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Abstract

Analyses of action-perception matching mechanisms, such as the Mirror Neuron
System (MNS), have been prominent in evolutionary accounts of human cognition.
Some scholars have interpreted data on the MNS to suggest that the human capac-
ity to acquire and transmit cultural information is a learned product of cultural evo-
lution (the Culture not Biology Account of cultural learning). Others have inter-
preted results related to the MNS to suggest that cultural learning in humans result
from both cultural and biological evolution (the Culture per biology Account of
cultural learning).

In this paper, we analyse action-perception matching mechanisms considering
evolutionary models and novel experimental findings about the MNS. We review
the Culture not biology account plausibility within evolutionary theory and argue
that as it stands this account is theoretically unsound. We finally argue for the plau-
sibility of the Biology per culture account and discuss how it paves the way to fur-
ther neurobiological investigations about the evolution of our capacity to learn, un-
derstand and transmit cultural information.

Keywords: Human cognition, Cognitive evolution, Brain evolution, Mirror neuron
system, Action-perception matching.

1. Introduction

There is wide agreement that culture had a driving role in human evolution, and
that human intelligence depends on the capacity to acquire, understand, and
transmit cultural information in development and across generations. The evolu-
tion of culture in hominids regards the acquisition, innovation and transmission
of tools, communicative gestures and language, cooperative actions and rituals.
Based on these assumptions, cultural learning is investigated in a comparative and
developmental perspective to explore the neurocognitive requirements for the
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evolutionary origin of the human mind (Parker and Gibson 1994; Boesch 2007;
van Schaik and Burkart 2011).

Because of the importance of cultural learning in the analyses of the human
mind, several cognitive science accounts have investigated human cultural evolu-
tion by focusing on the role of action-perception matching mechanisms in the
brain (Gentilucci & Corballis 2006; Heyes 2018; Preston & de Waal 2002;
Rizzolatti & Arbib 1998; Whiten 2013; Whiten & van de Waal 2017). Many as-
pects of cultural learning rely on the capacity of mapping perceived behaviour
with one’s own motor repertoire and respond to it with opportune action, be it
imitative or not. Therefore, the dynamics of action-perception matching in imita-
tion, communication and social understanding has been a central interest for stud-
ies of cognitive evolution.

In line with these previous proposals, we stress the importance of analysing
the Mirror Neuron System as a proxy for the role of action-perception matching
mechanisms in the evolution of cultural learning, and focus specifically on imita-
tion, behavioural (including facial) mimicry, and social understanding. Through
discussion of evolutionary models and novel experimental findings, we will con-
tribute to the debate about human evolution by evaluating contrasting accounts
of cultural learning. We will consider accounts that support or dismiss a direct
role of natural selection and genetic evolution for cultural learning and the MNS
(Arbib 2017; Heyes 2016, 2018; Rizzolatti & Arbib 1998; Whiten 2013).

Our analysis maintains that, while biological changes in the MNS are crucial
for explaining the emergence of cultural learning in humans, the evolution of this
system cannot be analysed by exclusively focusing on single populations of mirror
neurons. Therefore, we propose to overcome the atomism intrinsic in previous
accounts by focusing on the network properties of the MNS. We will conclude by
discussing the plausibility and fruitfulness of inquiring into biological changes in-
volved in human action-perception matching mechanisms due to the evolution of
culture.

We start by reviewing relevant evidence about the role of the MNS in cultural
capacities, and specifically in mimicry, imitation, and social understanding (Sec-
tion 2). In section 3, we briefly present the two opposite accounts on the evolution
of the MNS, and namely the Culture not biology account, which claimed that
cultural learning is a learned product of cultural evolution and general process of
learning, and the Culture per biology account, which claims that human cultural
learning is a learned product of both cultural and biological evolution. We then
discuss evolutionary models exploring the adaptive value of the MNS (Section 4).
In Section 5, we evaluate the Culture not biology account from an evolutionary
perspective, and in Section 6 we review empirical evidence in support of the Cul-
ture per biology account. We conclude with discussing why is heuristically fruitful
to pursue the line of research opened by the Culture per biology account to un-
derstand the evolution of human intelligence through a focus on action-percep-
tion matching mechanisms.

2. The Role of the MNS in Cultural Cognition

The MNS owe its name to the discovery of mirror neurons (MNs), neurons acti-
vating both when an individual performs a specific behaviour and observes that
same or similar behaviour performed by another. From their first description in
the ventral premotor cortex and inferior parietal lobule of the macaque monkey
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(di Pellegrino et al. 1992; Gallese et al. 1996), these neurons received great atten-
tion, because the matching between perception and action at the level of single
neurons is relevant to a mechanistic understanding of social and cultural cogni-
tion.

