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continuously monitored. During surgeries, the monkey’s head was firmly fixed in a 



the confines of the chair. Within reach of the monkey’s right hand, there was a ‘grasping 

table’, a plastic plate tilted towards the monkey by about 55° relative to the horizontal 
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experiments, turning the two LEDs on simultaneously served as a  “go signal” t

objects was 17.5cm. The distance between the monkey’s chest and the midpoint of the 

the monkey’s head with the distance between the 

monkey’s eyes and the monitor amounting to 44cm. The the monkey’s 

The monkeys’ behavior was monitored online utilizing two infrared cameras: One camera 

– –

tungsten electrodes whose impedance was 0.5mΩ or 1mΩ (Alpha Omega Engineering, 



Israel, 0.5 mΩ: catalog No. 366 00, 1mΩ: catalog No. 366

performed by one of the two monkeys employed in the experiment. The monkey’s actions 

video clips’ resolution was 700 × 400 pixels and their duration was 2 seconds (60 frames). 

https://zenodo.org/records/14788883


was 834ms or 25 frames), starting with the monkey’s hand placed on the home button 



demonstrator acting in the video (“same action” task; i.e. reproducing either a twist or a 

the demonstrator (“anti action” task; e.g. in case the demonstrator 

in two ways, dubbed the “video blocked paradigm” and the “ paradigm” 

respectively. In the “video blocked paradigm”, the observer saw a demonstrator 

available, in fact without having to pay attention to the video. However, in the “

paradigm”, in which a particular rule (i.e. either the “same action” or the “anti

action” rule) was in effect for all trials of a block, planning of the self



at the onset of a particular fixation period but only a short time later, a “grace period” 

color of the dot (“cue”) informed the monkey about the 



supposed to reproduce the observed action (“same action” condition) whereas the yellow

cue told him to switch to the other action (“anti action”
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lights on top of both the ‘lifting’ and the ‘twisting’ 

object were simultaneously switched on, which was the ‘go’ signal requesting the self

action had to be completed within 3.5 s after the ‘go’ signal. If not, the trial was 

epoch, starting with the monkey’s hand leaving 

block contained 50 trials. In each block, the “same action” cue or the “anti action” cue 

block contained 50 trials. However, now in one block, only the “same action”  cue was 

, whereas in the other block, only the “anti action” cue was 
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First, we determined whether neurons responded to either video observation or during 

motor execution, following the previously introduced procedure (Pomper et al., 2023). To 

this end, we split both the observation phase and execution phase into four epochs 

(approach, grasp, manipulation and hold), respectively. Then we determined whether the 

neuron responded during one of the four epochs comprising the observation phase by 

performing a Friedman test against the baseline (first 500ms of each trial). We performed 

this test separately for each of the four conditions in the two paradigms. If the Friedman 

test was significant at the level 0.05/4 for any of the four conditions, we considered the 

neuron to respond during video observation. We performed the same procedure for the 

execution phase. If the neuron responded both during video observation and self-action 

execution, we considered it to be a mirror neuron. Importantly, the criterion did not take 

into account whether the tuning preference was the same for observation and execution.

–



                       g                             y    (   )

Our study encompassed the video-blocked paradigm and the rule-blocked paradigm. Each 

paradigm involved 2 blocks (Blocks A and B in the video-blocked paradigm, Blocks C 

and D in the rule-blocked paradigm) and each block encompassed 2 conditions (see Table 

2). For each neuron, we smoothed the spike trains with a Gaussian kernel with a standard 

deviation of 50 ms and averaged them over trials for a particular condition. Furthermore, 

we followed the preprocessing procedure of (Churchland et al., 2012) for each 

experimental block: We soft-normalized each neuron’s response by dividing its response 

by a factor given by the maximal firing rate of the neuron in the block + 5. Dividing by 

the maximal firing rate ensured that the population response was not dominated by 

neurons with particularly high average firing rates. To retain some information about the 

average firing rate, the small integer was added to the denominator. Then for each neuron 

and time point, we subtracted the mean over the two conditions in the block. This allowed 

us to focus on differences in the neural response for the two conditions without 

considering response patterns that were apparent in both conditions. The reasoning here 

was that processes related to deciding between the two actions should be reflected by 

neural signatures that differed between the two conditions.

      J        

The goal of the joint PCA was to visualize the neural activity related to action selection 

and to infer whether the activity was related to the rule cue or self-action in the video-

blocked paradigm and the observed video or the self-action in the rule-blocked   paradigm. 

