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Abstract

Mirror neurons are a class of neurons that resbotidl when a subject executes a motor
action and when the subject observes (either bynmefvisual or auditory stimuli) the same
action being performed. This paper aims to proad®verview of the past two decades of
research on the subject, focusing on the poterialof mirror neurons in action
understanding and imitation. In addition, the pag#mole of mirror neurons in the evolution
of language, autism, empathy and stroke rehalditatill be briefly reviewed, however, a
detailed discussion of these subjects is beyonddbpe of this paper. It concludes that it is
likely that the mirror neuron system underpins@cttinderstanding, as part of a greater
cognitive network. It is unclear whether mirror n@us play a role in motor imitation, and if
they do, it is equally unclear what the specifitthat role would be. It is becoming
increasingly more likely that mirror neurons havaypd a role in the evolution of language,
though the topic is still hotly debated. The reskaim the role of the mirror neuron system in
other fields, such as autism, empathy and strakahigtation is still at too early a stage to
draw any conclusions, though early results areodissging for their role in autism, and
encouraging for their potential in stroke rehadtlan.
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I ntroduction

Mirror neurons are a class of neurons that resbotidl when a subject executes a
motor action and when the subject observes (eliheneans of visual or auditory stimuli) the
same action being performed (1). Since they wese discovered in the macaque monkey in
the 1990s (2, 3) they have by some been hailed@®fthe single greatest discovery in
systems neuroscience of the past few decades. (As BDften happens when scientist come
across a new and unexpected finding, a flood aéi@l functions for these cells were
proposed, ranging from action understanding (3p®Yor imitation (1, 7-12), empathy (13,
14), stroke rehabilitation (15-17), evolution of¢mage (3, 18) and cause of autism (19, 20),
to the seed of human civilization (21) and our @refice for romantic movies (22). But what
do we actualljknowabout mirror neurons?

This paper will attempt to provide an overviewtlod past two decades of research,
focusing on the potential role of mirror neuronsaation understanding and imitation. We
will begin by describing the first experiments ihiah mirror neurons were first described
and categorized, followed by a summation of thefik@ings related to the behavior and
anatomy of the mirror neuron system in monkeyss Thiollowed by an overview of the
mirror neuron system in humans, with emphasis erdtfierence between the human and the
monkey mirror neuron system. In the discussionigomf this paper, the following questions
will be debated: Do mirror neurons in fact exishawe the original findings been invalidated?
What role, if any, do mirror neurons play in actiomderstanding? What role, if any, do
mirror neurons play in imitation? In addition, tpetential role of mirror neurons in the
evolution of language, autism, empathy and strekabilitation will be briefly reviewed,
however, a detailed discussion of these subjedisyiend the scope of this paper. Still,
references to excellent articles on the subjedtbeilprovided for the interested reader to
study at his or her own leisure.

Method

This paper is a mandatory student assignmentjrestjto progress to the last year
medical studies at the University of Oslo. The sabyvas chosen by the author, due to the
author's own curiosity of the subject. There areaaflicts of interest.

While working on this paper, the author has ba@rnleged to receive the helpful
guidance of Professor Arild Nja, Ph.D., DepartenwiRhysiology, Institute of Basic
Medical Sciences, University of Oslo, who has pded ample advice and references, along
with constructive criticism and counsel.

The references and material for this paper wetieeged by means of an online
PubMed search, using the following search terms&rttmneuron”, "mirror neurons" and
"mirror neuron system”. The author then proceeddiht reviews already written on the
subject, and used these reviews to find the origirtecles upon which the reviews were
based. In addition, a search for individual arsgbeblished from 2010 and up to the present
day was performed, as these articles might have teerlooked by even the more recent
reviews (as indeed some were).

Special care and attention was aimed at findingrse different reviews and articles
on each subject that were both outwardly positive @utwardly negative to the given
findings. This was done in an attempt at assutiag)the basis of the authors own conclusions
were not biased.

The review articles chosen were assessed in Hosvfog way: Some were discarded
by title alone. Others were excluded after exangireir abstracts. The ones found to be
pertinent to this paper, were further assessedstfdied purpose of the review was evaluated,
along with the criteria of inclusion/exclusion ofifividual articles, the method for finding

2



said articles, and the potential bias of the awstlnare all reviewed. The latter was often
present due the majority of the papers publishethersubject being written either by the
researchers that originally discovered these neym@mby scientists defending their own
established theories that are threatened by tlwsdiszovery. This bias was taken into
account when evaluating their contents.