In this section, we discuss evidence highlighting the connections between
mirroring mechanisms and cultural learning, with a specific focus on imitation
(including facial mimicry) and social understanding, also called mentalizing. Be-
cause imitation and mentalizing are pivotal mechanisms of human cultural evo-
lution, including the evolution of language (Woensdregt et al. 2021), the analysis
of the role of action-perception matching in these mechanisms can help us inves-
tigating their evolutionary origins.

The MNS is crucially involved in a variety of imitation capacities. The exe-
cution of bodily movements after the observation of the same act performed by
another, leads to an increased activation in the MINS, compared to when the same
movement is performed in response to a symbolic cue (Iacoboni et al. 1999). This
suggests that the MNS works by mapping sensory to motor information in the
brain. In studies using Transcranial Magnetic Stimulation (TMS), the observation
of some actions facilitates the execution of the same actions, supporting the view
that the observation of bodily movements modulate the reactivity of the individ-
ual toward similar behavioural responses (see for example Cross and Iacoboni
2014). Several fMRI studies (for reviews and meta-analysis see Van Overwalle
and Baetens 2009; Caspers et al. 2010; Molenberghs, Cunnington, and Mattingley
2012) shows that, the observation and execution of a similar action rely on the
activity of the MNS.

Support for the idea that the MNS is implicated in multimodal forms of imi-
tation also derives from experiments with non-human animals. One of these stud-
ies regard manual actions copying in chimpanzee (Pope et al. 2018). Further, nu-
merous studies in songbirds (Giret et al. 2017; Hanuschkin et al. 2013; Roberts &
Mooney 2013) show that neurons matching vocal execution and listening are
functionally embedded in a sensorimotor nucleus, whose lesion impair vocal
recognition and imitative learning (for a discussion see Tramacere et al. 2019). In
macaques which are experimentally trained to vocalize, neurons matching both
the listening and execution of calls emerge in regions that are homologous to the
human Broca’s area (Hage 2018; Hage & Nieder 2015), suggesting that imitative
learning recruits neural mechanisms of vocal and auditory matching.

MNS are also involved in facial mimicry, a fast and automatic form of imi-
tation based on the activation of facial muscles. Experiments simultaneously com-
bining various investigative techniques have shown that viewing emotional faces
is associated with the activation of the motor and somatosensory areas involved
in the execution of the observed facial expressions (Arnstein et al. 2011; Hogeveen
etal. 2015; Likowski et al. 2012; Schilbach et al. 2008). For example, experiencing
disgust and witnessing the same emotion expressed by someone else, activate the
same neural structure—the anterior insula—in an overlapping location (Wicker
et al. 2003) and thus similar facial muscles involved in the expression of disgust.
This shows that at least in some cases, facial mimicry is associated with emotional
contagion, that is the phenomenon in which an observer manifests the same emo-
tion observed in another.

Together these studies support the view that the MINS is an important net-
work for imitative learning (Binder et al. 2017; Tramacere et al. 2017), and lesions
to the MNS core regions affected—critically and to a similar extent—not only the



4 Antonella Tramacere and Fabrizio Mafessoni

copying, but also the recognition of actions and gestures (Binder et al. 2017). Fur-
thermore, mimicking and imitating others are not simply a matter of re-enacting
or copying the sequence of others’ movements. They also regard the emotional
resonance with the person who executes the action and, in case of complex ac-
tions, the understanding of the observed goal. During mimicry, the MNS concur-
rently activates with the non-mirror fast route of the brain for emotional pro-
cessing. In addition, during the reproduction of complex actions and understand-
ing of other’s behavior, the MINS interacts with the mentalizing system, compris-
ing sectors of the dorsolateral prefrontal cortex, and the temporo-parietal junction
(Sperduti et al. 2014; Tramacere & Ferrari 2016). Several studies have investi-
gated the role of both the mirror and mentalizing systems when individuals are
asked to infer others’ emotions and intentions and to imitate novel actions
(Vogeley 2017).

According to a widely accepted view, the MINS is involved in sensorimotor
and somatosensory processing of action and emotion, while the mentalizing sys-
tem is involved in the interpretation and understanding of others’ behavior, and
the identity of the individuals executing it (Catmur 2015; Michael et al. 2014).
Although the disambiguation of the functional role of both systems is still object
of investigations, evidence converges on the view that the MNS and the mental-
izing system have a complementary and reciprocal role in various forms of copy-
ing and action understanding (Cole & Barraclough 2018) and that the interplay
between activation and inhibition in the MNS is necessary for both imitation and
mentalization (Basavaraju et al. 2020) in social situations.