The PCA was conducted separately for the two paradigms, and for the four different 

temporal segments of the trial: the rule-cue phase, observation phase, preparation phase 

and execution phase. To simplify notation, we only present the procedure for the 

preparation phase in the rule-blocked paradigm. We collected the data for Blocks C (it 

refers to Block 1 in the following context) and D (it refers to Block 2 in the following 

context) in the data matrices X1, X2 ∈ ℝ 2T×N, respectively. In the case of the preparation 

phase, T = 1000. Say that we are interested in the principal component ߱  ∈ ℝ ℕ that 

explains the highest amount of variance in Block 1, i.e. 

                                                                                                                                                            (1)                                                                                 



The vector w is given by the eigenvector of X⊺1X1 corresponding to the largest eigenvalue.

To find a component that maximizes the variance in both blocks, we could modify 

equation (1) to

  (2)

with C : = X⊺1X1 + X⊺2X2. Since C was symmetric, eigendecomposition on C yields the

desired component just as in the one-block case. We modified equation (2) to obtain 

components that explained variance in both blocks in the same way.

The experiment had two conditions per block. Block 1 contained the conditions “Lift 

Video + Lift Action” and “Twist Video + Twist Action”. Block 2 contained “Twist Video 

+ Lift Action” and “Lift Video + Twist Action”. More compactly, write X1 = (LL, TT) and

X2 = (TL, LT), where the brackets denote the concatenation of the submatrices. The 

projections of X1 and X2 onto w are both vectors of dimension 2T. We can measure the 

similarity of the projections by their squared L2-distance ||X1𝜔−X2𝜔 ||2. We then expand 

this distance to 

If the L2-distance ||X1 𝜔− X2𝜔||2 is small, the projections of LL and TL are similar, and the 

projections of TT and LT are similar. Thus, the component 𝜔 projects conditions with in 

which the same self-action was performed closely together. Then we could conclude that 

the component’s variance must stem from tuning to the self-action, not from tuning to the 

video identity.

In contrast, consider the matrix X∗2: = (LT, TL) in which the ordering of the conditions is

flipped. Then if a component 𝜔 the L2-distance ||X1𝜔 − X∗2𝜔|| is small, the component is

not strongly tuned for the identity of the self-action. The component’s variance must be 

due to the video’s identity.



Building on equation (2), we obtained formulas for components that explain variance in 

both blocks, while being tuned to only one modality. The first self-action-tuned 

component is given by

and the first video-tuned component is given by

We arrived at the final formulation of our objective function. This formulation does not 

require prespecifying the modality to which the component should be tuned. We aim to 

find the component ߱ that satisfies

                      (3)

Utilizing X∗
2 = −X2, (3) became

                                                                                                                                                 (4)                                    

where C: = X⊺
1X2 + X⊺

2X1. Of course, C is symmetric. The eigenvector of C corresponding 

to the largest eigenvalue maximizes the expression arg max||߱ ||=1 ߱⊺C ߱. The eigenvector 

of C corresponding to the smallest eigenvalue maximizes the expression arg max||߱ ||=1 ߱
⊺ (-C) ߱. Then the eigenvector corresponding to the eigenvalue with the largest absolute 

value maximizes equation (4). Conveniently, the sign of the eigenvalue indicates whether 

the eigenvector maximized or minimized arg max||߱ ||=1 ߱⊺C߱. In the terminology used 



above, the sign of the eigenvalue determines whether the corresponding eigenvector is 

self-action-tuned or video-tuned.

The eigenvector corresponding to the eigenvalue with the second-largest absolute value 

yields the direction that maximizes (4) while being orthogonal to ߱. Then we obtained 

the principal components by performing eigendecomposition on C and ordering the 

eigenvectors by their corresponding absolute eigenvalues. For each component, the sign 

of the eigenvalue determines its tuning.

In practice, we additionally sparsified the weights of each component to ensure that the 

neural behavior was actually shared between blocks at the single-neuron level. Without 

sparsification, it was possible that neurons which were activated in only one block still 

contribute to the joint components. This effect could bias the estimation of the variance 

explained by the different modalities. To address this issue, we explicitly penalized non-

zero weights for neurons that did not preserve their behavior across blocks. After 

computing a component ߱ by performing the eigendecomposition explained above, we 

used ߱ as the initial value for the optimization problem                                                                                                                          

                                                                                                                (5)                                                                                                                                                                                                              

Here, 1 : = (1, . . . , 1) and s = 1 if ߱ is tuned to the self-action and -1 otherwise. Thus, s 

simply switches the signs of C and X2 to conveniently impose the constraints discussed 

above. Comparing (5) to (4), the term that maximizes the variance remains unchanged. 

