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Goal-Directed Reaching Requires a Reference Frame Transformation
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Goal-Directed Reaching Requires a Reference Frame Transformation

Target re Eyes —

Target re Head

Target re Shoulder

Target re Hand

Joint rotations

Muscle contractions

Key Questions:
1) What stage in this transformation is encoded in reach areas?
2) How does the brain convert from one stage to another?

How do we determine what reference frame a neuron uses?

A reference frame is defined by its origin and its axes.

Origin?: We move one body part, observe effect on neural tuning.

Axes?: Generally assumed spherical, based on the shape of neural
tuning.




Key Experimental Approaches

1) Invariances

2) Correlations

1) What is a neuron insensitive to?
2) What behavioral parameter does neural
activity track?

Stages in Movement

1) Planning

2) Execution




Movement Planning - Behavior
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- Even when you try to go fast, RT exceeds time for neural propagation.
Central processing must occur.
- Typically, separate stimuli instruct the location and the timing of the movement.
- In experiments, that second stimulus is exogenous. (experimenter controls it.)

Primate spinal interneurons show
pre-movement instructed delay activity
Prut and Fetz, Nature 1999
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Movement Execution - Behavior

Eye Pos __f;/

Muscles are contracting,
feedback signals are arriving,
the next movement is being planned.

Cerebral Cortex Areas for Reaching

Macaque monkey
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Cerebral Cortex Areas for Reaching
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Moran and Schwartz, J Neurophysiol, 1999

Parietal
cortex The First Stage in the Reach Pathway?

Reach planning
response in parietal
cortex :

Foe Parietal
responses
persist even
when target is
extinguished.

J. Kalaska, Can. J. Physiol. and Pharmacol., 1996




Parietal
cortex

Snyder, Batista, Andersen, Nature, 1997

Parietal
cortex

Sensory Attention or Motor Intention?

Snyder, Batista, Andersen, Nature, 1997




Parietal
cortex

Parietal
cortex

Snyder, Batista, Andersen, Nature, 1997




Parietal
cortex

Parietal cortex contributes to reach planning

Snyder, Batista, Andersen, Nature, 1997

Parietal . . e s
cortex  Spatial segregation of motor specificity -

a “reach region” in parietal cortex: PRR

PRR

Snyder, Batista, Andersen, Nature, 1997
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Parietal

cortex
Reference frames for reaching in PRR?
EYE-CENTERED (like the input)
or ARM-CENTERED (like the output)?
Parietal
cortex Spatial tuning in a PRR neuron

Batista et al., Science, 1999
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Parietal
cortex

Batista et al., Science, 1999

Parietal
cortex

Batista et al., Science, 1999

12



Parietal
cortex

Batista et al., Science, 1999

Parietal
cortex

Batista et al., Science, 1999
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Parietal
cortex

Batista et al., Science, 1999

Parietal
cortex

What if the eyes move?
Memory responses should compensate.

(Note that this is an internal model of the
environment - or at least, it requires one!)

14



Parietal

cortex
Target outside RF  Targetin RF  Target enters RF
Batista et al., Science, 1999
Parietal _
Reach errors reveal humans encode reach goals in
cortex

an eye-centered reference frame that
updates across saccades

Henriques et al., J Neurosci, 1998
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Parietal
cortex

“Direct Visuomotor Transforms for Reaching”

Buneo et al., Nature, 2002

Parietal _
cortex Parietal Area 5

Condition A

Condition B

Condition B

Condition A, . .
Best correlation when target relative to hand and eye is

preserved.

Area 5 differs from PRR

Buneo et al., Nature, 2002
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Parietal

cortex . .
Force coding in area 5?

Nope.

Speed? Trajectory? Maybe...

Kalaska et al., J Neurosci, 1998

Parietal
cortex

So far...
Reference frames.

How about reference frame transformations?
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Parietal

cortex Galn F|e|dS
Parietal . .
cortex Galn F|e|dS
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Parietal

cortex Galn F|e|dS
Neural responses in panetal
cortex
Receptive Fields Gain Fields
Filled - visually evoked
response
Ring - total response
Annulus - fixation responses
Zipser and Andersen, Nature, 1988
Parietal . .
cortex Galn F|e|dS

Neural Network
model trained using
backpropagation

Zipser and Andersen, Nature, 1988
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Parietal : :
cortex Galn F|e|dS

Model responses in hidden units

Receptive Fields Gain Fields

Network hidden units units resemble real neurons

Zipser and Andersen, Nature, 1988

Parietal : :
cortex Galn F|e|dS

Evolution of the idea: Basis functions

Linear function
z=2x+3y

in a two-layer neural
network.