It is important to noting that mechanisms of neural inhibition are likely to
contribute to the probabilistic computation involved, at the network level, in the
process of perception, copying of (or responding to) others’ behavior. Single-cell
studies in monkeys show in fact that during action observation, output of premo-
tor neurons in the pyramidal tract are subjected to an overall suppression of their
activity (Kraskov et al. 2009). Vigneswaran et al. (2013) demonstrated the exist-
ence of suppression of MNs activities also in the primary motor area. Mechanisms
of neuronal inhibition have been interpreted as being instrumental to the observer
to prevent automatic movements as the result of perceiving others’ actions (Bonini
2016).

Further, new studies (Caggiano 2016; Albertini et al. 2021) highlight that
MNs activate and interact in a more significant way than previously thought with
non-agentive actions, supporting a more extensive involvement of the MNS in
action-perception matching with non-social causality. The activation of the MNS
for sensory-motor transformations that work at the interplay between social and
mechanical causality, make action-perception matching mechanisms in the fron-
toparietal system even more interactive and relevant for understanding the evolu-
tion of imitative, communicative and technological skills in the human lineage
(Stout & Hecht 2017).

For these reasons, we think it is important to contextualize the properties of
MNs in broader network of action-perception matching mechanisms. As single
neurons involved in the perception of the motor and somatosensory components
of others’ behavior, in the responding to others’ action and object causal proper-
ties, MNs should be better considered a proxy of the degree of integration between
brain areas involved in social perception, object motor properties and action. This
is in line with network-level analyses in comparative and system neuroscience,
showing that the size of associative areas activated for social coordination tasks
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(with and without objects) increases as a function of social complexity, and that
it targets the expansion of putative areas of the MNS in interaction with the men-
talizing system (Yokoyama et al. 2021). These studies suggest that social and eco-
logical factors impacted different but interacting circuits during human phylog-
eny, and that the comparative analyses of MNS activation and integration with
other circuits can help highlighting evolutionary patterns of brain change
(DeCasien et al. 2022).

3. Contrastive Accounts of the MNS Evolution

Because of the role of the MNS in imitation, mimicry, and social understanding,
various scholars have analysed the developmental and evolutionary origin of
MNs. Some theories have proposed that the MINS evolve in the hominin lineage,
because it played a key role in how individuals process and apply information
acquired through the interactions with others, both socially and culturally (Arbib
2017; Preston & de Waal 2002; Rizzolatti & Arbib 1998; Whiten 2013).

These proposals however never specified how exactly the MNS could have
contributed to the evolution of cultural learning in humans, while perhaps imply-
ing that mechanisms of action-perception matching evolved (also) by natural se-
lection and genetic evolution (Heyes 2010). Furthermore, while many suggestions
have been done in the literature regarding the role of the MNS in human cognitive
evolution, no account whatsoever have discussed the plausibility of the evolution
of action-perception matching mechanisms in terms of theoretical models, genet-
ics, and neurobiological evidence. We will therefore evaluate evidence about ac-
tion-perception mechanisms and the MNS within a Culture per Biology account
of cultural learning, which claims that human socio-cultural cognition is a learned
product of both cultural and biological evolution.

We contrast the Culture per biology account with an opposite view, namely
the Culture not biology account of cultural learning. The culture not biology ac-
count has been more specific on developmental and evolutionary causes affecting
the properties of the MINS. It claims that crucial mechanisms implied in human
cultural learning are not the result of genetic evolution, but a learned product of
cultural evolution and general processed of learning (Heyes 2014, 2016, 2018).
Consequently, according to this account, the specific brain processes involved in
imitation, mimicry and mentalizing are cultural tools inherited by social and cul-
tural learning and are not in our genes (Heyes 2016, 2018). The neurobiological
repertoire that we utilize for imitating others, for thinking about others’ minds,
and for learning language is acquired through socio-cultural learning in childhood
rather than being dependent upon genetically inherited structures.

Note that the Cultural not biology account is not engaged in claiming that
biology is unimportant in the evolution of human cognition, nor the Culture not
biology account denies that humans’ brain and cognitive capacities are genetically
different from other animal species. The culture not biology account predicts that
various aspects of human cognition have evolved under the pressure of natural
selection in hominins, producing enhanced social motivation, facial preference
and tolerance in the hominin lineage (Heyes 2018). Further, on this account, var-
ious general-purpose mechanisms have evolved during human phylogeny, and
genetic evolution had a role in enhancing human associative learning capacities,
mechanisms of inhibition and memory.
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The claim that we associate with the Culture not biology account of cultural
learning (and that we will critically evaluate) is only that natural selection and
genetic evolution did not play a specific, direct role in the evolution of cultural
learning skills, such as imitation, mimicry and social understanding. Because of
the relevance of cultural learning in shaping human intelligence in development
and evolution, it is important that the evaluation of existing accounts of the MNS
considers its plausibility in the context of evolutionary theory and in relation of
available neuroscientific evidence.

