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	0. Introduction


*WP9, D9.2 The assessment of the effect of learning on the plasticity of Audio-Visual F5 mirror neurons turned out to be impossible by means of standard acute intracortical single neuron recordings. These negative preliminary results convinced us that the only way to tackle this issue would be by means of chronically implanted multiple intracortical electrodes. This option will require further work to establish a new lab dedicated to this purpose. We therefore decided to employ the remaining time of this WP to study a correlated property of the plasticity of F5 neurons, that is, how learning to grasp objects with the hand using a tool can modulate their goal-relatedness.
Area F5 constitutes the most rostral sector of the ventral premotor cortex of the macaque monkey. Most of F5 neurons discharge in association with hand and mouth actions such as grasping, tearing, holding or manipulating objects. Particularly interesting are grasping-related neurons that fire any time the monkey successfully grasps an object, regardless of the effectors employed, be it hands, the mouth, or both. On the basis of these findings it has been proposed that the motor system not only codes movements but also their goal (Rizzolatti et al. 1988; Rizzolatti et al 2000).

An action goal specifies a successful end state, regardless of how it is achieved. Thus, if in F5 there are grasping neurons coding hand action goals and not the movements required to achieve them, these neurons should fire also when the goal of grasping an object is achieved by using a tool.

To test this hypothesis, we recorded single-unit activity of area F5 from a macaque monkey trained to perform grasping actions using the hand and two especially designed tools (pincer-like). One was a “normal pincer”, which required the same use of the fingers as for the hand grasping (fingers extension to open the pincer, and fingers flexion to close it). Conversely, the “reversed pincer” required an reversed use of the fingers (fingers flexion to open the pincer, and fingers extension to close it).

	1. MATERIALS AND METHODS


1.1 Training
A macaque monkey has been trained to grasp objects by using two different kinds of pincers: a regular one, requiring the same movements of a natural grasp (fingers extension to open it, fingers flexion to close it around the object), and an reversed pincer, requiring opposite movements with respect to hand grasping and grasping executed with the normal pincer (fingers flexion, to open it, and fingers extension, to close it around the object. During training the monkey was put on a primate chair where it received its daily quantity of solid food and liquids. The training procedure was considered completed when the monkey was perfectly capable to use both types of pincers to grasp objects.
Selection criteria for the recorded neurons
All experimental sessions consisted of a preliminary phase during which hand-related grasping neurons were clinically detected. To this purpose, objects of different size and shape were presented to the monkey at different spatial locations in order to elicit different types of hand grasping actions. To determine the motor nature of the recorded responses, grasping action were executed by the monkey with and without visual control. When on the basis of the clinical test a given neuron was considered grasping related, it was further tested and recorded during the execution of the experimental paradigm.

The experimental paradigm consisted of three conditions: 1) grasping with the hand; 2) grasping with the normal pincer; 3) grasping with the reversed pincer. 

In the present study we performed intracortical recordings of single neurons in the F5 hand region of one macaque monkey, in three experimental conditions (see Figure 1). In the “Hand” condition the monkey grasped a piece of food with the hand; in the “Normal tool” and “Reversed tool” conditions, the monkey was required to grasp a piece of food by means of the normal or reversed tool, respectively.
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Figure 1  Experimental conditions. In the “Hand” condition the monkey grasped a piece of food with the hand; in the “Normal tool” and “Reversed tool” condition the animal was required to grasp a piece of food by means of the normal or reversed tool respectively. Epoch 1 corresponds to the first 300 ms of recordings; Epoch 2 and Epoch 3 correspond to the mean duration of opening and closing phases of the effector, respectively; Epoch 4 corresponds to the 300 ms following the end of Epoch 3.

The kinematics of hand grasping movements was recorded by means of a digital video camera. A contact detecting circuit was used to determine exactly when the fingers of the monkey or the tip of both pincers touched the object to be grasped. Potentiometers were mounted on both pincers to determine their opening and closing phases. We used all these events to align rasters and histograms of the recorded neurons. The color code of each histogram indicates the neural discharge during the different phases of the grasping action performed with the hand and with the tool.


Single neurons activity was recorded during ten trials for each condition. Trials during which the monkey was required to grasp the object with the hand, the regular, or the reversed tool were randomly presented. During each trial, 2 seconds before and 2 seconds after hand/pincer contact with the object were recorded and stored on a PC for further analysis.

For each recorded trial of each recorded neuron the intensity of the discharge was determined during 4 different epochs (see Figure 1):

· Spontaneous activity: The first 300 ms preceding movement onset.

· Opening phase: The first 300 ms preceding the achievement of the hand maximal aperture, of the regular pincer maximal aperture (fingers extension), and of the reversed pincer maximal aperture (fingers flexion).

· Closing phase: The first 300 ms following the achievement of the hand maximal aperture, of the regular pincer maximal aperture (fingers extension), and of the reversed pincer maximal aperture (fingers flexion).

· Holding phase: The first 300 ms following closure of the hand/pincer around the object (holding).

For each epoch of each experimental condition an ANOVA was performed. For each analysis a Newman-Keuls post-hoc test was performed (P<0.05).

	2. RESULTS


We recorded 101 F5 grasping-related neurons from one monkey. All of them were recorded during grasping with the hand and grasping with the reversed pincer. Sixty-one neurons were also recorded during grasping with the normal pincer.

