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The use of multielectrode recordings from the motor cortex to control prosthetic devices or paralyzed limbs is now at the 

forefront of brain-machine interface research, development and applications to primates and humans. The field 

encompasses multiple coordinated domains, including, but not limited to, motor behavior, neurophysiology, materials 

sciences, engineering, computer science, modeling, robotics, and neurosurgery.  This confluence of multiple disciplines 

towards a single goal to restore motor functional capability using neural signals to control artificial or paralyzed limbs has 

revolutionized the field of motor control and has opened new vistas in understanding brain function as well as in 

intervening to modulate it.  Most importantly, recordings in humans have confirmed basic principles derived from 

previous experiments in monkeys, notably the directional tuning of motor cortical cells and the utility of the neuronal 

population vector to yield a control signal for prosthetic arm motion in space. The extraction of useful information from 

recorded brain activity has become increasingly sophisticated to include control signals for hand motion, in addition to 

arm movement, although much is left to be accomplished to achieve fluid control of coordinated and independent finger 

movements, a hallmark of human hand function.  In a way, information extracted from recordings might be approaching 

an asymptote, and, indeed, time has come to try new means to move forward in neuroprosthetic control.  Such approaches 

include electrical microstimulation from multiple motor cortical sites and the addition of somatosensory (or other) 

feedback to optimize prosthetic control.   

 A different, yet unexplored, approach would operate at the level of the neural circuit to extract Circuit-Based 

Information (CBI) that could be used in at least two different ways: first, to enhance the decoding range and accuracy of 

ensemble neural activity, and second to enable successful intervention on the circuit operation by various methods, such 

as electrical microstimulation, local infusion of chemicals, and/or optogenetic selective interference (temporary activation 

and/or elimination) with specific elements of the circuit. (a) The decoding range and accuracy could be enhanced by 

taking into account the interactions among circuit elements, both along a cortical column and across neighboring columns.  

This time-varying interaction matrix could be further refined by identifying the location and neuronal species of the 

elements of the circuit constituting the matrix, e.g. their layer, whether they are pyramidal cells (and if so, of what kind of 

discharge pattern), other kind of projection cells (e.g. Martinotti cells), excitatory interneurons, or inhibitory interneurons 

(and if so, of what kind).  An adequate time-varying CBI would then consist of the ongoing individual cell activities in the 

circuit and the interactions among those activities (neutral; or excitatory, inhibitory, and their lags, using crosscorrelation 

analysis).  The next step would be to associate the CBI with peripheral motor variables, including global movement 

parameters as well as state of motoneuronal pool activation, using a multivariate modeling approach.  This knowledge 

would then be used to better control prosthetic devices and/or better define parameters of intervention, e.g. multisite 

stimulation.  (b) The design of any intervention on the circuit (e.g. electrical stimulation or optogenetic stimulation) would 

profit greatly from CBI, which would provide the dynamic framework within which the intervention would operate.  For 

example, selectively turning on or off inhibitory interneurons of a specific kind at the proper time and for the proper 

duration could be crucial in improving the specificity of the effect of the intervention.  We proposed recently that local 

inhibitory mechanisms may be intimately involved in controlling the directional accuracy and speed of the reaching 

movement [1, 2]. Specifically, we hypothesized that the width of the directional tuning curve could be the key factor 

governing the directional accuracy of the population vector and its instantaneous length (and, hence, movement speed). 

This hypothesis was first tested using modeling, as follows [1].  We varied systematically the width of the directional 

tuning curve and determined the direction and length of population vectors calculated from sets of tuning curves of 

different widths.  These results of the modeling studies were confirmed by applying the same analyses to experimental 

data from previous motor cortical recordings [3].  In addition, it was found from the latter analyses that the rate of cell 

discharge during a control period (during which the monkey was exerting a constant load) was significantly and positively 

associated with the width of the tuning curve.  This implies, in turn, that this “resting” discharge rate could specify the 

directional accuracy and speed of reaching.  Since it is very likely that the resting discharge rate would be the outcome of 

a varying strength of inhibition, it follows that this could be the neural mechanism by which variable inhibitory drive 

would control coding of key movement parameters and, hence, could be a target for intervention. This idea is illustrated 

for the two cases of more accurate (and slower) vs. less accurate (and faster) movements in the figure below. 

 In summary, it is clear that neuroprosthetics is the arena for the ultimate testing of the utility of movement coding 

schemes in the motor cortex. Unlike pure theory or speculation, neuroprosthetics is the real-world platform where coding 

schemes can be tested.  The fact that the population vector decoding has been very successful in motor cortical prosthetic 

control [4] is itself evidence for its utility, and the utility of the foundation upon which the calculation of the population 
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vector is based, namely directional tuning of motor cortical cell activity.  Further advances in neuroprosthetics may help 

clarify many open questions in systems neuroscience, including how sensory feedback modifies motor signals, 

mechanisms of motor skill learning and memory, cognitive motor functions, and the role of oscillatory/synchronous 

neural activity in neural codes. CBI would be gradually enhanced by enlarging the scope of the active circuit to include 

other, interacting brain structures, such as the somatosensory cortex and the thalamus.  Finally, manipulating local 

inhibitory drive might prove a useful and effective tool in improving voluntary control of prosthetic limb movements. All 

of these are challenging objectives but, I believe, very feasible given the current status of technological sophistication and 

tools. 

 

 

1. Mahan MY, Georgopoulos AP (2013) Motor directional tuning across brain areas: Directional resonance and the role of 

inhibition for directional accuracy.  Front Neural Circuits 7:92 

2. Georgopoulos AP, Carpenter AF (2015) Coding of movements in the motor cortex. Curr Opin Neurobiol 33C:34 

3. Georgopoulos AP (2014) Cell directional spread determines accuracy, precision, and length of the neuronal population 

vector. Exp Brain Res 232:2391-2405. 

4. Collinger JL, et al. (2013) High-performance neuroprosthetic control by an individual with tetraplegia. Lancet 381:557-

564 

 

 
 

Schematic diagram to illustrate the hypothesis of directional accuracy via a variably tuned inhibitory drive. Left panel: 

Strong inhibitory drive leads to accurate and slower movement by reducing the directional tuning width and producing an 

accurate and short population vector.  Right panel: Weak inhibitory drive leads to less accurate and faster movement by 

increasing the directional tuning width and producing a less accurate and longer population vector. (See abstract for 

details.) Red and black terminals indicate excitatory and inhibitory synapses, respectively. P, pyramidal cell; I, inhibitory 

interneuron. (Adapted from [2].) 

 

 