4. Evolutionary Models of the MNS

Because cultural learning is thought to be of fundamental importance in human
evolution, evolutionary theory would predict that cognitive mechanisms for cul-
tural learning could have been shaped by natural selection. Under this assump-
tion, evolutionary biologists explore the potential effects of natural selection on
cultural learning, and its associated neurocognitive mechanisms, such as the
MNS (Arbib 2017; Preston & de Waal 2002; Whiten & van de Waal 2017).

A question that evolutionary models can answer is: “when do we expect to
observe these mirroring phenomena in nature?”. Some evolutionary models focus
on the role of MNs in imitation. Neurons activating during the execution and the
observation of an action evolve in autonomous neural networks, where an ob-
server learns to execute an action from observing another individual doing the
same. The authors thus suggest that a selective pressure for imitation could have
a key role in the evolution of the MNS (Borenstein & Ruppin 2005). Note that
these evolutionary simulations only require their neurons to emerge via Hebbian
learning, while the structure of the network evolves. Learning and evolution mu-
tually contribute to the emergence of the MNS and have complementary roles:
the overall structure and connectivity of the neural network is shaped by natural
selection and facilitate the development of MNs in ontogeny through learning’.

One may object that we don’t know whether a selective pressure for imitation
was present and sufficient to shape neural systems with mirror properties, consid-
ering that in the animals where MNs have been primarily investigated (such as
macaques), copying an action from a demonstrator does not seem to be a perva-
sive behavioral strategy (Tennie et al. n.d.; Whiten 2013). Moreover, the activa-
tion of the MNS has also been observed in non-imitative contexts, and for other
functions. This objection however loses force if considered through an evolution-
ary lens. While it is true that imitation is not the only function of the MNS, this
does not rule out the possibility that more complex socio-cultural challenges put
pressure on the neurobiological mechanisms of imitation during hominids’ phy-
logeny (authors’ forthcoming article; Barrett 2015; Jablonka, Ginsburg, and Dor
2019).

Another model shows that the MNS is expected to evolve in a variety of
social interactions (Mafessoni & Lachmann 2019), and specifically both in coop-
erative (imitative) and non-cooperative (non-imitative) actions. According to this
model, the MNS is expected to evolve not only when individuals need to activate

! The authors implemented an Hebbian model of associative learning because of its sim-
plicity and biological realism at the level of single neuron. Additional studies using evolu-
tionary autonomous neural networks could however be useful to explore the effects of
other forms of associative learning (e.g. Rescorla-Wagner) and non-associative learning
(reinforcement learning) which could alternatively play a role in the development of MNs.
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underlining mechanisms of observed actions, but also when activating the same
action or emotion of another can be disadvantageous. Using evolutionary game
theory and computational simulations, the model compares two different learning
strategies, differing in their underlying architecture and in the type of information
used for learning.

Firstly, the model demonstrates that mimicking perceived actions and emo-
tions can provide important advantages in increasing complex socio-cultural con-
texts. The advantage of activating mirroring mechanisms here stems from the fact
that in complex social environment, individuals have to take into account many
variables to predict others’ behaviors and discriminate it rapidly. Thus, strategies
exclusively based on observing other individuals may provide an insufficient
amount of information, compared to strategies based on the activation of mirror-
ing mechanisms. Furthermore, in Mafessoni and Lachmann’s model, the recruit-
ment of the own cognitive machinery is evolutionary advantageous also when
individuals possess different—or even competing—goals. In this way, the model
can explain the observation that MNs are integrated in neural networks support-
ing a functional interplay between activation and inhibition (see Section 2 above),
to prevent the automatic activation of the observed behavior.

Initial evolutionary models only focused on cases in which doing what others
do and feeling what they feel is beneficial. This is the case of the model of Boren-
stein and Ruppin 2005 regarding the role of the MNS in the evolution of imita-
tion, but also of other models (see (Akgay et al. 2009; Nakahashi & Ohtsuki 2015)
which exemplified the role of action-perception mechanisms in the evolution of
emotional contagion, empathy and cooperation. These models are useful because
they show how more complex socio-cultural environments, requiring coopera-
tion, communication and copying of others’ actions put pressure on the develop-
mental properties of the MNS. Furthermore, it is with the model Mafessoni and
Lachmann 2019 that we can appreciate how the MNS is activated and is expected
to develop even when the agent responds to the actor by executing a different
behavior. All together these models suggest that natural selection would operate
on the developmental properties of the MNS as a function of socio-cultural com-
plexity.