Figure 2A shows the results of a 2 conditions x 4 epochs ANOVA followed by a Newman-Keuls post-hoc analysis, performed on each neuron recorded during grasping performed with the hand and with the reversed tool (P <= 0.05). The analysis showed that the vast majority of recorded neurons (81, 2%) responded during hand grasping as well as during grasping with the tool. We compared the discharge frequencies between the 2 conditions for neurons exhibiting a significant response to “Hand” and “Reversed tool” conditions. As shown in Figure 2B, the analysis showed that 47.5% of recorded neurons discharged significantly more during the “Reversed tool” condition. Of the remaining neurons, 41.5% responded more vigorously during tool use, while only 11.2% showed a preference for the “Hand” condition. 
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Figure 2A Results of a 2 conditions x 4 epochs ANOVA followed by a Newman-Keuls post-hoc analysis, performed on each recorded neuron (P <= 0.05). The analysis showed that the vast majority of recorded neurons responded during hand grasping as well as during grasping with both tools.
[image: image16.wmf]
Figure 2B Results of the comparison of the discharge frequencies between the 2 conditions for neurons exhibiting a significant response to “Hand” and “Reversed tool” conditions.

Sixty-one neurons were tested in all three experimental conditions. Figure 3 exemplifies the response profile of a neuron responding during hand grasping as well as during grasping with both types of tools. It is worth stressing that with the reversed tool, finger movements were exactly opposite with respect to the other two conditions. In spite of that, even with the reversed tool the neuron responded during the same phase of grasping in all conditions, regardless of the opposite finger movements occurring during that very same phase.
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Figure 3  F5 grasping related neuron responding during all three experimental conditions. In “Hand” condition, the vertical lines indicate the time at which the maximal aperture and maximal closure of fingers were reached, respectively. In “Normal tool” and “Reversed tool” conditions, the vertical line indicates the time at which the monkey touched the food with the pincers. We used the data of potentiometers mounted on both pincers to determine their opening and closing phases. The color code of each histogram indicates the neural discharge during the different phases of the grasping action performed with the hand and with the tool. Green = fingers extension. Red = fingers flexion.

Figure 4A shows the results of a 2 conditions x 4 epochs ANOVA followed by Newman-Keuls post-hoc analysis, performed on each neuron recorded in all three conditions (P <= 0.05). The analysis showed that the vast majority (81.2%) of recorded neurons responded during all 3 experimental conditions. Neuron 3 shown in Figure 5 exemplifies this property. Interestingly, 11.9% of recorded neurons responded only during grasping with both tools, but not to grasping with the hand. Neuron 4 shown in Figure 5 is one example of it.
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Figure 4A Results of a 2 conditions x 4 epochs ANOVA followed by Newman-Keuls post-hoc analysis, performed on each neuron recorded in all three conditions (P <= 0.05).
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Figure 4B Results of the comparisons of the discharge frequencies between “Reversed tool” and “Normal tool” conditions for neurons exhibiting a significant response to these two conditions.

We compared the discharge frequencies between the 2 “Reversed tool” and “Normal tool” conditions for neurons exhibiting a significant response to both. As shown in Figure 4B, the analysis revealed that the majority of recorded neurons (59.6%) responded equally well to both types of tools. 
We performed a population analysis on all 61 neurons recorded in all three conditions. A 2 conditions x 4 epochs ANOVA was performed on the net normalized mean activity, followed by a Newman-Keuls post-hoc analysis (P <= 0.05). As shown in Figure 6, the results of these analyses showed that neural responses in “Reversed tool” and “Normal tool” are strictly equivalent, in spite of the fact that finger movements required to manipulate each pincer are exactly opposite.
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Figure 5  Two neurons recorded in area F5 during the three behavioral conditions. Neuron 3 discharged during the three conditions, while Neuron 4 discharged for tools use but not during hand grasping. For other conventions, see Figure 3.
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Figure 6  Population analysis performed on all 61 neurons recorded in all three conditions. A 2 conditions x 4 epochs ANOVA was performed on the net normalized mean activity, followed by a Newman-Keuls post-hoc analysis (P <= 0.05).

	4. DISCUSSION


The preliminary results of the present study show that grasping-related F5 neurons discharge during the grasping action regardless of the effector used to attain the goal (hand/pincer) and of the finger movements (flexion/extension). 

The vast majority of F5 neurons in fact respond both during grasping achieved by using the hand as well as by using both types of pincers, even if with the reversed pincer the required movements are opposite to the ones normally required by a natural hand grasp. It appears therefore that this class of premotor grasping-related neurons does not code movement per se, but rather the goal of the action, regardless of the biomechanical means required to accomplish it. 

The fact that these neurons globally display a stronger response during grasping with the tool than with the hand could be due to a modulatory effect exerted by cognitive processes, such as learning and/or attention. 

Taken together, our results suggest that F5 neurons implement an abstract level of action representation (see Gallese 2003).

The preliminary results of this study have been presented at the FENS Meeting in Lisbon, Portugal (Escola et al. 2004a) and at the Meeting for the Society of Neuroscience, San Diego, USA 2004 (Escola et al. 2004b).
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