The individual articles were assessed in the ¥ahg way: Some were discarded by
title alone. Others after examining their abstratlte ones found to be pertinent to this paper,
were further assessed: The stated purpose oftibkeavas evaluated, the method used for
examining the stated purpose were reviewed. If exyantal studies: whether the conclusions
were reasonable based on their findings, along thighpotential bias of the authors were
evaluated.

Results

Thefirst discovery. Mirror neurons were first discovered entirely byanhe while
studying the motor neurons of the inferior prematontex of aMlacaca nemestrinenonkey,
specifically those responsible for arm movemerdated near the arcuate sulcus, largely
coextensive with the histochemical area F5 (23 diiginal aim of the experiments was to
study the activity the motor neurons in a behavisetting, where one could distinguish
between stimulus associated responses from thetacglated movements. The monkey was
trained to retrieve objects of different shapes simds from a box, with a variable delay after
a stimulus presentation. However, after the inigalording, it was incidentally observed that
some of the experimenter's actions would activd#ege portion of the F5 neurons, despite
there being no apparent movement by the monkey (2).

Following this discovery, new experiments werediarted in an attempt to describe
the properties of these neurons. For this purgbseglectrical activity from single neurons
was recorded from sector F5 of two macaque monkelyde simultaneously recording the
actions of the monkeys and the experimenter. @rfitht monkey, activity from both the left
and right hemisphere was recorded, while recordivege only made from the left
hemisphere of the other monkey. A total of 532 aeswere recorded, of which 92 displayed
characteristics of mirror neurons (3).

As we shall see, the majority of the mirror newroespond only to the observation of
a single action, and can therefore, for simplisisake, be grouped and named by the action
that activates them, for example 'grasping neufidrmugh there were some neurons that
responded to more than one action, they will no¢ lve described in detail, because other
than their lesser specificity, no additional digtirshing characteristics could be determined

(3).

Grasping neuronsespond to the sight of a hand approaching angbgrg an object.
The trial began with the presentation of the stiumub the monkey (a raisin on a tray). At this
stage, no discharge was seen, however once tharagpéer reached for the object (as soon
as hand shaping began) the neuron began to firee §oasping neurons stop firing almost as
soon as the hand grabbed the object, while otlersntied for a short while afterwards.
There was no firing when the tray was moved tow#ndsnonkey, but it began to discharge
once more when the monkey itself grasped the ré&®inVhen the experimenter attempted to
grasp the raisin with a tool (a set of pliers)imailar, albeit weaker, response was observed
(3). Furthermore, a subset of grasping mirror nesingere discovered (n = 18), that only
responded to a particular manner of grasping. kamgle, a neuron may respond to a
precision grip, but show no response when using@evhand prehension. Mimicking the
grip or action in the absence of the object algotetl no response (3).



Placing neuronglischarge when moving a stimulus towards a plarseipport. They
start to fire when an experimenter, for examplaces$ a piece of food on an empty tray, and
they stop firing when the hand starts moving awagnfthe food. The grasping of the same
food from the same tray by the experimenter elicdkenuch weaker response (3).

Manipulating neuronsespond when an experimenter touch or move arcoljéh his
fingers in order to take possession of it, for egkemaking a raisin out of a well. They started
to discharge just before the finger touched thel fand stopped once the food was retrieved.
The mimicking of the movement without an objectsera elicited a much weaker response,
while the retrieval of the food with a tool eliagt@o response at all (3).

Hands interaction neurongsponded best to the movement of one hand towards
another hand, when one of the hands was holdirpgatt. Firing begins at the start of the
movement and ends once the hand touched the atidreggan to move back. The same
movement without any object (e.g. food) elicitedeaker response, and a weaker still
reaction was observed with the use of tools, fangxe a disc with a long handle moved
towards a similar disc in the other hand. No respomas seen when simply grasping an
object (3).

Holding neuronglischarged when the monkey observed an objecy i in the
hand of the experimenter. The firing ceased as asdhe experimenter's hand moved away
from the object. With the exception of two neuraasisholding neurons also elicited a
response to the observation of other actions (3).

Mirror-like neurons(n = 25) displayed the same behavior as abovih&observation
of hand actions, but had no motor functions (3).

32 neurons were also tested for hand preferentethre action being performed in
front of the monkey and on each of its sides. 1#oes (37.5 %) displayed a marked
preference; 9 to the ipsilateral side, 3 to thetredateral side. The preferred hand for the
monkey's active movements was often the oppositieeofisual preference, as one might
expect since in a face to face stance, the hattteadcting individual is the opposite of the
observer's hand (3). Furthermore, of 47 mirror aesitested, 30 displayed a marked
preference for the direction an action was perfatneeg. from left to right. 83.3 % of these
preferred the direction towards the side of theisphere in which the neuron was located (3).