We only introduced L1-sparsification on ߱ , such that dimensions in which X1 and X2 

differed more are penalized more strongly. The loss is not convex, but when starting 

gradient descent in the analytic solution of the non-sparsified objective function, we 

always found good components. For each component, we chose the smallest beta such 

that the regularization term was smaller than the average across neurons during the 

baseline period. This procedure effectively removed the contribution of neurons that 

responded differently in the two blocks, except for differences due to noise.

              z                (   )

The objective of the GLM was to test the influence of rule type (same vs. anti-action) and 

self-action on single-neuron responses during the cue and the observation phase 

respectively, and we fitted the GLM parameters for each neuron separately. For original 



spike counts, we used a Poisson response distribution. The baseline-corrected spike trials 

were not restricted to integers anymore, which is why modeled them using a Gaussian 

distribution. First, we estimated the null model parameters using only the blocking 

variable ”video” as a regressor. Then we fitted the full model that included the self-action 

type and the video-action interaction. We compared the two models using a Likelihood-

Ratio test to determine whether the neuron was modulated by either the self-action or the 

video-action interaction. In other words, we tested if the neuron’s response could be 

explained solely by the observed video against the alternative hypothesis that the 

necessary self-action or a video-action interaction also influenced the response 

significantly. If the test was significant, we flagged the neuron as responsive and analyzed 

the GLM parameters. The combination of the parameters βA for the self-action and βAV 

for the video-action interaction summarized the neuron’s behavior: If βAV = 0, we 

concluded that the neuron’s response was determined by the self-action. If βAV = −βA, the 

neuron only responded to the self-action in one of the two blocks. In this case, the neuron 

preferred a specific combination of rule cue and self-action. Finally, if βAV = −2βA, the 

neuron’s response could be explained by the rule cue type alone. Pragmatically, we 

distributed the neurons by putting each into the closest bin. In other words, we determined

and then classified the neuron accordingly.

        

We recorded 859 neurons in the video-blocked variant of the experiment and 288 neurons 

in the rule-blocked variant in separate sessions. Respectively, 500 (58.2%) and 228 

(79.2%) of them were classified as mirror neurons and used in the analysis.  

           g            g                                                y      g 
                   

First, we inquired whether the observation-related responses of mirror neurons were 



mainly determined by the visual stimulation or also depended on the context of the action 

video, namely the rule to imitate the action demonstrated in the video or to perform the 

anti-action, i.e., the action complementary to the one shown in the video. Moreover, we 

asked if a possible influence of the rule was dependent on the need to attend to the video, 

required only in the rule-blocked variant of the paradigm. These questions could be 

answered by inspecting the time courses of the principal components obtained for the two 

variants of the experiment shown in Figure 3 (video-blocked variant) and Figure 4 (rule-

blocked variant). Both figures convey that the first principle component dominating the 

observation phase can in fact be attributed to the choice of the type of action (twist vs. 

lift) in both monkeys, independent of the observed action type and independent of the 

initial rule to perform the same or the anti-action (see Tables 3, 4 for the variance 

explained by this and the following 3 principle components). This analysis clearly 

establishes that already during action observation, the activity of mirror neurons is largely 

dominated by planning the upcoming action. Also during the subsequent preparation 

phase, between the end of the video and the go-signal for the self-action and the 

subsequent execution phase, it is the type of action that dominates the population activity. 

In the video-blocked variant, in which the rule cue needed to be monitored in order to 

decide on the same or the anti-action on a trial-by-trial basis, principal components 1 and 

2 in monkey P and component 2 in monkey F differentiate between these two choice 

options in the rule-cue phase, a differentiation that is conserved in the subsequent 

observation phase but lost thereafter. PCA of data from the rule-blocked variant lacked 

components related to information on the need to perform the same or the anti-action. 

This is to be expected as the monkey´s action in a given block unfolded in either a stable 

same-action or anti-action mode without the need for further deliberation. On the other 

hand, in the rule-blocked case, PCA revealed weak information of the type of video in the 

observation phase, a signature that was clear in monkey P (Table 3). 

                                                         y                  

        g            

As said before, principal component 2 of the PCA applied to the observation phase of the 

data from the video-blocked variant clearly reflected the rule-based decision 



F g      J                                            k         g   Components are tuned 
either to the self-action type or the rule type. The top two rows correspond to monkey P and the 
bottom two rows correspond to monkey F. In each column, components were calculated using 
spiking data for the specific phase only. Still, the plot shows the projection of the entire data onto 
the component. Dashed lines indicate the start of the cue, observation, preparation and execution 
phases, respectively. The numbers in the plot convey the proportion of explained variance of the 
component and the key words underneath the numbers show the modality that the component is 
tuned to. Orange line, rule type; Blue line, self-action type.