In sum, evolutionary models suggest that, under complex socio-cultural in-
teractions, natural selection creates the scaffold upon which individual experience
shapes neural connections via learning, and support that view the mechanisms of
action-perception matching can evolve in the brain to sub-serving a wide spectrum
of flexible cognitive processes, from social to cultural cognition, and from coop-
erative to competitive interactions. Finally, neurophysiological evidence dis-
cussed above, and evolutionary models suggest broadening the target of evolu-
tionary analyses to the properties of action-perception matching network, instead
of only focusing on single neurons, such as MNs. The evolution of cultural cog-
nition as based on action-perception matching mechanisms, such as the MNS,
must necessarily consider the properties of interacting brain mechanisms in socio-
cultural learning.

This is in stark contrast with the two main, opposite accounts of the evolution
of cultural learning presented above. On the culture per biology account, cultural
learning in humans is enhanced because of a process of direct selection pressure
on its neural basis, the MNS. In contrast, on the culture not biology account, cul-
tural learning and a fortiori the MNS are exclusively side-effects of the increased
learning and cognitive potentiality inherited by hominins during phylogeny. Both
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accounts analyse the evolutionary properties of the MNS in isolation and disre-
gard the retroactive feedback between culture and biological evolution on the de-
velopmental and evolutionary properties of the brain networks where the MNS is
embedded.

5. Is the Culture Not Biology Account Compatible with Evolu-
tionary Theory?

While evolutionary models suggest that both natural selection and learning had a
role in the evolution of the MNS, the Culture not biology account claims that only
learning is responsible for the emergence of the MNS (Cook et al. 2014; Heyes
2010). An assumption of this account is that learning and biological evolution
have been mutually exclusive in the emergence of cultural learning. In contrast,
evolutionary models do not neglect the role of learning in favour of a process of
natural selection. Natural selection is seen as promoting the most efficient learn-
ing mechanisms suited for cultural interactions, rather than determining the exact
behaviours to be learned.

However, an important caveat of evolutionary models is that they cannot
prove conclusively that biological traits, such as the MNS, evolved in response to
a specific selection pressure, but only show whether certain explanations are plau-
sible. In addition, and in line with the assumption of the Culture not biology ac-
count, not every biological phenotype trait contributing to the survival and repro-
duction of an individual is shaped by natural selection. Considering that not every
trait contributing to the individual fitness is shaped by natural selection, the Cul-
ture not biology account, in which biological evolution did not shape the MNS,
could be reconciled with evolutionary theory on the basis of two main arguments.

First, one could argue that the MNS has no functional role; therefore, natural
selection would not exert any effect on these neural mechanisms: we call it the
“no function, no selection hypothesis”. This hypothesis can be recognized in the
arguments of authors raising doubts on the role of MNs in social cognition
(Hickok 2010, 2014). However, there is increasing evidence that mirroring mech-
anisms are functionally recruited in a variety of contexts during social perception,
imitation and mentalizing (see section 2). Further, we have seen that evolutionary
models predict that mirroring mechanisms are expected to evolve as a function of
the complexity of social interactions.

A second argument against a role of natural selection in shaping the MNS
could state that the MINS does have a functional role, but it emerges in ontogeny
as an epiphenomenon of associative learning, which have wide functional roles
in a variety of different contexts besides social cognition. We call it the “function,
no selection hypothesis”. According to this hypothesis, although MNs have a
functional role in social cognition, natural selection does not exert any effect on
their developmental dynamics. How the “function, no selection hypothesis” can
explain that the MNS is not affected by natural selection, while it does have a
social cognitive function? One explanation offered by evolutionary theory is that
the effects of natural selection are hindered by learning. If associative learning is
sufficient to develop efficiently a given trait, natural selection will be ineffective,
because all individuals will be able to develop the phenotype regardless of the
presence of the biological trait.

In line with this idea, the Culture not biology account has suggested that do-
main-general associative learning is both necessary and sufficient for the
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development of the MNS (Heyes 2010; Cook et al. 2014): If MNS could develop
easily during ontogeny as a consequence of general processes of learning, no se-
lective pressure is required to evolve biological structures facilitating its develop-
ment (Heyes 2018).

