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Abstract
The consensus view in mirror neuron research is that mirror neurons comprise a uniform, stable
execution-observation matching system. In this article, we argue that, in light of recent evidence,
this is, at best, an incomplete and oversimplified view of mirror neurons, whose activity is actually
quite variable and more plastic than previously theorized. We propose an epigenetic account for
understanding developmental changes in sensorimotor systems, including variations in mirror
neuron activity. Although extant associative and genetic accounts fail to consider the complexity
of genetic and non-genetic interactions, we propose a new Evo-Devo perspective, which predicts
that environmental differences early in development, or through sensorimotor training, should
produce variations in mirror neuron response patterns, tuning them to the social environment.
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Variation and plasticity in mirror neurons' response properties
Mirror neurons have been observed in neurophysiological experiments in awake primate
brains, establishing equivalence between actions of the self (by execution) and actions of
others (by observation). These neurons were first discovered in the ventral premotor cortex
(area F5) and subsequently in the anatomically-connected area PFG of the posterior parietal
lobe [1-3]. The most striking property of mirror neurons is that they fire while monkeys are
executing a goal-directed movement (i.e., grasping) and when observing the same, or a
similar, actions performed by other individuals. Therefore mirror neurons are capable of
mapping the visual description of biological meaningful events into the corresponding
cortical motor representations. The straightforward “execution-observation matching”
phenomenological interpretations of mirror-neuron function have been useful in a wide
range of disciplines in proposing uniform neural mechanisms primarily in the social domain
of psychological phenomena – e.g., action understanding and imitation [4], but also spoken
and sign languages, mind reading [5], and social disorders, including autism [6]. Most
researchers, while discussing the nature and function of mirror neurons, report what is
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considered the main characteristic of mirror neurons: namely, their matching mechanism.
The idea that mirror neurons possess a rather restricted and uniform pattern of discharge is a
widespread opinion that certainly recognizes the most apparent property of the matching
mechanism. Nevertheless, it overlooks the variety of responses that were originally
described and discussed in the first papers describing mirror neurons, and that are
informative for understanding their nature. Recent work has in fact shown that the visual
discharge of mirror neurons can vary depending on several contextual features, such as the
observed agent's end-goals, the space where the action is performed, the monkey's attention,
and the type of object grasped by the experimenter [3] [7-10]. This work has also
demonstrated that prolonged visuomotor experience affects the tuning of mirror neurons to
others' actions performed with a tool [11].

The uniformity of the properties of mirror neurons has been claimed to develop through
either associative (i.e., ontogenetic adaptive learning processes) [12] [13] and/or genetic
mechanisms (i.e., phylogenetic natural selection processes) [13-15]. Further, in the genetic
account, canalization mechanisms [14] have been proposed to contribute to the streamlining
of associative learning to form sensorimotor matching for particular sets of pre-programmed
body-part actions.

In this article, we argue that the widely accepted notion of uniformity of mirror neuron
properties does not take into account important properties of mirror neurons, which are
evident in raw recording data, thus overlooking mirror neurons' subtle, yet crucial,
variations. This is a matter for concern as it may lead to an over-generalization of the roles
of mirror neurons among psychologists, and even neuroscientists, who mistakenly require
too much response stability, leading many to ignore such variations as mere outliers or noisy
fluctuations.

Thus, while there are indeed basic response properties of mirror neurons (i.e., visuomotor
matching), at the same time they may possess critical variations and plasticity, which could
be explained if mirror neuron response properties are formed through plastic biological
processes during postnatal development. Here we propose recently emerging epigenetic
mechanisms as strong candidates for subserving such processes, incorporating both
associative and genetic accounts (including canalization). Epigenetic mechanisms refer to
the modality DNA can differently express proteins depending on the environmental
influences (at cellular, tissue level, whole organism). Gene expression can be switched on
and off by several epigenetic mechanisms (see Box 1 and Figure 1) that, at the brain level,
can ultimately affect how neurons connect to each other in order to produce and stabilize
functional brain architecture. In the last few years, evidence has accumulated showing that
environmental conditions influence epigenetic codes more than the influence the DNA
sequence, making these codes suitable for supporting organisms' adaptations to changes in
the social and physical environments, especially during development. Small differences in
epigenetic patterns can produce significant impacts on the phenotype, as demonstrated by
studies on cloned animals and monozygotic twins [16-18].