Monkey P Monkey F
Phase Action Rule Action Rule
Cue 8.3% 35.9% 22.7% 17.4%
Observation 27.6% 16.9% 28.6% 23.0%
Preparation 56.7% 6.7% 49.8% 8.5%
Execution 59.5% 1.6% 52.7% 7.5%



F g      J                                           k         g   Components are tuned 
either to the self-action type or the video type. The top two rows correspond to monkey P and the 
bottom two rows correspond to monkey F. In each column, components were calculated using 
spiking data for the specific phase only. Still, the plot shows the projection of the entire data onto 
the component. Dashed lines indicate the start of the cue, observation, preparation and execution 
phases, respectively. The numbers in the plot convey the proportion of explained variance of the 
component, and the key words underneath the numbers show the modality that the component is 
tuned to.  Blue line, self-action type; Green line, video type.

Monkey P Monkey F
Phase Action Video Action Video
Observation 28.5% 18.5% 28.5% 20.5%
Preparation 60.5% 5.8% 26.2% 29.8%
Execution 75.7% 0.0% 36.4% 20.3%



whether to simulate the action or not, although the contribution to the total data variance 

was relatively small. Relatively weak decision-related information might be expected if 

the information on the decision to simulate or not were dependent on a subset of neurons 

whose decision-related information was diluted at the population level. In order to 

determine if only a set of F5 mirror neurons fired more based on whether the observed 

action needed to be imitated or not to carry out the lift or twist action, we fitted a  GLM 

with the two variables, i.e. rule type (same action vs. anti-action) and self-action (lift vs. 

twist) to the spike counts of individual neurons during the observation phase. In total, 

21.4% (81) of the population from monkey P and 10.7% (13) of the population from 

monkey F responded differently to the same video, depending on the rule cue and/or 

upcoming self-action, i.e., they exhibited significant non-visual tuning. We then grouped 

the neurons with significant non-visual tuning into three categories based on the 

respective GLM parameters. The first group, comprising neurons tuned to the rule type, 

responded differently to the same video based on whether the observed action had to be 

imitated. The second group consisted of neurons whose discharge profiles were best 

explained by the upcoming self-action. These neurons responded differently to the same 

video based on the later self-action. Finally, a third group of neurons was tuned to a 

specific rule-action combination.  The results from the grouping procedure are shown in 

Figure 5. We plotted the differences in spike counts between the same-action condition

F g             y                                               y                          
          k            These mirror neurons could be divided into three types: rule-tuned, self-
action tuned and interaction-tuned.
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and anti-action condition for all neurons tuned to the rule type or an interaction of the rule 

type and self-action (Figure 6, orange bars). A shift to the right of the origin would indicate 

a preference for the same action condition, and one to the left for the anti-action. In fact, 

the distribution turned out to be shifted to the left (two-sided Wilcoxon test p=0.037) in 

accordance with stronger activity associated with the anti-action condition. To summarize, 

we identified a subgroup of F5 mirror neurons that changed their response to the visual 

stimuli based on whether the observed action had to be imitated or not, exhibiting a weak 

bias towards responding more strongly if the observed action was not to be imitated.

F g           g                               k                                     
                                                             k         g   Positive values 
indicate a preference for the same-action rule, and negative values preference for the anti-action 
rule. The blue bar stands for the rule-cue phase and the orange bar stands for the observation phase.

                                                                 g y             

     g                  

The preceding section of data from the video-blocked variant presented evidence for a 

subpopulation of F5 mirror neurons whose activity during the (passive) observation of 



the action videos was modulated by the rule-based decision to perform the same action or 

the anti-action. We wondered whether the discharge profiles of a separate set of mirror 

neurons might show a comparable influence on the decision in the observation phase of 

the rule-blocked variant when separating all trials into two pools based on the action video, 

in every case requiring active observation. Similar to the aforementioned analysis of 

neurons tested in the video-blocked variant, we fitted a GLM with the parameters rule 

type and self-action type to the instantaneous discharge rate of each neuron. As trials 

characterized by a particular type of action video could come from either the same or the 

anti-action block,  we performed a baseline correction of spike trains in order to account 

for possible changes in activity levels between blocks. Next, we fitted a Gaussian-error 

model to the data since the assumption of  Poisson distribution of spiking was no longer 

satisfied after baseline correction. Finally, to accommodate a fair comparison between the 

two variants requiring passive and active observation respectively, we refitted the GLMs 

for the video-blocked variant, using the same method. We found that during active 

observation, the differences between neural responses to the same video in different 

conditions (same action condition vs. anti-action condition) were larger than those during 

passive observation. This effect was consistent in monkey P (23.8% vs. 20.6%) and 

monkey F (28.6% vs. 9.1%). This indicates that attention plays a role in the neuronal 

responses of mirror neurons to action-observation.

