The Motor System: Lecture 5
Motor adaptation and disorders of the parietal cortex
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Slide  AUTONUM   Suppose that you are looking at a fixation point and wish to move your hand from its current location to a target location.  Let us consider the computations that take place in the brain.


Our proprioceptors (muscle spindles) signal to the spinal cord and eventually the somatosensory cortex information about location of our limb.  That information is represented with the vector q here (joint angles).  By knowing where the eyes and hand are located, neurons in the posterior parietal cortex compute where the hand is with respect to fixation.  This is represented with the vector xh.  The relationship between vector q and vector xh is a “mapping”, i.e., given joint angles of the arm and location of the eyes and the head, your brain can predict where the image of the hand should fall on the retina.  Now if someone were to ask you to put on a pair of eye glasses that distorted the path of light, this mapping will change because the image of the hand will not form on the retina exactly where you expect it.  That is, q will align itself with a new xh.  This will result in an error, and the brain will have to adapt to re-calibrate this map.

In order to reach, xh is compared to xt (target position with respect to fixation), and a vector that points from the hand to the target is computed (xa).  The vector xa tells you how much to move the hand.  The next step is to estimate how much we need to rotate each joint.  The change in joint angles is represented with the vector q.  The relationship between xa and q depends on the current location of the joints, so you see that the map between xa and q has a q on top of it.  In the final step, we map the changes in joint angles q to muscle forces f.


We mentioned that if you were to put on a new pair of glasses, the mapping between q and xh would change.  Those glasses would also affect the map between xa and q.  If you were to hold a heavy object in you hand, this would change the map between q and f (you need more forces to make the same movement).


Slide  AUTONUM   Here is an example of the maps.  Suppose that the arm has two links, with lengths 
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.  Then the position of the finger with respect to the shoulder is vector p.  If the location of the shoulder with respect to fixation is vector s, then we can compute hand location with respect to fixation.  The derivative of p with respect to q is called a Jacobian.  Using the inverse of the Jacobian, we can map changes in p to changes in q.

Encoding of a movement plan during a delay period


Slide  AUTONUM   The evidence that the posterior parietal cortex is involved in planning of movements comes from experiments where monkeys prepare to make a reaching movement.  In one of these experiments, Donald Crammond and John Kalaska recorded from the dorsal region of area 5 (called area 5d) in the monkey posterior parietal cortex in a task where the animal was given instructions about where to reach to, but had to wait until a “go” signal appeared.  The monkey began each trial by holding a handle that could move in the horizontal plane.  The monkey positioned the hand over a central light that was located just below the plane of the handle.  One of the 8 peripheral lights, arranged about a circle, was turned on, indicating the endpoint of the desired movement.  The target stayed on for a variable period (1-3 sec), after which its color changed, instructing the monkey to make a reaching movement.


Crammond and Kalaska discovered that during the delay period, cells in area 5d were tuned to the direction of the upcoming movement.  This means that the cell discharged maximally for one of the targets; that target direction was the preferred direction of that cell.  The discharge declined gradually as a function of angle from that direction so that if the target was in a direction opposite to the preferred direction, discharge was minimal.  Therefore, the discharge during the delay period appeared to be related in some way to the target’s position.


Importantly, after the go signal was given, the discharge remained the same as it was during the delay period.  This second observation suggests that the information that whatever the cell was coding during the delay period was the same as after the go signal.  It seems likely that this information was somehow related to planning of the ensuing movement because the kinematic plan for the movement also did not change when the go signal was given.


Interestingly, Crammond and Kalaska found that whereas this delay period activity was present in the discharge of area 5 cells, these signals were absent among the neurons in area 2.  Area 2 is one of the areas that are located rostral in the parietal lobe and is part of the somatosensory cortex.  Crammond and Kalaska found that activity in area 2 mostly reflected sensory feedback from the moving limb, rather than a planning-related signal, a view that is consistent with its receipt of muscle-spindle signals from area 3a.  Therefore, these results suggest that area PPC is involved in planning the kinematics of an intended movement, but the somatosensory cortex is not.

Maintaining the plan of a movement after the target of movement has disappeared


Slide  AUTONUM   In the experiment described above, the cue stayed on during the entire delay period.  If these cells are indeed are part of the system that plans the upcoming movement, then one would expect that their activity should be invariant to whether the cue stays on for a brief period, or stays on during the entire delay period before a movement.  The target’s position is specified by the initial lighting of the target LED.  The fact that the LED stays lit should be irrelevant to the computational problem of planning for the movement, i.e., computing where the target is with respect to the arm.