In what follows, we first discuss some immediate problems that appear to derive from an
over-simplified vision of mirror neurons' properties, and then propose an epigenetic account
which, by giving emphasis to the adaptive developmental stages of plasticity (or Evo-Devo
mechanisms), establishes mirror neurons as biologically plausible phenomena, incorporates
critical aspects of associative and genetic accounts, and is consistent with the remarkable
variations of mirror neurons' properties. In the final section, we provide examples that
represent subtle yet crucial variations of mirror neurons' properties, that tend to be
overlooked by general readers, but that are well recognized by experimentalists who directly
observe raw recordings of mirror neurons.
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In this opinion paper we try to provide a coherent picture of how a rather simple sensory-
motor mechanism might emerge in development, and how an epigenetic view might
stimulate more ‘brain-based’ realistic experiments to predict specific neurodevelopmental
outcomes and evolutionary-based explanations of mirror neurons' origins and functions.

Problems with current interpretations of the development of mirror neurons
The associative account posits that mirror neurons are a product of associative learning [12]
[13] [25]. Through Hebbian learning, visuomotor neurons' response to the observation of
others' hand actions might emerge in the parietal and premotor cortices during an early
phase of development in which infants' sight of self-reaching towards an object is
systematically associated with the motor command for grasping. The simultaneous firing of
these neurons can strengthen visuomotor connections. Through this mechanism, perceptual
and motor experience related to own-action could produce premotor and parietal neurons
that simultaneously receive specific visual input from the STS region of the temporal cortex
and potentiate the motor pattern that is related to grasping execution in parietal/premotor
areas. Though persuasive, this model of mirror neuron development has important
limitations. One such limitation is the “correspondence problem,” which refers to the
problem of how newborns link visual input of others' facial gestures to their own motor
representations of the same gestures, since infants cannot see their own face. This link
appears to be present prior to any experience, as evidenced by human and macaque neonatal
imitation [26] [27], making it difficult to explain neonatal imitation from a purely
associative learning perspective. In macaques, infants imitate even in the absence of any
prior experience of contingent facial interactions with caregivers, as infants in these studies
are reared in a nursery from birth [27].

A second limitation of the associative account concerns mirror neurons' plasticity. The bulk
of evidence in support of this account comes from work that finds sensorimotor training
modulates the mirror neuron system (e.g., [28-30]), which is interpreted as evidence that
mirror neurons are not a genetically based adaptation [12]. According to this account, if
mirror neurons were an adaptation then they would not be so plastic, and, instead, would be
buffered from perturbations thus showing little change as a consequence of individual
sensorimotor experience or modifications of the contextual/environmental conditions [12].
However, the evidence of mirror neurons' plasticity based on sensorimotor training is weak.
First, in the key experiment supporting this interpretation, neuronal activity of mirror
neurons was not directly assessed; instead, the excitability of the motor cortex was
measured, which is only an indirect index of mirror neurons activity [31]. Moreover, recent
studies replicating those by Catmur and colleagues showed that brief sensorimotor training
does not reconfigure the mirror neuron system [32]. Additionally, the associative account
does not consider that species-typical development of a number of fundamental genetically-
based adaptations—including vision [33-35], human language [36], song in song birds'
development [37], and rat copulative behaviour [38]—are context-dependent, highly plastic,
and significantly influenced by experience.