This view has been defended through two main arguments. Firstly, because
the activation of the MNS is largely affected by learning and plasticity, this system
has not evolved by natural selection and genetic evolution to support cultural
learning during hominin phylogeny (Catmur and Heyes 2021). Second, no spe-
cific heritable variation exists among individuals in their action-perception match-
ing mechanisms because domain-general learning processes are sufficient for the
development of MNS and its social functions (Heyes 2018). We discuss the first
argument here, and the second argument in the next section.

Consider studies related to the plasticity of MNs after incongruent imitative
training. These studies measure the activation of the MNS and associated muscu-
lar components, during the observation of bodily movements involving the use of
incongruent muscles (Catmur et al. 2008, 2011). During action observation, the
activation of somatotopic sectors of the MNS areas, and of the same muscles in-
volved in the observed movement, is recorded (Buccino et al. 2001; Fadiga et al.
2005). In contrast, training an individual to perform a specific bodily movement
during the observation of an incongruent movement, seems to lead to the emer-
gence of “countermirror” responses, i.e., the activation of congruent areas of the
MNS during the observation of incongruent actions (Catmur et al. 2011). This
plasticity has been taken to support the view of an exclusive role of associative
learning in the development of the MNS. Crucially, the possibility that training
could reverse the functioning of the MNS would exclude any role of natural se-
lection in shaping action-perception matching mechanisms.

However, no studies so far have proved the existence of countermirror re-
sponses at the level of single neurons. Because studies on the reversibility of mir-
ror responses have been exclusively conducted in humans, only indirect evidence
of countermirror responses is available. Furthermore, debates are ongoing on how
to best interpret countermirror experiments. Some scholars have suggested and
provided interesting evidence for counter imitative responses depending on de-
scending inhibitory projections from prefrontal cortex (Barchiesi & Cattaneo
2013; Ticini et al. 2017; Ubaldi et al. 2015) thus dismissing the possibility that
non-mirroring imitative training can affect the properties of MNs on the fly.

It is important to add that, even if countermirror responses will be proved at
the level of single neurons, this would speak against a role of biological evolution
only if one acquires an idea of genetic evolution determining fix, and unchangea-
ble properties of single neurons, rather than facilitating the development of neural
networks with various functional properties (Ferrari et al. 2013; Barrett 2015, plus
see Tramacere 2022). Yet, as research on the plastic, contextual properties of cor-
tical neurons advance, it shows that this conclusion is not realistic.

For example, visual neurons in the different cortex layers possess coding
properties that specify their excitability to various characteristics of the visual re-
ceptive field. However, under experimental conditions, these properties can be
modulated and enriched with new types of responses (Tolias et al. 2005), suggest-
ing that the plasticity of visual neurons does not exclude that biological factor
contribute to the evolution of their (visual) coding properties.

To conclude, while a Culture not biology account of cultural learning is in
principle compatible with evolutionary theory, the argument of developmental
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plasticity of the MNS and cultural learning is inconclusive to dismiss a role of
natural selection during hominin phylogeny.

In the next section, we will discuss evidence related to presence of specific
heritable variations in cultural learning and the MINS (as a discussion of the sec-
ond argument above), to suggest that the Culture per biology account of cultural
learning is not only plausible, but it also deserves more attention in future re-
search.

6. Empirical Evidence for the Culture per Biology Account

In this section, we discuss empirical evidence that are against the arguments
brought from the Culture not biology account of cultural learning, and that are
compatible with the Culture per biology account of cultural learning. Specifically,
we show that specific heritable variations exist for action-perception matching
mechanisms and that therefore the learning mechanisms at the basis of the MNS
could have evolve also through genetic evolution and not only for cultural evolu-
tion, in a wider frontoparietal network supporting inhibitory and mentalizing
functions.

Evidence for a role of genetic factors in shaping the recruitment of the MNS
in social tasks regards action-perception matching experiments in hand actions.
By comparing monozygotic and dizygotic twins, researchers show that the acti-
vation of the Inferior Parietal Lobule, a MINS region activating during hand ac-
tion observation and execution, is affected by genetic factors (Araki et al. 2017).
In addition, a study shows that a genetic polymorphism affects individual varia-
bility in the capacity of visuomotor associative learning (Taschereau-Dumouchel
et al. 2016).

The Culture not biology account could explain these results by saying that
that genetic variability is not specific to action-perception matching but relates to
domain-general intelligence. On this view, the genetic variants affecting the acti-
vation of the MNS during the perception of others’ behavior, would also equally
affect individual associative learning or memory ability in various contexts. In
contrast, the Culture per biology account predicts that the MNS retains some
forms of specificity, and that operations performed by action-perception matching
networks are dissociable from other networks.