To test this idea, Kalaska and Crammond repeated their experiment but introduced a condition where the target cue stayed lit for only 500 ms during the delay period.  Trials were directed either toward the cell’s preferred direction or in the opposite direction.  They found that during the delay period, the directionally tuned activity in the trials where the cue was only briefly visible was essentially the same as when the cue was visible during the entire period.  Therefore, the presence of the cue was not necessary to sustain the delay period response.  This is consistent with the idea that the neural discharge in PPC reflects something about the planning of the movement and not merely a passive response to the information that is currently available on the retina.

Human PPC neurons code for target location in fixation centered coordinates


Slide  AUTONUM   Recall that when you fixate a point, the image to the right of fixation goes to the left visual cortex, and the image to the left of fixation goes to the right visual cortex. In this experiment, Doug Crawford and his colleagues used fMRI to test the idea that in human, targets of reaching are represented as vectors with respect to fixation.  They asked participants to fixate a central point and flashed a target on either left or right side of the fixation point (“delayed pointing” task). After a delay period, the participant reached to the remembered location of the target. They found that if the target was to the left of fixation, the right PPC was activated, and vice versa. In a subsequent experiment (“delayed pointing with intervening saccade”), the participant fixated a point when the movement target was flashed to one side, say the right side of fixation, thus activating the left PPC. However, before reaching, a second fixation point appeared so that now the remembered target fell on the left side of the fixation point. As the saccade moved the fovea from one fixation point to another, the remembered location of the target moved from right side of fixation point to left. Coincident with this, the activity in PPC shifted from the left hemisphere to right. Therefore, despite the fact that no target was visible, movements of the eyes caused a remapping of the remembered reach target with respect to fixation point.  This finding again illustrates that reach targets are encoded as a vector with respect to the fixation point.


In this figure, the participant fixates a central location, where a letter indicates the task to perform (S, saccade to a target; P, point to a target; or F, continue fixating the center of the screen). For the “delayed-pointing” task, the target appears and, after a delay, the participant points to the remembered location of the target. In the “delayed-pointing, with-intervening-saccade” task, the fixation point changes locations before the pointing takes place. C. The PPC region that shows “activity”, i.e., changes in blood flow, switches hemispheres when eye movements place the remembered target to the left of the fixation point, as opposed to when they place it to the right of that point. The “activated” regions appear as enclosed areas on an “inflated” map of the cortex. 

PPC neurons code for movement kinematics and not dynamics


Slide  AUTONUM   What does the term “planning a movement” really mean when we say that the posterior parietal cortex appears to be coding a movement’s plan?  Is the plan limited to the kinematics of the task (target location), or does it also involve issues of dynamics (forces necessary to do the movement)?  To answer these questions, John Kalaska and his colleagues performed an experiment where a monkey held on to a handle and reached to a target while loads were imposed on the arm.  Therefore, the idea was to make the monkey reach to the same target along the same trajectory, but with each load, the monkey would have to activate different muscles and produce different kinds of torques on the joints.  This dissociated the movement kinematics from its dynamics.


Kalaska and his colleagues found that activity of area 5 cells were relatively unaffected by the presence of the load or its direction but during the time that the animal was holding the manipulandum and waiting for the go signal and during the time when the monkey was making the movement.  This was in sharp contrast to a somatosensory area (area 2).  Both in this area and in the primary motor cortex (area 4), discharge was strongly affected by the dynamics of the task.

Adapting to changes in the optics of the eye

Slide  AUTONUM   In the 1940s, Roger Sperry performed an interesting experiment in newts. He knew that the human CNS demonstrated remarkable adaptation. To test the degree of adaptation in amphibians, he rotated the eyes of red-spotted newts. Rotation of the eye by 180º left the optic nerve intact, but retinal cells that received light from above the newt prior to rotation, received light from below after the rotation. Similarly, cells that were normally active when light from the left hit the retina responded to light from the right after rotation. Within an hour after eye rotation, as soon as the newts recovered from anesthesia, Sperry tested their response to moving objects. He found that when something in the visual field moved to the right, they moved their head to the left, instead. If a lure with meat attached wiggled above them, they rotated their head downward. As Sperry put it:

When the piece of meat was moved back and forth in the water several centimeters above and a little to one side of the animals, they tilted their heads downward on that side and began to move toward the bottom of the aquarium. Even though the newts happened to be resting on the bottom when the lure was thus waved above them, they cocked their heads down under them and began pushing about among the pebbles of the bottom with the nose and forefeet. If the lure was placed below the animals, the head and forebody were tilted upward and the newts started toward the surface.