A final limitation of the associative account is that it is traditionally explored with a heavy
reliance on sensorimotor training paradigms in adults, and then results, often erroneously,
are extrapolated to explain processes occurring earlier in development (namely, in infancy)
[12] [29] [13]. It is true that general somatosensory experience in adulthood can cause
temporary changes in neuronal activity without major rewiring, although, under certain
circumstances, there can also be alterations of somatosensory and motor cortical maps due
to increases in the strength of existing connections [39]. In contrast, experiences in infancy
can cause long lasting changes in neuronal structure, particularly during critical periods of
development (e.g., [40-42]). Learning is not in and of itself sufficient to indicate that there
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have been significant and permanent rearrangements of connections in the brain. Moreover,
during early phases of development (e.g., infancy), experience has different effects on the
CNS. For example, work on the development of the visual system in several vertebrate
species demonstrates that preserved vision in the early postnatal period is necessary for
functional binocular vision through correct synaptic connections [43] [34]. Subsequent
innervation may become more specific during development through the elimination of
terminals from postsynaptic neurons [42]. These synaptic changes have long lasting effects
on brain structure and function, particularly during critical periods of development,
reflecting experience-expectant brain organization (e.g., [42]). It is therefore important to
distinguish these changes in brain organization in infancy from those occurring as a
consequence of general experience in adulthood, in which molecular and structural elements
are more stable and may, to a certain degree, impede plasticity. In other words, in adults,
mature circuits are no longer capable of alternative wiring or drastic reorganization in
response to typical/common environmental perturbations.

Given these serious limitations, some scientists are skeptical about the associative account's
ability to explain the developmental origin and function of mirror neurons (e.g., [14]
[44-46]). Alternatively, an evolutionary account of mirror neurons has been proposed, which
hypothesizes that once mirror neurons emerged in development, individuals who possessed
mirror neurons had a reproductive advantage, and therefore this system was retained and
proliferated via natural selection [12].

If mirror neurons were responsible for crucial abilities for survival and reproduction, such as
action understanding and imitation, mirror neurons may have become hardwired during
phylogenetic history [46]. However, this model is not without limitations. One limitation of
the genetic account is that it hypothesizes that mirror neurons emerged during evolution
such that their previous function is the same as their current function [12]. This retained
functionality, we think, is actually quite unlikely, given the common process of neural reuse,
whereby neural circuits evolved for one purpose can be exapted for another purpose [47]. In
human evolution it seems that several anatomical structures and cognitive mechanisms, such
as language, are exaptations, which have lost their original function [48] [49]. Instead, it
seems more parsimonious that mirror neurons evolved from a mechanism that monitored the
own hand goal-directed movement and were then exapted to serve additional functions,
especially in humans (e.g., understand others' actions and emotional states, social learning).

An additional limitation of the genetic account is that it proposes that mirror neurons are
present from birth, and this could be incorrectly interpreted as meaning they are purely
genetically determined. We think this interpretation arises from at least two
misunderstandings regarding brain development and cognitive abilities. The first
misunderstanding is that, by postulating that specific mechanisms like imitation or action
understanding are innate, this account fails to acknowledge that there may be critical periods
during which individuals are especially sensitive or insensitive to their environments. The
second misunderstanding is that this approach suggests an all-powerful conception of
evolution, with natural selection processes completely shaping the development of a
phenotypic trait via genetic sequences alone (e.g., mutational change).

A novel proposal for the development of mirror neurons
In contrast to the accounts outlined above, we propose an epigenetic hypothesis, which states
that mirror neurons are the result of an adaptation process involving the stabilizing selection
of adaptive, environmentally-induced phenotypic traits. Unlike the genetic account, the
epigenetic hypothesis supposes that mirror neurons are not the result of natural selection
acting on genetic sequences that are specifically selected for the functions of goal-encoding

Ferrari et al. Page 4

Trends Cogn Sci. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



or action understanding. In contrast to the associative account, the epigenetic hypothesis
proposes that the development of mirror neurons is not only a process of associative
learning, but also involves genetic and epigenetic phenomena, rendering phylogenetic and
ontogenetic viewpoints critical for understanding mirror neuron development (see Figure 1).