In line with the latter hypothesis, consider early phenomena of facial mim-
icry. Psychological studies show that the frequency of maternal facial gestures,
predict patterns of facial mimicry in neonates and in infants (Carina et al. 2018).
However, genetic factors are also likely to play a role. Global genetic variations
are associated with patterns of neural responses to faces: during observation of
facial expression, a stronger activation in classical mirror areas is predicted by
global pattern of genetic variance (Dickie et al. 2014). An fMRI study of children
and adolescents with deficits in face processing as result of 22q11.2 deletion syn-
drome, show decreased neural activation in cortical mirror areas (Azuma et al.
2015). Further, the level of norepinephrine in the brain strongly correlates with
attention to facial expression, but not with the regulation of emotional cues (Yang
et al. 2016), suggesting that a variety of biological factors can exert effects on the
brain and behavioral correlates of facial execution and perception matching.

As we have seen, in cases like that of hand behavior, individual learning
might have provided the context for the evolution of certain action-perception
mechanisms in a social perspective. This is less plausible for other instances of
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action-perception, such as that of face coordination. It is true, as the Culture not
biology account claims (Heyes 2016), that in contemporary cultural contexts, in-
dividuals can learn associating their own facial movements by observing their fa-
cial expressions in the mirrors. However, it is unlikely that a genetic pressure for
mirror self-recognition has been present during hominin phylogeny. It is instead
more likely that the genetic variability associated with facial mimicry and with
the action-perception matching mechanism underlining it, has been targeted by
natural selection during human phylogeny because of the increased socio-cultural
pressure of facial mimicry associated with gestural communication and language
development (Tramacere et al. 2017; Tramacere & Ferrari 2016).

Much evidence speaks in favor of this view. Firstly, humans have evolved
mimetic muscles that are mainly involved in facial display and speaking, and
poorly involved in eating functions (Burrows 2008; Burrows et al. 2016; Schmidt
& Cohn 2001). Second, compared to other primate species, human mimetic mus-
cles are highly cordialized and controlled by action-perception matching mecha-
nisms (Ginatempo et al. 2020; Pilurzi et al. 2020), making it plausible that natural
selection has operated on the genetic bases of facial mimicry to allow hominins
learning facial displays and communication in socio-cultural contexts. Im-
portantly, there is no need to think that natural selection operating on genetic
variants had produce determined and fix learning mechanisms, which are not af-
fected by associative learning (Authors’ forthcoming article).

Further support for the Culture per biology hypothesis comes from the stud-
ies in the clinical field. The activation of the MNS in a social context is associated
with mechanisms of neural inhibition, suppressing automatic imitative responses
during action observation. The mechanism of neural inhibition during others’ ac-
tion observation seems to be a consequence of the activation of non-mirror areas,
such as the prefrontal cortex, the temporo-parietal junction, and the front opercu-
lar cortex modulating neural activity across the MNS (Cross et al. 2013). In some
cases, the inhibition mechanism is impaired, resulting in neurological disorders
known as echophenomena (Ganos et al. 2012). These comprise both echopraxia,
that is the automatic repetition of actions; and echolalia, namely the automatic
reproduction of sounds and speech (Stengel 1947). Interestingly, although echo-
praxia and echolalia are often the consequence of deficits in motor activation dur-
ing action perception, many subjects presenting motor impairments, such as tics
or unwilling repetitive movements, are not affected by echophenomena (Fen et
al. 2001). This suggests that the neural mechanisms associated with action obser-
vation are not a mere generalization of those governing mechanisms of general
intelligence, and that specifically to this case, deficits in motor inhibition during
actions observation do not necessarily follow deficits in motor inhibition during
action execution.

Ecophenomena are not the only cases where variability in the properties of
activation of the MNS during action observation do not directly correlate with
variations in motor skills. Lesions to the inferior parietal lobule have long been
known to cause apraxia, an impairment in the ability to recognize or imitate ac-
tions in the absence of elementary sensorimotor deficits (Goldenberg & Karnath
2006). In subjects with Down Syndrome, only during action observation, but not
during execution, the MNS shows decreased activation, as compared to control
subjects (Virji-Babul et al. 2010). Intriguingly, in these subjects a strength in imi-
tative functions is often observed (Vanvuchelen 2016). Further, the degree of hand
dexterity of different individuals modulates MNS regions only during action
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execution, but not during action observation (Plata Bello et al. 2014), offering
additional support for the hypothesis that the MNS do not varies simply as a func-
tion of previous motor experience with the same action.