And this misdirected behavior never changed. In Sperry’s words: “No correction of the maladaptive visuomotor responses was observed in the course of time.” After 4–5 months of testing, the newts remained as misguided as on the first day.  By analogy, consider the robot and the camera that we discussed in the previous lecture.  What would happen if you sent the camera out for repair, but when it returned, you installed it upside down? The information from the camera tells your computer that the object lies to the left when in fact it lies to the right, up when down, etc. Unless you have an adaptation mechanism that notes the errors in alignment of the robot’s “proprioception” and “vision”—and somehow realigns them—your robot will have a lot of trouble reaching to targets.  

Slide  AUTONUM   In contrast to Sperry’s newts, adult monkeys and humans can adapt to radical changes in visual inputs. Yoichi Sugita explored this ability in monkeys. He fitted the monkey with a pair of goggles and replaced the glass over each eye with a “dove” prism. Dove prisms invert an image along a plane that runs parallel to the largest surface (A). Sugita installed the prisms on the goggles so that they reversed the image along the horizontal (left–right) plane. In this way, things to the left of the monkey’s fixation point appeared to be on the right.

The monkeys wore these goggles continuously for about four months. For the first two weeks, the monkeys could barely move by themselves. However, by the fourth week, they began to move and play. Each day, the experimenters brought the monkey to the laboratory and it sat in front of a touch screen. The monkey had learned previously to touch a sequence of targets that appeared on the screen. For the first few weeks, a target to the right resulted in a reach to the left. After about a month and a half, the monkeys began to reach straight to the target. The time it took to hit the target steadily decreased and approached baseline levels in 30–50 days (A). Therefore, the monkeys had the capacity to adapt to this radical change in visual feedback.

After two months, the experimenters removed the monkey’s goggles and, for a day or so, the animals again had trouble moving. When presented with a target to the left, they reached to the right of it. These errors are aftereffects of adaptation. However, unlike the many weeks that it took the monkey to learn to reach while wearing the dove prisms, adjusting to their removal took much less time. The aftereffects washed out by the third day. This slow speed of adaptation and fast washout suggest that, when the monkey wore the goggles, the neural networks changed in a way that slowly accommodated the new alignment between proprioception and vision, without losing the information regarding the previous one.

In a similar experiment on people, participants wore left–right reversing prisms continuously for about 40 days. During first few days of wearing the prisms, they could barely make it down a hallway without bouncing off the walls (C). And they had trouble eating with utensils because they reached to the wrong location. However, by the end of the experiment, they could perform ordinary functions such as riding a bicycle or using a knife to finely slice a cucumber. Occasionally, they came to the laboratory and reached to targets. Both the amount of reaching error and the latency to hit the target returned to pre-exposure levels after about three or four weeks (B). Their CNS had adapted to the altered visual field. As with the monkeys, it again took only a day or so for the aftereffects of wearing the prisms to washout. When the participants returned to the laboratory on subsequent days and again wore the prisms, they quickly readapted. These findings suggest that the participants acquired information during adaptation that did not “wash out” when they took off the prisms. Rather, their CNS retained separate, altered maps for the prisms and the maps for unperturbed vision.

Change in optics of the eye require changes in both the “location” and the “displacement” maps

Slide  AUTONUM   To illustrate what happens when optics of the eye change, it is useful to consider an example where the optics of our camera changes.  Suppose that we have a map that aligns information from proprioceptive sensors and visual ones in order to estimate end-effector location in camera coordinates:  
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.  Call this a “location” map.  The end-effector’s location in camera-centered coordinates is:
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We also need a computation that aligns a given difference vector (pointing from the handle to the target) in camera coordinates with a difference vector in proprioceptive coordinates, 
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.  Call this a displacement map.  To compute it, we first compute a change in end-effector position in camera centered coordinates as a function of a change in its joint angles:
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The function J is our Jacobian.  The inverse of this function relates changes in end-effector position to changes in joint angles:
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The symbolism 
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 summarizes the above equations.  Now imagine that someone has rotated the camera by 180°, by analogy with Sperry’s experiment in newts. The rotation changes the relationship between 
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To relate displacements in the camera- and joint-based coordinates, you can compute the derivative of 
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 with respect to 
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 and invert the resulting matrix to arrive at the new relationship between joint rotations and end-effector position.  Therefore, we notice that when the location map changes, so does the displacement map.  

In the brain, the location map is computed by the PPC and the premotor cortex.  The displacement map is computed by the premotor cortex and the primary motor cortex.  When one puts on prism glasses, these are some of the regions in the brain that undergo adaptation.