According to this perspective, learning is central. Some authors have emphasized the
importance of learning in mirror neuron development through Hebbian processes in which
repeated observations of self-produced actions are coupled with motor commands to create
causal sensorimotor links [13] [14] [50]. According to these authors, in phylogeny such
learning, and the conditions necessary for producing these associations, was canalized.
However, what remains unclear in these developmental models is the process or mechanism
that produced this canalization, including how, and especially why this mechanism became
fixed during evolutionary history. Secondly, the associative and genetic models fail to
explain other important features of mirror neurons at the neurophysiological level, which are
related to their variations and modulation in activity. We propose that an Evo-Devo
perspective can bring such clarity, making testable predictions regarding the developmental
emergence of mirror neurons and their variations that have been recorded in adult monkeys.

An Evo-Devo perspective
There is general agreement that infants at birth are attracted to specific sets of stimuli,
including faces (e.g., [51-56] their own hands [57], and especially their own hands in motion
[58-60], which may provide sensorimotor experiences that are the necessary scaffolding for
mirror neuron development [14]. In the neonatal period, two important processes occur,
which are relevant for mirror neuron development: Infants' neural connections between
visual and motor areas are strengthened, and infants develop visuomotor coordination based
on their observations of the contiguity and contingency among environmental events, such
as seeing their own moving hand or synchronizing facial expressions with caregivers. It is
likely that attending to sets of attractive invariant stimuli (consistently and commonly
available; e.g., faces, hands) occurs from birth to develop sensorimotor control (as in the
case of visually-guided hand grasping), and not specifically for producing mirror neurons
[12] [13]. What is peculiar about mirror neurons, however, is the generalization process, or
the link between the perception of self-movement and the perception of others' behaviors.

Despite the fact that this generalization process is one of the most critical steps in creating
the mirror and in giving mirror neurons their ‘social function,’ this process has yet to be
thoroughly understood. Although speculative, we hypothesize that during the evolution of
mirror neurons, visual stimuli related to others' behaviors became capable of triggering
activity of a specific population of visuomotor neurons. The sensitivity of these neurons to a
specific set of biological stimuli—namely, social stimuli—may be mediated, in the very
early stages of brain development, by several epigenetic mechanisms involving changes in
gene expression in these neurons (see Box 1). These epigenetic modifications were, at the
beginning, not heritable but they might have produced effects at both behavioral and
cognitive levels. If this new emergent neuronal response and the related epigenetic
mechanisms produced some advantages to the organism (e.g., faster or more accurate
capacity to recognize others' actions through mapping others' actions onto one's own motor
knowledge), natural selection would have favored their stabilization and facilitation of
expression under specific environmental conditions (See Figure 1b). It is useful for the brain
to be plastic early in development as this allows for the appropriate tuning of sensory motor
connections into configurations appropriate for a given environment. Different
developmental trajectories, thus, can be determined early in development, to help best
prepare individuals for future environments. Central to this perspective is the proposal that
in mirror neuron evolution, epigenetic mechanisms are sensitive to particular environmental
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conditions in the early stages of development. Thus, evolution supports the social and
environmental conditions that contribute to specific patterns of gene expression.

As already described above, studies of neonatal imitation demonstrate a rudimentary process
of visual generalization at birth [26] [27], which is sensitive to the social environmental
context [61] and that is probably supported by a mirror mechanism [62]. The newborn
imitation phenomenon also suggests that the coupling between visual perception (of others'
mouth movements) and execution (of one's own mouth movements) is facilitated in the
perinatal period through yet unknown cellular and molecular modifications that are capable
of canalizing underlying neuronal circuits and their developmental trajectories (see Figure
1b). Several researchers have investigated brain plasticity during early postnatal life, and its
interaction with individual experience, at the molecular level. Interestingly, recent work in
rodents has demonstrated that interactions between infants and their pre- and post-natal
environments (both biotic and abiotic) are important for regulating gene expression and
brain maturation, leading, in several cases, to long-lasting developmental outcomes [19-24].

Studies of epigenetic mechanisms and their stabilization in populations demonstrate that
epigenetic processes may be responsible for the development and evolution of some
important cognitive and emotional abilities [24], such as stress responsiveness [19] [20],
maternal care [19] [20] [22], and learning and memory skills [24].