                                          y                  g                 
     

In the rule-blocked variant, PCA had documented weak, albeit clear video-type related 

information during observation. We next asked if this information was maintained in the 

subsequent preparation period. As dominant information on the motor plan underlying 

the later self-action already emerged in the observation phase and was maintained during 

action preparation (principal component 1), one could doubt the necessity of preserving 

information on the video in the preparation phase preceding the go-signal. Figure 4 shows 

that the first component found for the preparation phase is indeed attributed to self-action 

rather than the observed video in both monkeys. When considering not only the first two 

but the first four components, the dominance of self-action is retained in Monkey P, 

whereas in Monkey F slightly more variance is attributed to the observed video than to 

the self-action (Table 4). As alluded to earlier, self-action also dominates the preparation 



phase in the video-blocked variant in both monkeys, no matter if one considers only the 

first or the first four components (Figure 3, Table 3). These results clearly indicate that 

the neural activity in the preparation phase is mainly related to planning and preparing 

the upcoming self-action, rather than to the processing of visual information on the 

observed action.

                                        y                   g                      
                  

Finally, we asked if F5 mirror neurons encode information on the rule to perform the same 

or the anti-action based on the information provided by the rule cue at the beginning of 

the trial. Since the rule cue became uninformative after a few trials in the rule-blocked 

variant, we addressed this question, considering only the video-blocked data. We analyzed 

neural activity in the rule-cue phase resorting to the PCA as described earlier in order to 

estimate the impact of the rule cue. The result is shown in the left panels of Figure 3. It 

demonstrates that in both monkeys, the population signal differentiates between the two 

possible rules and the consequences arising from them. Whereas a significant fraction of 

the activity of mirror neurons derived from monkey P reflected information related to the 

rule cue, quite surprisingly, neurons from monkey F exhibited both rule and self-action-

related activity. In order to further explore this finding, we took a closer look at single 

neurons by fitting the rule-cue phase spike trains of individual neurons from both 

monkeys with a GLM that involved the two variables of interest, the rule type and the 

later self-action. 

Fits were classified according to the significance of the two variables and the neurons 

accordingly divided into three pools reflecting the significant impact of the rule, the self-

action or both. The results are summarized in Figure 7. They show that the rule is the most 

significant variable for the majority of neurons recorded from monkey P but for none of 

the neurons from monkey F. Conversely, self-action dominates almost twice as many 

neurons from monkey F as from monkey P. The single neuron analysis is therefore in line 

with the population analysis based on PCA. We therefore conclude that the recorded 

mirror neuron populations from the two monkeys differ in their tuning. This incongruence 

might reflect contrasting strategies: Possibly, monkey F used the implicit information 

from the block design in more cases, allowing him to ignore the information from the 



video. On the other hand, monkey P might retain information from the rule type to later 

integrate it with information from the video to select the appropriate response.

F g             y                                 g                                      k   
         These mirror neurons could be divided into three types: rule-tuned, self-action tuned and 
interaction-tuned.

We have established that the rule influences neural responses during both the rule-cue 

phase, and the observation phase. Building on this finding, we were interested in whether 

there existed a population preference for the same-action condition over the anti-action 

condition. To investigate this question, we computed the mean firing rate difference 

between the same-action condition and the anti-action condition for all neurons tuned to 

the rule type and the rule-action interaction respectively. Figure 6 (blue bars) displays a 

histogram of this difference. A shift of the difference to the right of the origin would 

indicate a preference for the same action condition at the population level, and vice versa. 

The distribution being roughly symmetric around the origin suggests that there is no 

systematic bias toward a preference for the same-action condition or the anti-action 

condition. Further, the one-sample Wilcoxon test did not find a significant shift (p=0.99). 

Hence, the assumption of an action bias as an explanation of the availability of 

information on the later self-action has to be discarded.