Small changes in optics of the eye produce rapid adaptation


Slide  AUTONUM   Wearing other kinds of prisms can lead to much faster adaptation than for dove prisms.  This figure shows adaptation to wedge prisms, which differ from the dove prisms in that they shift light, typically to the left or right, by 5–25o, rather than inverting the visual field. In this experiment, participants wore prisms that shifted the visual field by approximately 17 o.  After putting on the prism glasses, they tried to throw clay balls at an 8 cm2 visual target, ~2 m away.  The investigators asked the participants not to look at their hands and measured the accuracy of their throws. 


The adaptation period began with inaccurate throws. After a few throws, however, throwing accuracy improved to near baseline levels. In this experiment, unlike the one with dove prisms, the adaptation period was relatively short, and the washout of aftereffects (i.e., the trials after the prism glasses were removed) required about the same number of trials as the adaptation. This finding suggests that the wedge prisms caused a shift in existing location and displacement maps, not the formation of new ones. This is a fundamental distinction between motor adaptation and skill acquisition. In adaptation, existing networks change; in learning skills, new network emerge.

Slide  AUTONUM   This might lead you to think that dove prisms induce new skills (because they take so long to learn), but wedge prisms do not. However, with extensive experience, participants can learn the “wedge-prism” skill, as well. Subjects trained about a month and a half with the prisms. During each experimental session, participants would wear the prism glasses, make a few throws, and then remove them and make a few more throws. This figure shows that it took about 2.5 weeks for the participants to be able to throw accurately on the first try with the prisms on and, importantly, to throw accurately on the first try with the prisms off. In a month or so they reached a plateau. Recall that it took participants many weeks to learn the dove-prism skill, and it required extensive practice to learn the wedge-prism skill, as well. The CNS needs to learn distinct kinematic mappings and gain the ability to switch between them in order to attain a new skill. Thus, after several weeks of practice, involving hundreds of movements, participants eventually develop the ability to put on and remove wedge prisms on demand, with minimal adaptation times and aftereffects. Effectively, they could use context (wearing prisms or not) to switch between the alignments appropriate for the prism and those appropriate for unperturbed vision.

Lesion of the right parietal cortex can result in neglect


Slide  AUTONUM   Damage to the right parietal cortex does not produce simple sensory deficits such as blindness or loss of tactile senses.  Rather, damage results in agnosia, an inability to act on objects despite normal sensory processes.  A particular striking form of agnosia is neglect.  Neglect is a failure to respond or orient to stimuli that are presented contralateral to a brain lesion, when this failure is not due to elementary sensory or motor loss.  For example, in the line bisection tack, the patient is given a long line and asked to indicate its midpoint.  The neglect patient will cross the line to the far right.  In the cancellation task, a paper contains targets and the patient is asked to mark out (cancel) all the targets.  The neglect patient will cross out only the targets on the right side.  In the copying test, the patient is asked to copy a line drawing.  The neglect patient will draw only the right part of the figure.


Although neglect can be associated with both right and left hemisphere lesions, it is much more severe and frequent with right hemisphere damage.  The asymmetries appear to be related to asymmetrical representation of visual space.  Whereas the left hemisphere primarily attends to visual information on the right of fixation, the right hemisphere attends to both sides.


Slide  AUTONUM   There are two forms of neglect, neglect of extra-personal space and neglect of personal space.  In neglect of the extra-personal space, as shown in this slide, in tasks like the line bisection task, the figure copying task, and even in reading a sentence, the patient will pay attention to only the right part of the object.  In neglect of personal space, the patient will pay attention to only the right part of their body.  For example, when given a comb, they will use it only on the right side of their hair; they use cosmetics on the right side of their face.


Neglect of extra-personal space appears to be associated with lesion of the right frontal lobe, particularly the ventral aspect of the premotor cortex.  Neglect of the personal space is associated with lesion of the right inferior parietal cortex.

Rehabilitation of neglect patients with prism glasses


Prism glasses bend the light.  When you were prism glasses, the brain must recalibrate the visual sense of limb position with the proprioceptive information.  This led the idea that perhaps by wearing prism glasses, one can improve the conditions of neglect patients.


Slide  AUTONUM   In the experiment presented in this slide, blindfolded volunteers were asked to point straight ahead.  Patients with right PPC lesion suffering from neglect tended to point to their right.  Subjects then put on prism glasses.  The glasses shifted the visual field to the right.  Subjects make reaches and tend to have errors to the right of the target.   With practice, both patients and normal subjects improve.  