Nonlinear function
approximation using

weighted sums of

basis functions in a

hidden layer. z=el

<r2+y2—100>2>
1000
Proposal: parietal cortex contains neurons sensitive to every combination of eye
position and target location (and ...). From that, any function over that input space
can be created with appropriate combinations of neurons.
Prediction: A diversity of neural responses!

Pouget and Snyder, Nature Neuroscience, 2000
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Parietal . :
cortex Ga|n Fle|dS

Gain fields are ubiquitous.

Are they:
) the brain’s mechanism for coordinate transformations
OR
2) inevitable consequence of combining signals?

Parietal
cortex Neglect - syndrome caused by right parietal damage

Object-
Screen- centered
centered

Object-
centered
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Next Stop: Premotor Cortex

Parietal

/conex

Connectivity :
Parietal

Premotor
thOl’

Spinal cord

Premotor
cortex Different Hand Positions Different Eye Positions
(same eye position) (same hand position)

Batista et al., J Neurophysiol, 2007
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Premotor
cortex

Batista et al., J Neurophysiol, 2007

Premotor
cortex
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Premotor
cortex

Premotor
cortex
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Premotor A Premotor neuron using limb-centered coordinates
cortex

Premotor A Premotor neuron using eye-centered coordinates
cortex
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Limb-Centered Reference Frame Eye-Centered Reference Frame

Full disclosure:
Nearly half of neurons are not as easily decipherable as this...

Batista et al., J Neurophysiol, 2007

Premotor
cortex

Extrinsic vs. Intrinsic coordinates?

Dissociating extrinsic,
muscle-based, and
joint-based reference
frames

Kakei et al., Science, 1999 & Kakei et al., Nature Neuroscience, 2003
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Premotor
cortex

Muscle-like and extrinsic neurons

Conclusions: Premotor cortex codes in extrinsic coordinates, while
M1 codes in a mixture of extrinsic and muscle coordinates.

Kakei et al., Science, 1999 & Kakei et al., Nature Neuroscience, 2003

Premotor

cortex Illusion task

In a VR setup, trace a circle. Change the gain on x
to dissociate extrinsic and intrinsic coordinates.
Reconstruct hand trajectories using population vectors.

Notice the red circles in cycle 5. In M1, it follows the actual hand movement.

In Premotor cortex, it follows the perceived hand movement!

Schwartz et al., Science, 2004
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Primary Motor Cortex (M1)

* Other brain areas predominantly encode
extrinsic locations of reach goals.

* M1 contains extrinsic-coding neurons, but
also intrinsic cells.

» M1 shows relatively little plan activity.

1
In which reference frames do M1 neurons send out reach
commands?
(Position, velocity, acceleration? Joints, muscles?)
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M1

M1 is sensitive to joint angles

Scott, Sergio, Kalaska, J Neurophysiol, 1997

M1

M1 is sensitive to joint angles

Scott, Sergio, Kalaska, J Neurophysiol, 1997
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M1
M1 is sensitive to joint angles

Scott, Sergio, Kalaska, J Neurophysiol, 1997

M1
Area 5 and Premotor cortex are also sensitive to joint angles,

but less so.

Scott, Sergio, Kalaska, J Neurophysiol, 1997
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M1
Muscle force is also coded in M1

But, is this part of the motor command, or could it be sensory?

Kalaska et al.

M1

A correlational study

fr =D + bicos(0) + basin(0) + byzy + bayy + b5z’ + by’ + 05 + DY + e

Ashe and Georgopoulos, Cerebral Cortex, 1994
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M1

A correlational study

M1 neurons appear to be correlated with everything!

Ashe and Georgopoulos, Cerebral Cortex, 1994

M1

Peri-movement activity is
temporally complex

Preferred directions change rapidly over time.

Churchland and Shenoy, J. Neurophysiol., 2007
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M1 . .. .
Peri-movement activity Is

temporally complex

Preferred directions change rapidly over time.

Neural Network simulation:
Given enough complex
waveforms, you can
reconstruct any muscle
activity waveform.

Churchland and Shenoy, J. Neurophysiol., 2007

Conclusions

* Motor neurons probably intertwine motor
commands and sensory feedback. This
makes it hard to isolate the format used for
the motor command.

* “The motor command” may be a red herring.
Motor cortex just needs to get the job done.
Neural network models may offer the best
analogy.
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