To sum this part up, we found that a subpopulation of mirror neurons responded to the 

presentation of the rule cue. However, we obtained no evidence for a preference for the 

same action cue or the anti-action cue.
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This work was guided by the idea that mirror neurons in F5 might help the observer use 

information about the other´s action to select and shape the observer´s self-action in a 

context-dependent manner. In order to critically examine this idea, we studied rhesus 

monkeys in two paradigms in which the subject´s self-action depended on the behavior 

of a demonstrator monkey shown in a video clip. The assumed importance of the 

situational context for the choice of action was captured by contrasting rules that 

flexibilized the connection between action observation and self-action. More specifically, 

we asked the experimental subjects to distinguish two types of manipulative hand actions 

of a demonstrator monkey and to reproduce the seen action or to carry out the alternative 

action depending on the rule. In the first variant of the task, the “video-blocked” paradigm, 

the action seen in a block of consecutive trials was kept constant. As the presented action 

could be predicted after the first few trials in this variant, the observer could plan his own 

action early on based on the rule to reproduce the shown action or to choose the alternative 

action. In other words, no attention was required to the video. This was different in the 

second variant, the “rule-blocked paradigm”,  in which the rule to carry out either the 

same or the alternative action was kept constant. Hence, the planning of the own action 

required full attention to the demonstrated action in order to choose the type of self-action 

called for by the rule cue. 

In an attempt to identify the main drivers of neuronal activity as well as their temporal 

evolution, we resorted to a novel analytical approach to the population of F5 mirror 

neurons recorded. It enabled us to retrieve a limited number of readily interpretable 

informational dimensions governing the population activity, irrespective of the presence 

of highly idiosyncratic discharge patterns at the single-neuron level. 

This approach allowed the conclusion 

that the responses of mirror neurons to the other´s action are dominated early on by 

planning and preparing the later self-action,  no matter if there was a need to allocate 

attention to the other´s action. Even in the rule-blocked paradigm, in which the planning 



and preparation of the self-action depended on the observed action, hence requiring 

attention to the other´s action, the impact of visual information on the population activity 

in the observation phase remained surprisingly minor compared to the influence of 

planning and preparing the self-action. A persisting influence of the rule in the observation 

phase and an early self-action-related signal seen already in the rule-cue phase in case of 

the video-blocked paradigm may not be unexpected. After all the information provided 

by the action video did not really matter for the preparation of the later self-action which 

was fully determined by the combination of the rule-cue based instruction and a reliable 

prediction of the upcoming action. A necessary restriction applies to  a first or very few 

first trials of a block in which attention to the video was needed in order to find out which 

of the two action video variants should be expected in the remainder of a given block. 

Hence, while an attention effect may have mattered in the beginning of a block, it is 

unlikely to have influenced the block responses, arguably dominated by a multiple of 

trials in which the action video type was known beforehand, hence, no longer requiring 

attention. 

To the best of our knowledge, this is the first study to investigate the effect of attention 

on mirror neurons in macaque area F5 at the single-neuron level. In previous studies of 

non-human primate mirror neurons, the observation of the other´s action and the 

execution of a self-action were relatively independent, and the monkey's selection of an 

action did not depend on the demonstrated action, which meant that the monkey did not 

need to pay attention to it and passive observation of the other´s action was fully sufficient. 

In the present study, however,  attention to the videos was required in the rule-blocked 

paradigm, in which a clear impact of the action video on the observation-related discharge 

was found. The notion that attention modulates the discharge evoked by the observation 

of actions is in line with the literature on the human mirror neuron system as studied by 

non-invasive approaches, in particular based on the BOLD response studied in functional 

magnetic resonance imaging. As reviewed by 

As discussed earlier (see 

Introduction) previous work on mirror neurons in monkey area F5 has established that 

spatial position, viewpoint and subjective value are factors influencing the neural activity 

of mirror neurons during action observation (Caggiano et al., 2009, Caggiano et al., 2011b, 

Caggiano et al., 2012) and as shown by the present study, attention and the prediction or 



expection of a particular visual stimulus extend this list and further underpin the 

justification for doubting the viability of the ‘resonance’ hypothesis of the role of mirror 

neurons while on the other hand, fully compatible with a role in shaping one´s self-action, 

taking the action of others into account. Importantly, rather than being a slave of the 

other´s action, mirror neurons afford a highly flexible linkage that reflects the observer´s 

needs and expectations when planning actions that promise appropriateness and 

usefulness. This line of thinking might in principle be in accordance with the view laid 

out by Schaffelhofer and Scherberger (2016). These authors addressed the question of 

how grasping acts are shaped by visual information on the object to be grasped.  Based 

on the recordings of neurons in AIP, F5 and M1, they argued that F5 represents an 

intermediary stage between area AIP, seen as a quasi-visual area devoted to the extraction 

of visual object features and primary motor cortex M1, dominated by signals reflecting 

the movement of a grasping hand. The intermediate character of F5 –in principle in line 

with its anatomical position between AIP and M1– was given by the transient sharing of 

visual information on an object to be grasped with AIP and a later switch to planning and 

execution related activity. Note here, though, that in this work visual responses were 

evoked by particular objects to be grasped by the observer and not by a transitive (object-

directed) action of another agent. Hence, one may wonder to what extent mirror neurons 

may have contributed to an F5 population signal that was based on a mixed bag of F5 

neurons without further differentiation of distinct categories of mirror neurons. However, 

as discussed in the introduction, F5 accommodates functionally differing types of neurons 

such as mirror neurons or motor neurons. And of particular interest with regard to the 