Although our knowledge of epigenetic phenomena—and particularly those involving the
central nervous system—is still in its early stages, there are some examples that demonstrate
the stimulus-specificity of gene expression programs [63], which may be one mechanism
through which natural selection operates [64].

This epigenetic facilitation of mirror neuron development does not consider the role of
experience marginal; instead, it is often fundamental in triggering and guiding
developmental trajectories. In this regard, several examples illustrate how experience might
interact and shape the raw materials provided by genes. For example, the case of the
callosity of skin cells in birds: even if many cells have the potential to develop callosity as
consequence of pressure and friction during movement of the hind leg, only some cells
present callosity at birth or soon after birth, likely the result of genetic assimilation and
epigenetic mechanisms [65] [66].

Similar epigenetic principles may be responsible for mirror neuron development, and such
development appears to strictly depend on early postnatal sensorimotor experiences and
social interactions. Epigenetic mechanisms underlying mirror neuron formation are yet
unknown. There are certainly areas of investigation that are worth considering in future
research, involving these mechanisms and their stabilization and assimilation into genetic
sequences (Box 3). In molecular biology, some of these mechanisms are currently under
investigation and scientists are making progress in understanding them [67-69].

Another important consequence of this perspective is that it may provide insights for
explaining some key visual features of mirror neuron activity, such as their modulation
according to the space where the action is performed [70] or the type of object that is
grasped ([71]; see also [72] for a review). This variation in mirror neuron activity may be a
consequence of the fact that, in adulthood, the environment can still exert important
influences on how these neurons, and the networks in which they are connected, adjust and
adapt their neuronal and functional properties to the contextual features of the environment
and the individual's social experiences (see Figure 2).
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Conclusion
The epigenetic account predicts that there will be variation in mirror neuron developmental
paths, and for ultimately acquired properties. Though at first it may seem that the properties
of mirror neurons are homogeneous, this might be due to similarities in early environments
(e.g., monkeys' rearing conditions). Furthermore, this account predicts that environmental
differences early in development, or under intensive sensorimotor training, should produce
variations mirror neuron properties (neural response patterns) that tune them to specific
stimuli related to others' actions (e.g., space or the use of tools).

Examining developmental characteristics of mirror neurons within a comparative
perspective, we may consider mirror neurons to be a product of an evolved learning process,
and at the same time, as a form of adaptation, having been adapted to a given set of
environmental conditions [73] for which plasticity (at brain and behavioral levels) plays an
important role. In this way, plasticity may be a potential adaption to unforeseen changes in
environmental conditions [73].

Established after maturation, mirror neurons are not simply making a gross match of the
execution and observation of self/other actions, but they are often modulated by various
detailed aspects of actions [3] [7] [8] [9], suggesting that they could be characterized not
simply as fixed machinery to establish conceptual association, but as “real” variable neural
circuitry subject to functional modification through the individual's history of interactions
with environmental conditions. Indeed, neurophysiological research on the posterior parietal
cortex (PPT) has demonstrated that areas with mirror neurons contain several other types of
neurons that appear to code grasping and space in relation to actions [74-77]. Thus, it is
likely that this area, and the different neurons present within it, contribute to different
aspects of action-perception that could be related not only to sensorimotor transformation,
but also to other cognitive processes, such as space coding, and object and biological motion
processing. In an evolutionary perspective, the neuronal properties of these neurons have
been suitable for sensorimotor transformations, but they have been probably exapted to
perform functions in other domains. The variety of neuronal properties described in the PPT
highlights that sensorimotor integration is probably exploited to accomplish several
functions within the physical domain (to interact with objects), as well as the social domain
(to interact with other individuals).

