraction of forelimb musculature (see below). Headward Translation. The vertical forces exerted during headward translation also consisted of large amplitude slow waves with latencies of approximately 65 ms and peaks at 125 ms. In this case, vertical forces exerted by the forelimbs decreased and those by the hindlimbs increased as the center of
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mass shifted tailward with respect to the feet. As in tailward translation, the latencies of the vertical force waveforms were consistent with the development of force in activated muscles, suggesting an active component as well. The shear force records ( L A S H , R A S H , LPSH, RPSH) indicated an initial shear in the tailward direction, probably associated with platform acceleration (Fig. 4Ba). It is presumed that this shear, which lasted for 50-60 ms, was largely inertial since it preceded active muscle responses. This passive shear was followed by a second peak of tailward shear (Fig. 4Bb) in the hindlimb and forelimb records during the decelerative phase of the perturbation. This response was due to active correction by the animal since passive shears during this period of the perturbation would be headward. A third active response (Fig. 4Bd) was observed in the forelimb records when platform movement ceased. After the perturbation, a
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Fig. 4. Anterior-posterior shear forces and vertical forces exerted by each limb of the animal during tailward (A) and headward (B) translation. LA, RA, LP, RP are left and right anterior and posterior limbs, respectively. Vertical bars represent time of perturbation onset and time of cessation of platform movement9 Shears shown in this figure are derived from subtraction of shears recorded during perturbation of the platform alone from those recorded with a cat. The dotted horizontal lines in the shear records represent zero shear force. Headward shear and increased vertical force are in the upward direction



long-lasting headward shear (Fig. 4Be) was observed in the forelimb records and a shorter tailward shear was seen in the hindlimb traces (Fig. 4Bc). Both sets of shears were synchronized with return of the vertical forces to baseline. Since active torques associated with correction of trunk position would evoke shears in the tailward direction, it was concluded that all four limbs could be involved in the initiation of correction during the decelerative phase of the perturbation but that the hindlimbs were again primarily involved following the perturbation.



EMG Responses to Perturbation E M G responses to headward and tailward perturbation were recorded from muscles acting on the major joints of the hindlimb and forelimb as well as the scapula. While different groups of anatomically
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Fig. 5. Trial-to-trial variability of E M G records from typical muscles activated during perturbation. W a v e f o r m s are the average of five trials surrounded by the point-by-point SD. Numerical values of m e a n and SD are computed from areas under the curve for each trial taken within the limits proscribed by the dotted vertical lines. The values of these terms are based on the digitized value of each point and are arbitrary



related muscles were studied in each animal, care was taken to gather data from each muscle in at least two different cats to assure that responses were similar. Data were derived from a number of experimental runs accomplished over a period of several months. Perturbations were usually presented in groups of five trials and subsequent data analysis was done on these groups.



General Characteristics of EMG Responses. E M G responses in all animals could be characterized as highly stereotyped and reproducible from one trial to the next. The perturbations utilized were small enough that the animals did not show "startle responses" when presented with the stimulus except during the first few perturbation trials on the platform. Thus, E M G responses recorded during these initial trials were somewhat larger and more variable than those observed in later trials, however, the waveform and timing characteristics were similar throughout. Animals adopted the appropriate strategy for response to the perturbation from the initial trial, with little change in ensuing trials. We interpreted this to mean that the basic response strategy was an integral part of the animals' behavioral repertoire prior to their initiation to the platform. Another indication of the stereotyped nature of the responses was the ability of the animals to shift response strategy appropriately from one perturbation to the next, within a single trial. While highly stereotyped, responses to perturbation showed some intertrial variability. Figure 5 provides one indication of the extent of this variation by showing the standard deviation (SD) about the mean E M G of typical responses from a number of different muscles. These records demonstrate that while the amplitude of the E M G responses varied from trial to trial, the waveform characteristics did not change significantly. In an effort to quantify these response variations, E M G records were analyzed using the area under the curve of the E M G recorded during the postural response as a quantitative measure of muscle activity. Areas under the curve of the principal peaks were computed for each trial and the means and standard deviations were calculated. The results of these calculations are also shown in Fig. 5. These variations of up to approximately + 2 0 % were typical of the E M G records for muscles that were activated during the perturbations. Responses of Forelimb Muscles. Forelimb muscle responses were most correlated with increase in vertical force. Generalized activation of all musculature studied in the forelimb was observed prior to the increase in vertical force associated with tailward
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Fig. 6. E M G responses of muscles in the shoulder to headward and tailward translation. Solid vertical lines indicate onset of perturbation and cessation of platform m o v e m e n t . E M G responses shown are averages of five consecutive trials
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translation. Most of the same muscles were relatively inactive during headward movement during which the forelimbs were unloaded. Averages of typical EMG responses from muscles in the shoulder and forelimb are shown in Figs. 6 and 7, respectively.



During tailward translation, muscles on the dorsal aspect of the scapula (SPTR, ACTR, CLTR) showed large peaks of activity before and during the slow wave of vertical force associated with trunk movement. Latency of the initial responses in SPTR



Table 1. Average latencies for forelimb muscle responses during headward and tailward translation. Response latencies for individual peaks of E M G activity were grouped around "preferred values" (see Mori and Brookhart 1970). Average latencies were c o m p u t e d from an n of 5 Tailward translation 1st peak 2nd peak Muscle SD X SD Scapula SPTR CLTR ACTR PEMI



49 43 48 40



Upper forelimb A C D L 39 C L B R 45 B R A C 37 TR[ Tonic on TRLO Distal forelimb P T E R 41 E C O M 44 P A L O 47



2 2 4 2



-



3rd peak X SD



4th peak X SD



105 -



160 152



3



-



155



8 7 11



Headward translation 1st peak 2nd peak X SD X SD



-



1



22



3 5



NR NR



79



5



83



8



110



5



2



53 52 45



3 4



57



2



2 113



(-)40 7



5 5 5



23



NR NR NR



5



3rd peak X SD



4



4th peak X SD



54



D.S. Rushmer et al.: Automatic Postural Responses in the Cat



TAILWARD



A



/i~' l



HEADWARD



TRLOI -'T"%,,,



TRLO ,..,_...e



TRI~ ~'~~'~ ~5



:'ih~ ~;."w...",~ ~.