Most mirror neurons had an obvious relationshiveen the effective observed
action and the effective motor action. Based orsgieificity of this link, the neurons can be
subdivided into three groups: (i) strictly congru@m= 29; 31.5%), which responded only
when both the general action and the way in whieheiction was performed corresponded,
for example firing only when observing or perforigia precision grip, but no other form of
grasping or hand action; (ii) broadly congruent(86; 60.9%), for which there was a clear
link between the observed action and the motooachut they were not identical. Some (n =
7) were highly specific in terms of motor activig.g. reacting only to precision grip, but
would respond to the observation of many typesipft @thers (n = 46) would fire during one
type of motor action, e.g. grasping, but responithéoobservation of several types of actions,
e.g. grasping and manipulation. The last grouproatly congruent mirror neurons (n = 3)
seemed to respond the goal of the action, ratlaertthe means by which it was achieved, e.g.
firing during grasping with the hand, but respomdio the observation of grasping either with
the hand or the mouth. (iii) Finally, for some nens (n = 7; 7.6 %) no clear link between the
effective motor action and the effective observetiba could be determined (3).

To exclude the possibility that no hand or mouthvements were made by the
monkey during the observation phase that wereewn by the experimenter, and that might
explain these findings, multiple sessions of eteotrography (EMG) recordings from several
hand and mouth muscles were performed expressthiopurpose. There was no recorded
activity during the observation phase (3). As aditt@hal precaution, a total of 49 neurons
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from the hand field of the F1 area (primary motortex) were recorded, the thinking being
that if the observation of the experimenter's agtiovould trigger some comparable
movement in the monkey's F5 region, it should alsovate the neurons in the F1 region that
control them. None of the neurons showed any iagturing the observation phase (3).

Furthermore, because the monkey would usuallydtehing its own movements, the
behavior the recorded neurons displayed duringrnibiekey's actions could be due to the
neuron's visual properties alone rather than iteonmm@operties, or a combination of the two.
To control for this, a set of mirror neurons (n4) Were tested in both light and dark
conditions. All neurons fired the same way in baithations, which was also consistent with
the more informal testing of other mirror neuro8% (

Goal-related response. Following the publication of the above mentiofiedings, a
series of experiments have been conducted théisiuelaborate, expand and differentiate our
understanding of the mirror neurons.

Since it was known that ventral part of the Fsaarentains neurons that respond to
somatosensory stimulation of the region surrounttiegmouth (24), it was not unreasonable
to propose the existence of a mouth mirror neuystes in the area. To investigate this,
similar experiments to the ones mentioned above wexde for mouth movements. Of the
470 neurons that displayed motor responses refatetbuth movements, 180 neurons (~49%)
also displayed visual responses, with 72% of tilese130) firing during the observation of
mouth movements, thus confirming their assumpt{@53. 85% of the investigated mouth
mirror neurons discharged when observing goal-tBcemgestive actions, with grasping,
breaking and sucking being the most effective #rggUsing the same classification system
as above, 37% of the mouth mirror neurons weresitied as strictly congruent and 58% as
broadly congruent (25); these numbers being rembylsamilar to those for hand mirror
neurons in the dorsal F5 area (3).

Interestingly, the researchers also examinedigwabresponse to communicative
mouth movements, such as lip-smacking and lip-tandue protrusion. 15% (n = 12)
responded strongly to the observation of these mewts, with only a weak response to the
observation of ingestive movements, suggestingitigggisting and communication in the
monkey share the same neural basis (25).

Another experiment was conducted on the basiseoéveryday observation that
primates can understand the goal of an action #bis action is partially hidden from view,
e.g. if a person reaches towards a bookshelf nemgilp will be able to understand that the
person is about to pick up a book, even if saicklmannot be seen. In other words, if mirror
neurons are indeed goal-oriented, they should resfthe observation of an action, even if
some the action is hidden, assuming enough infoom# available to be able to determine
what the goal of the action is. The experiment im&d recording the response of 220 mirror
neurons in the F5 area under four conditionsn(full vision the monkey would observe the
experimenter grasp an object or (ii) mimic the sacteon in the absence of the object. In the
hidden condition, the monkey would first be shoWan object was present, and then the final
part of the action would be concealed by an opagueen - the experimenter would then (iii)
grasp the object, or (iv) mimic the action in thsence of the object. Fifty-one% (n = 19) of
the 37 tested mirror neurons discharged also duhi@dpidden condition with an object
present, but showed no response when the objecabgent, thus confirming their initial
theory (26).