Upon removal of the glasses, the volunteers immediately put on blindfolds and pointed to their straight ahead.  Normal controls showed an after-effect:  their straight ahead is now shifted slightly to the left.  Patients showed a dramatic after-effect:  Their straight ahead is now much close to the center.


Slide  AUTONUM   Remarkably, the effect of the prism glasses lasts for many hours, and perhaps even days after the glasses have been removed.  When asked to copy a picture, the patients copy most of the picture.

Apraxia

Slide  AUTONUM   Apraxia is an inability to perform skilled movements, particularly tool use, in the absence of elementary motor deficits (weakness, normal posture or tone).  It is most commonly associated with damage to the parietal cortical areas of the left hemisphere.  For example, when the patient is asked to demonstrate use of a screwdriver, the patient may position his hand as if holding a pen.  When given a partially driven nail into a piece of wood, and a collection of tools, they may select a scissor to drive the nail rather than a hammer.  In performing a task that requires a sequence of actions, these patients may have difficulty in putting the acts in the proper order.  For example, when asked to fold a paper into thirds and place it in an envelope, the patient may fold the paper into sixteenths and hold the paper and envelope in one hand and waive them (Selnes et al. (1991) Limb apraxia without aphasia from a left sided lesion in a right handed patient, J Neurology, Neurosurgery, Psychiatry  54:734-37, 1991).

Understanding actions of others


Slide  AUTONUM   Imitation is powerful method by which we learn from others.  Much of the industry on sports videos and coaching is based on the concept that the brain learns by observing others.  Imitation is also central to the development of our social skills.  For example, through observation, we can guess the goals and intended actions of others from their body gestures and their movements, essentially guess their mental state.  Theory of mind refers to this ability: the awareness that other people have beliefs and desires as we do, but different from our own, and that these beliefs and desires can explain behavior of others.  In the past few years, there has been an important discovery in the neurophysiology of the parietal cortex that is beginning to explain this ability to understand intention of others.


To introduce these experiments, it is useful to consider an example.  Suppose that you are looking at a picture where a hand is reaching to pick up a cup.  In this picture, the cup is full, and is surrounded by other kinds of food.  You might guess that the intended action of the person who is reaching is to drink from the cup.  Now suppose that you see another picture where a person is again reaching for a cup, but the cup is empty, and the food around the cup is half eaten.  Now you might guess that the person’s intention is to pick up the cup in order to wash it, and not to drink from it.  You are able to guess the intention of the actor from their act and the context of that act.  In another example, suppose that the monkey is planning to reach for a piece of food and eat it. 


Slide  AUTONUM  In 2005, Fogassi and colleagues discovered that there were neurons in the rostral aspects of the posterior parietal cortex (an area lateral to the intraparietal sulcus) that responded to specific kinds of reach to grasp acts, and this response was similar when the animal performed the task and when the animal observed someone else performing the task.  They called these cells “mirror neurons.”  


In this area, there are some cells that respond to grasping for the purpose of eating, and other cells that respond to grasping for the purpose of placing the food near the mouth but not eating.  (A) Lateral view of the monkey brain showing the sector of IPL (gray shading) from which the neurons were recorded. cs, central sulcus; ips, inferior parietal sulcus. (B) The apparatus and the paradigm used for the motor task. (C) Activity of three IPL neurons during grasping in conditions I and II. Rasters and histograms are synchronized with the moment when the monkey touched the object to be grasped. Red bars, monkey releases the hand from the starting position; green bars, monkey touches the container; x axis, time, bin = 20 ms; y axis, discharge frequency. (D) Response of an IPL neuron during conditions I, II, and III.  This cell responds more when the food is for eating than placement in a box near the mouth.


Slide  AUTONUM   Mirror neurons: discharge both during grasp observation and grasp execution.  Grasp observation was in a visual task in which the experimenter performed, in front of the monkey, the same actions that the monkey did in the motor task, that is, grasping to eat and grasping to place. Some neurons discharged with the same strength regardless of the motor act following the observed grasping. The majority of neurons, however, were differentially activated depending on whether the observed grasping was followed by bringing to the mouth or by placing.   This figure shows Visual responses of IPL mirror neurons during the observation of grasping to eat and grasping to place done by an experimenter and the same action done by the monkey. (A) Congruence between the visual and the motor response of a mirror neuron. Unit 169 has a stronger discharge during grasping to eat than during grasping to place, both when the action is executed and when it is observed.  (B) Population-averaged responses during motor and visual tasks.
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