In conclusion, an epigenetic account offers a powerful hypothesis to allow developmental
changes in sensorimotor systems, including latent variation in mirror neuron activities,
which may have contributed to niche-construction of highly sophisticated human social
environments during the course of past primate evolutionary history. While genetic and
associative accounts fail to consider the complexity of the interaction between genetic and
non-genetic contributions, we think this new account may be utilized to solve many
challenges of understanding the functional significance of mirror neurons and mirror neuron
systems to subserve social interactions and, thereby provide novel insights in understanding
the meanings of their disorders within an evolutionary context.
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Glossary

Adaptation is a trait that contributes to the fitness of the organism. In the traditional
evolutionary perspective, the source of variation of a trait is mainly
genetic and this variation is involved in the trait's expression. According
to a more recent evolutionary theoretical view, (i.e., the Extended
Synthesis), the stabilization of a trait within a population could occur
through different processes [36]: e.g., hard inheritance, namely selection
on genetic variations; soft inheritance, selection on non-genetic
variations; [39] and evolution of plasticity [36]. Adaptation, therefore,
includes but does not refer exclusively to the result of a selective process
acting on genes and ultimately favoring the emergence and fixation of a
novel trait, which contributes to a specific function. Further, adaptations
can be inherently plastic.

Adaptiveness refers to phenotypic plasticity during development; namely, the ability of
a single genotype to produce more than one alternative form of
morphology, physiological states, or behaviour, in response to
environmental conditions [40]. The environment (and especially the
prenatal environment) is the primary source of variation in phenotypic
plasticity [40]. New variants of a trait can emerge as the result of
developmental plasticity in which individuals differ in their response to
the cellular, chemical, or social/parental environment at different stages
of development. In other words, adaptiveness results from the plastic
ability to overcome unforeseen environmental events [40] [36].

Canalization is a mechanism that narrows the range of developmental possibilities. It
represents the bias that an organism has toward acquiring some forms of
a trait, with a corresponding decrease in plasticity during ontogenesis
(i.e., there are a greater number of developmental possibilities earlier,
compared to later, in development). Canalization buffers traits against
perturbation due to non-specific experiential influence and non-standard
genetic variations.

Epigenetics is the study of genetic and non-genetic factors acting upon cells to
selectively control gene expression. Epigenetics results in increasing
phenotypic complexity during development. Epigenetic mechanisms are
generally understood as chromatin modifications of genes, which allow
differential access of complex of transcription factor to DNA sequences.
Epigenetics also includes that study of heritable patterns of gene
expression between generations, which result from methylation of DNA,
chromatin structure, and genomic imprinting.

Evo – devo stands for “evolutionary developmental biology” and refers to a field of
biology addressing the origin and evolution of development. It
investigates the modifications of development and developmental
processes that lead to the production of novel features. Three elements –
epigenetics, genomic control, and environmental control – and their
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integration underlie and unify evolution. Epigenetic mechanisms are
essential because there is no one-to-one relationship between genotype
and phenotype. The genotype is the starting point and the phenotype is
the endpoint of epigenetic control, while ecology is a vehicle for key
innovation and integrated change during development that affects
evolutionary change.

Exaptation refers to the change in function of preexisting structure during
phylogenesis under appropriate condition of selection. A trait, previously
shaped from natural selection for a function or alternatively resulted
from a learning process, may be reused for a new function with
evolutionary value.

Mirror
neurons

are neurons with visuomotor properties originally found in two
anatomically-connected cortical areas of the macaque monkeys: the
ventral premotor cortex and the inferior parietal lobule. They discharge
both during the execution and observation of hand/mouth goal-directed
motor act and facial gesture. These neurons are not activeated by the
observation of objects, or of biological movements mimicking the action
but lacking the target object. Similar neurons have been recently found
also in the primary motor cortex (citation). Some of these neurons are
part of the cortico-spinal tract and may also have inhibitory discharge.
The most important property of mirror neurons is the congruence they
show, both in terms of goals and means to achieve the goal, between the
effective observed and the effective executed action.
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Box 1