Schaffelhofer and Scherberger study is a third group of F5 neurons, the so-called 

“canonical” neurons (Rajmohan and Mohandas, 2007). They are of interest as they are 

known to be tuned to the vision of graspable objects rather than to the observation of 

grasping acts and it seems plausible that they may have determined the reported sequence 

of early visual and later motor information in F5. Canonical neurons are believed to 

determine the hand shape allowing a reliable grasp of an object using the information on 

the visual features of the object, hence they accommodate the visual guidance of 

movements. However, to the best of my knowledge, it is not known if their basic visuo-

motor properties are influenced by the many other factors known to modulate mirror 

neuron activity, possibly allowing them to contribute to deciding on the object to be 



grasped. If this were the case, they might be seen as neurons tapping a specific source of 

visual information needed to plan successful object-directed actions. In fact, mirror 

neurons might be seen as neurons serving the same goal, yet drawing on a complementary 

source of information, namely visual information on the grasping acts of the other, and 

two groups of neurons together could provide a firm basis for the subject´s behavioral 

decisions to the promising reward.  We may finally add that in this scenario, it may in the 

end be irrelevant if canonical and mirror neurons can indeed be seen as qualitatively 

distinct groups of neurons rather than being members of a continuum of visuo-motor 

neurons in F5, weighting the various streams of visual information in an individually 

differing, graded manner.     

The analysis showed that the proportion of variance explained by the self-action-tuned 

modality was available already well before the observation phase in the video-blocked 

paradigm and first emerged as early as in the observation phase in the rule-blocked 

paradigm, and it gradually increased towards the execution phase in the video-blocked 

paradigms, regardless of whether only the first component or the first four components 

were taken into account. This increase in variance explanation, reflecting an increasing 

role of self-action related information in the neuronal pool, might be seen as a 

consequence of an increasing consolidation of the action plan over time. This view is in 

line with the interpretation of the findings of other studies, which have demonstrated an 

emergence and strengthening of discharge reflecting behavioral decisions in neurons in 

area F5 based on sensory information input (Romo et al., 2004, Pardo-Vazquez et al., 

2008). Again, all in all, this gradual building up of action-related information based on 

earlier sensory and cognitive information is in accordance with the notion that F5 matters 

for the context-dependent selection of actions.

Of course, context-dependent behavioral choices under natural conditions draw on much 

more information and, moreover, they are probably rarely as simple as in the paradigms 

used in this study, requiring a binary decision between two possible actions. For instance, 

as recently shown by Lanzarini et al. (2025), premotor cortical neurons may exhibit very 

different preferences when studied in much more natural contexts, allowing the monkeys 

to move freely in larger compartments as compared to being studied under conventional 

restrained conditions. While the interpretation of these differences between freely moving 

context and restrained context are not clear yet, they cleary suggest – much in line with 



the gist of the present study – that responses of mirror neurons are able to adjust to the 

needs of the given context, compatible with a role in shaping and guiding behavioral 

decisions. What is needed in order to unmistakably accept this role is data from causal 

experiments. Will blocking information processing in F5 by reversibly lesioning F5 

disrupt the monkey's ability to interpret the other´s action in order to arrive at viable 

behavioral decisions? We had an opportunity to carry out a few pilot experiments towards 

the end of my doctoral project in one of the two monkeys, resorting to muscimol injections. 

In fact, we could not see any effect on the monkey´s performance. Does this mean that 

the response selection concept has to be taken as falsified? This conclusion would 

certainly be premature as the data pool was still. Moreover, resources possibly contributed 

by the F5 in the other hemisphere may have been sufficient to maintain the original level 

of performance and after all, additional redundancy may be based on contributions from 

other areas. Hence, while our work has been able to provide answers to important 

questions supporting the (re-) action concepts, it has in fact opened up many more 

questions. But this is the nature of any scientific endeavor.



Mirror neurons have been believed to be crucial in processing information about others' 

behaviors , and the mainstream interpretation of their function is action understanding by 

mapping the observed action onto the motor repertoire of the subject, allowing the motor 

planning system of the observer to resonate. However, some recent studies using more 

sophisticated experiments have not been in line with it. The response selection hypothesis 

is a promising alternative theoretical framework to better interpret the properties of mirror 

neurons, but only several pieces of indirect evidence support it until now. In order to 

provide persuasive evidence, we trained two macaque monkeys using two paradigms 

(video-blocked paradigm and rule-blocked paradigm) in which the monkeys had to 

choose their action according to the demonstrator monkey’s transitive hand action in 

varying ways indicated by contextual information, and investigated whether the activity 

of F5 mirror neurons reflected the selection of a self-action based on the interpretation of 

another agent’s action.