These results suggest that the activation of the MNS is not a mere by-product
of domain-general process of associative learning. Further, they show that strate-
gies based on neural mirroring are relatively independent from other learning
strategies, even though integrated in functional networks beyond MNs. Neural
mirroring and non-mirroring learning strategies are not only distinguishable at the
theoretical level, but they are also dissociable at the neural level. This hypothesis
is supported by a recent study (Carrillo et al. 2019) suggesting that in the rat, se-
lected neurons in Anterior Cingulate Cortex, a limbic region of the brain, respond
preferentially to the experience of distress in self and others, but less to a condi-
tional stimulus associated with distress in a first-person perspective.

To conclude, we stress that these evidence shows that global pattern of ge-
netic variants produce effect on the characteristics of the circuits where MNs are
present and work, as a whole, at a network scale. Genetic variants affecting the
connectivity between mirror and non-mirror areas, mechanisms of social atten-
tion, and of cortical inhibition, synergistically interact with learning during the
development of the MNS, and both genes and learning are likely to produce con-
straint to the emergence of mirror structures and functions. Further, because evo-
lutionary models are compatible with the view that natural selection processes on
genes and general learning mechanisms of development are not mutually exclu-
sive, the Culture per biology account of cultural learning is not only biologically
plausible, but also deserves more attention in future research.

7. The Cultural and Biological Evolution of the Human MNS

In this paper, we discuss an evolutionary hypothesis: if a neurocognitive function
increases individual fitness, then it is likely that natural selection would shape it.
This does not imply any genetic determinism: general processes of learning can
play a predominant role in the development of this neurocognitive function, and
its modulation and tuning to the socio-cultural context. At the same time, natural
selection would shape the learning mechanisms at its basis, and the modality of
its interaction with other neural and non-neural physiological processes.

Accordingly, we have seen how several lines of evidence suggest that both
natural selection and learning could have played a role in the evolution of the
MNS, and its functional recruitment in the social contexts. Various studies show
the presence of interindividual variability in processes specifically affecting social
cognition, part of which being genetically inheritable (Dickie et al. 2014; Araki et
al. 2017). This makes difficult to rule out the effect of natural selection on the
evolution of the MNS, and consequently to exclusively embrace the Culture not
biology account of cultural learning to explain the evolution of human cultural
cognition.

While the Culture not biology account of cultural learning has the merit of
providing insights into the ontogeny of MNs, the Culture per biology account
does allow formulating a series of interesting hypotheses and predictions. First, a
variety of factors (from socio-cultural experiences to genetic variants) differen-
tially predicts the variability of different social functions involving the MNS, and
explain their heritability across generations and context. Second, it could be nec-
essary to consider various Mirror Neuron Systems (MNSs): the activation of
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different types of MNs in different areas can underlie the perception of different
types of actions and emotions; code the execution-perception matching centered
on the use of different biological effectors (such as manual and oro-facial move-
ments); and being involved through the interactions with other neural mecha-
nisms in various social functions (Tramacere and Moore 2018; Tramacere,
Pievani, and Ferrari 2017). Third, the functional recruitment of the MNS, to-
gether with its interactions with other networks and modulatory factors, would
be constraint both by biology and learning, and help to explain the development
and evolution of social functions, such as cooperation, mentalizing and imitation.

As a result, the MNS could be considered both as a neurobiological cause of
socio-cultural learning, whose characteristics will be genetically influenced and
environmentally regulated, and as a result of it (Del Giudice et al. 2009; Ferrari
et al. 2013). This means that genes and learning are not opposed causes of the
neurodevelopmental processes, nor they are mutually exclusive. On the contrary,
biological factors such as genes, and socio-cultural experiences reciprocally regu-
late each other during the development of the MNSs and associated functional
outcomes through associative learning.

We suggest that future research should explore connections between biolog-
ical inheritance and cultural learning in the emergence of relatively intercon-
nected neurocognitive functions. Numerous questions relevant for understanding
cultural evolution can be addressed by investigating the biological bases of human
cultural cognition. Assuming, in line with the evolutionary models discussed
here, that the MNS become more relevant in species living in more complex en-
vironments, how mirroring processes evolve in modern humans? How do the var-
ious MNSs interact with higher level cognitive abilities used in social cognition,
such as mentalizing and imitation? How do genetic variation and environmental
factors like culture interact in the development of these higher-level cognitive
functions?

We encourage here the development of theoretical frameworks providing
links between cross-cultural behavioral research and the fields of genetics and neu-
rosciences, which can be able to harness the vast amount of data that are becom-
ing available to us through the development of novel investigative techniques.
Paramount to this framework will be the understanding of the interaction between
the various causes and mechanisms involved in the evolution of social cognition
and culture.
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