Epigenetic mechanisms

Several researchers demonstrate the importance of epigenetic effects on development and
evolution of the brain. Much work in rodents reveals that interactions between infants
and their pre- and post-natal environments are important for modulating gene expression
and brain maturation, leading to long-lasting phenotypic traits [49] [48] [47]. Such traits
involve molecular phenomena (e.g., multiple post-translational modifications of histone
proteins, methylation, acetylation and phosforilation, methylation on DNA), which can
alter the accessibility of DNA and the density of chromatin structure in cells, such as
neurons. Interestingly, some of these molecular phenomena seem to be susceptible to
cross-generational transmission [57] [45]. Studies of epigenetic mechanisms and their
stabilization in populations show that epigenetic processes may be responsible for the
development and evolution of some important cognitive and emotional characteristics
and abilities, such as stress responsively [49] [47], maternal care [49] [47], and learning
and memory skills [51].
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Box 2

Questions for future directions of Evo-Devo hypothesis

The Evo-Devo hypothesis of mirror neurons is a useful approach for understanding
fundamental phenotypic traits of organisms, in contrast to dichotomous views of the
relationship between innate/acquired, adaptation/plasticity and genes/environment. This
Evo-Devo view raises new questions and future directions for research to determine the
mechanisms for mirror neuron evolution, such as:

• What molecular differences, at birth and during development, exist between
standard visuomotor neurons and mirror neurons?

• What molecular differences exist, if any, between postnatal and adult
development of mirror neurons? How do such differences affect patterns of
mirror neuron discharge?

• What specific socio-environmental stimuli are able to trigger specific patterns of
molecular changes underlying mirror neurons?

• When in development, if any, is there an adaptive sensitive period for mirror
neurons formation? If there is a sensitive period, is it more sensitive to social-
environmental, compared to non-social, stimuli? Do face mirror neurons have a
developmental trajectory different from hand mirror neurons?

• What is the cognitive function of mirror neurons, beyond that operated by the
visuomotor mapping?

• What are the cognitive and behavioural deficits following mirror neurons
knocking out?

• What can comparisons among primates, including humans, tell us about the
phylogenetic history of mirror neurons?

• What conditions have lead to the stabilization of the generalization process for
creating mirror neurons, and how do these conditions vary depending on the
phylogenetic history of the species presenting them?
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Highlights

We propose a model that could explain how mirror neurons can emerge during
development

We examine mirror neurons variations and their plasticity

Environmental factors, by acting on brain plasticity, produce stable functional brain
circuits

MNs are subjected to functional modification through their interaction with social
environment
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Figure 1.
a) The figure illustrates how during ontogeny specific social experiences could produce
changes in gene expression. The brains on the left and right are schematic representations of
potential parietal-premotor mirror circuits, which are sensitive to facial stimuli and, over the
course of development, are reshaped and refined. The effective stimuli producing such
changes are represented by the mother interacting with her infant through face-to-face
engagement, including facial expressions. The bottom of the figure represents hypothetical
changes occurring in premotor mirror neurons in the newborn's brain during such social
exchanges. On the left, the typical pattern of gene-protein expression in one of these neurons
is depicted. On the right, the early social experience produces modifications in gene
expression through epigenetic marks, such as DNA methylation, histone modifications, and
micro-RNA production. Such epigenetic effects modify the pattern of neuronal wiring in the
parietal premotor mirror circuits.
b) The figure shows hypothetical modifications that might have occurred in newborn brains
if the same social environment (mothers soliciting their infants through facial expression) is
present at each generation, producing a cascade of similar epigenetic events in the newborn
brain. According to the epigenetic account, such plastic changes modify the neuronal wiring
in the mirror circuits. The end result of these epigenetic modifications is the facilitation
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during the perinatal period, through yet unknown cellular and molecular modifications, of
both the canalization in the construction of the underlying neuronal circuits, and their
developmental trajectories. Thus, the brain on the right would be at birth better tuned to
respond to a set of social stimuli (e.g., facial expressions).
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Figure 2.
The Figure shows how different experiences might produce a variety of patterns of parietal-
premotor circuits, which retain some of the basic configured features present at birth. A
consequence of these changes is that mirror neurons will be produced that, in different
individuals, might result in differential responses (here represented in terms of frequency of
neuronal discharge) to the same set of visual stimuli (right side of the figure).
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