We recorded 859 neurons in the video-blocked paradigm and 288 neurons in the rule-

blocked paradigm. Respectively, 500 (58.2%) and 228 (79.2%) of them were classified 

as mirror neurons and used in the analysis. We employed a novel analytical approach 

incorporating dimensionality reduction, allowing us to assign the information encoded by 

the population of F5 mirror neurons to the behavioral rule, observed action or the executed 

action. This approach enabled us to reveal the main drivers of neural activity and to trace 

their temporal dynamics, regardless of the presence of highly variable tuning at the level 

of individual neurons. The analysis showed that the influence of visual information on 

the activity of the F5 mirror neuron population is unexpectedly limited during the action 

observation. Instead, the dominant driver of neural activity during the action observation 

is the planning of the observer’s forthcoming action and the dominance gradually 

increased towards the execution phase. The gradual accumulation of action-related 

information according to earlier sensory and cognitive information is in line with that F5 

matters for the context-dependent selection of actions.
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Man glaubt, dass Spiegelneuronen für die Verarbeitung von Informationen über das 

Verhalten anderer von entscheidender Bedeutung sind, und die gängige Interpretation 

ihrer Funktion ist das Verstehen von Handlungen durch die Abbildung der beobachteten 

Handlung auf das motorische Repertoire des Subjekts, wodurch das motorische 

Planungssystem des Beobachters in Resonanz treten kann. Einige neuere Studien mit 

ausgefeilteren Experimenten konnten diese Annahme jedoch nicht bestätigen. Die 

Reaktionsauswahlhypothese ist ein vielversprechender alternativer theoretischer Rahmen 

für eine bessere Interpretation der Eigenschaften von Spiegelneuronen, wird jedoch bisher 

nur durch einige indirekte Belege gestützt. Um überzeugende Beweise zu liefern, 

trainierten wir zwei Makaken mit zwei Paradigmen (Videoblock-Paradigma und 

Regelblock-Paradigma), in denen die Affen ihre Handlung entsprechend der transitiven 

Handbewegung des Demonstrator-Affen auf verschiedene, durch Kontextinformationen 

angezeigte Weise auswählen mussten. Außerdem untersuchten wir, ob die Aktivität der 

F5-Spiegelneuronen die Auswahl einer eigenen Handlung basierend auf der Interpretation 

der Handlung eines anderen Agenten widerspiegelte.

Wir haben 859 Neuronen im videoblockierten Paradigma und 288 Neuronen im 

regelblockierten Paradigma aufgezeichnet. Davon wurden 500 (58,2 %) bzw. 228 (79,2 %) 

als Spiegelneuronen klassifiziert und in der Analyse verwendet. Wir verwendeten einen 

neuartigen analytischen Ansatz mit Dimensionsreduktion, der es uns ermöglicht, die von 

der Population der F5-Spiegelneuronen kodierten Informationen der Verhaltensregel, der 

beobachteten Handlung oder der ausgeführten Handlung zuzuordnen. Mit diesem Ansatz 

konnten wir die wichtigsten Treiber neuronaler Aktivität offenlegen und ihre zeitliche 

Dynamik verfolgen, ungeachtet der stark variablen Abstimmung auf der Ebene einzelner 

Neuronen. Die Analyse zeigte, dass der Einfluss visueller Informationen auf die Aktivität 

der F5-Spiegelneuronenpopulation während der Handlungsbeobachtung unerwartet 

begrenzt ist. Stattdessen ist der dominierende Treiber neuronaler Aktivität während der 

Handlungsbeobachtung die Planung der bevorstehenden Handlung des Beobachters, und 

diese Dominanz nimmt zur Ausführungsphase hin allmählich zu. Die schrittweise 

Ansammlung handlungsbezogener Informationen auf Grundlage früherer sensorischer 

und kognitiver Informationen steht im Einklang mit der Annahme, dass F5 für die 

kontextabhängige Auswahl von Handlungen von Bedeutung ist.
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phase. “Lift” or “Twist” indicates the lift action video or the twist action video 

“Lift” or “Twist” indicates that the monkey had to lift or twist the object respectively.

II. “10” 
indicates that the cue jumped up 10° visual degree and “ 10” down 10° visual degree.
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