5.



2,



-r



:,~.



-r



TRI~'h.J,~



9



!".



- e,



.%



' " "':



~ :'



-.



,



W' t \



CLBR



CLBR



f .,I,



"4.



\ BRAC



BRAC



,/



B PTER



--J



PTER ti /:



100 ms



"''~,~,__,.~



ECOM



ECO._.~.M



P, PALO



,,,,J



"~,7..,~v...,4"..,.~,.,... ~



PALO



and A C T R on the dorso-caudal and dorsal aspects of the scapula, respectively, was approximately 48 ms (Table 1), while that for C L T R , on the rostral aspect of the scapula, was 43 ms. This latency of 40-50 ms is that commonly ascribed to the functional stretch reflex. Myotatic latencies are expected to be on the order of 12-15 ms. The observed response latencies correlated well with the force changes ascribed to active correction, since muscle force generation would be expected to follow the E M G by approximately 20 ms. Responses in P E M I , while of slightly shorter latency (40 ms) than the scapular muscles, were synchronous with the responses of the dorsal muscles. A C D L , an abductor of the humerus, was also activated with a similar latency. The coactivation



Fig. 7. EMG responses of muscles acting on the elbow (A) and those acting on the wrist and phalanges of the forelimb (B) to headward and tailward translation9 Solid vertical lines indicated onset of perturbation and cessation of platform movement9EMG responses shown are averages of five consecutive trials



of the shoulder muscles is consistent with stabilization of the scapula during loading of the forelimb. During headward translation, C L T R and P E M I were relatively inactive, displaying small, long latency responses. Activity in A C T R , which would serve to maintain the position of the scapula relative to the thorax as the forelimb was unloaded, was of approximately the same amplitude and latency as that observed during tailward m o v e m e n t . SPTR, which could serve the same function, showed a response that was considerably smaller. Two m a j o r peaks of activity were observed in A C D L , the first occurring at short latency (22 ms) and the second occurring with longer latency and synchronized with responses in the other scapular muscles.
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The upper forelimb muscles were also generally active during tailward translation, again with latencies which suggested that the E M G responses were the result of long loop reflexes (Fig. 7). Both flexors and extensors of the u p p e r forelimb were active during the perturbation. The strong responses in B R A C and C L B R would have stabilized the elbow and shoulder as the feet were thrown rearward, while tonic activity in T R I and activation of T R L O would have stiffened the limb as it was loaded. No data is available regarding the relative forces generated by



Fig. 8. EMG responses of flexors (A) and extensors (B) of the thigh. Several of these muscles also act on the shank (see Text). Solid vertical lines indicate onset of perturbation and cessation of platform movement. EMG responses shown are averages of five consecutive trials



these muscles, but the joint angle data indicates that both flexors and extensors served primarily to stiffen the forelimb. A n o t h e r possibility is that B R A C and C L B R contributed, early in the active phase of the response, to the torque necessary to oppose platform deceleration and to return the trunk to the correct position relative to the feet as observed in the headward shears prior to cessation of platform motion 9 Little activity was observed in the upper forelimb flexors during headward translation. F u r t h e r m o r e , as
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Table 2. Average latencies for forelimb muscle responses during headward and tailward translation. As in Table 1, latencies for individual peaks of EMG activity were grouped around "preferred values". Average latencies were computed from an n of 5 Tailward translation 1st peak 2nd peak Muscle X SD X SD Hip ILPS GLUM NR
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the forelimb was unloaded during this perturbation, tonic activity in T R I was inhibited. T R L O , which acts on the shoulder as well as the elbow, was excited with a short latency, probably due to stretch resulting from protraction and unloading of the forelimb during the perturbation. Muscles acting on the wrist and phalanges were active during tailward translation with latencies similar to those observed in the more proximal musculature. This co-contraction of distal musculature also served primarily to stiffen the distal forelimb prior to and during the increased vertical forces associated with tailward translation. None of the distal forelimb muscles included in this study demonstrated activity during the headward perturbation.



Responses of Hindlimb Muscles Responses of hindlimb musculature during headward and tailward translation were significantly more complex than those observed in the forelimb, with activation of various muscle groups during both perturbations. These responses involved reciprocal activation of agonist-antagonist groups much like
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those observed in the legs of humans (Nashner 1977). The marked difference between the muscle synergies activated in the forelimb and hindlimb suggests basic differences in the biomechanical and functional properties of the fore- and hindlimbs. E M G responses in proximal and distal hindlimb musculature are shown in Figs. 8 and 9, respectively. Latencies for hindlimb muscle responses are shown in Table 2. The responses of the proximal hindlimb muscles included in these experiments were grouped both functionally and anatomically in relation to their action on the thigh and shank. Thus, muscles which serve primarily to flex the thigh and extend the shank responded as a group (Fig. 8A) as did the muscles which extend the thigh and flex the shank (Fig. 8B). During tailward translation, ILPS, which acts only to flex the thigh, responded with a burst of activity with a latency of approximately 38 ms. The ILPS response was brief, with return to baseline coincident with cessation of platform m o v e m e n t . S A R T also demonstrated a large E M G response during tailward translation with a latency of 42 ms, followed by a second, smaller response at 117 ms. This muscle, which flexes both the thigh and the shank, apparently acts primarily on the thigh during
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