The same line of thinking led to another experittersee if sound could trigger the
same kind of response as visual stimuli. 497 neuodithe F5 region were studied under 4
separate conditions: (i) motor, in which the monkggcuted the action; (ii) visual-only, in
which the monkey observed an experimenter perfberattion; (iii) auditory-only, in which
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the monkey listened to sounds associated witha¢herg and finally (iv) audio-visual, in
which the monkey observed the action being perfdrmieile listening to the associated
sound (27). 13% (n = 63) of the studied neurongameded to auditory stimuli, with the most
effective sound in triggering a response being pehreaking and ripping of paper (76%; n =
48). Other sounds to which there also was a regperse: crumbling of plastic (n = 5), metal
hitting metal (n = 3), shaking paper (n = 3), maiaging dry food (n = 2) and dropping a
stick (n = 2) (27).

Another experiment was conducted to test for geeicity of the auditory mirror
neurons. Of a total sample of 286 neurons in ake&F exhibited auditory responses (21% of
total sample, 47% of mirror neurons in sample)utitoonly 33 of them could be kept long
enough to test them in all experimental conditigdisthese, 88% (n = 29) discharged
significantly stronger when the monkey listenedte sound, when compared to another.
And of these 29 neurons, 16 neurons (~55%) displ@ymost the same behavior in the
visual-only and in the auditory-only conditions tigen action, 10 neurons (~34%) preferred
the audio-visual condition, with the remaining 3irens (~10%) showing a stronger response
in the auditory-only condition (28).

Use of tools. An important question to answer about the min@uron system is to
what degree, if any, it displays plasticity in dwtult brain. Peculiarly, the author of this paper
has not been able to find any article that examiinissdirectly. There are however, some
indirect findings. As you may recall, in the origlrexperiments published in 1996 the
monkeys had not been exposed to tools, and thefusels in goal-directed actions triggered
either no response or a very weak response intdléges mirror neurons (3). In another
experiment, two monkeys had for several months bb#erved the use of tools in goal-
directed actions and performed the same actiontiwélsame tools. After this period, 209
neurons in the F5 region were studied, 143 of whiehe classified as mirror neurons, and
their activity was recorded during the executiod ahservation of goal-directed action both
with the use of tools and biological effectors (sas hand or mouth). 42 neurons (29%) fired
during the observation motor acts performed withuke of a tool. 33 of these were examined
more closely, and all of them discharged more dutive observation of a motor act
performed by a tool, than by a biological effeq@®). If one considers this result with that of
the earlier experiments, the findings suggestttimamount of tool-responding mirror
neurons increased with time due to exposure, itidig#hat the mirror neuron system indeed
does have some degree of plasticity.

The fact that the use of tool , when properly ¢omaed, could trigger responses from
the mirror neuron system, allowed Rochat et ataieduct another interesting experiment.
First, they trained two monkeys to grasp food wéverse pliers (30). Then they recorded the
responses of 282 hand-grasping neurons, 92 of wiech classified as mirror neurons, and
27 of these were recorded in 4 separate scengrasping of food and observation of the
same with either the hand or the reverse plieraf2Be recordings were used for analysis, of
which 18 (90%) discharged during all four condigoNo significant difference in intensity
was observed when the execution of the motor attavhand compared with the use of pliers,
though they did respond with greater intensityn® ¢bservation of the action done by hand
when compared to the use of pliers (31). Thesdtsestier a perhaps even clearer indication
that at least a subset of mirror neurons encodgdhkof the action, rather than the action
itself.

As a continuation of this experiment, 16 of thexabmentioned 20 neurons, were
further tested during the observation of spearinigaed with a stick by the experimenter, a
tool which the monkey had neither seen nor usedrbel 2 of these neurons responded even
in this condition, and though the response wasfgigntly weaker than when observing the
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grasping by hand or by use of pliers, the resparasestill significantly greater than baseline.
This finding might suggest that the information @ed by the mirror neurons is not of a
binary nature, but that the intensity of the diggkeamight allow for some differentiation of

the observed motor act. The observation of motts @ceady in the subject's repertoire
should then elicit a strong response, while theeplzion of actions that the subject does not
perform itself but shares enough similarities te timat the subject does perform, should elicit
a weaker response (31).

Inhibitory mechanism. The discovery of mirror neurons in the ventramotor
cortex begs the question, why do the monkeys neemdien observing a motor act? After
all, it is the same neuron firing both during theservation and the execution of a given action.
A possible explanation is that the F6 area (rogtaal of mesial area 6) works as a sort of
switching mechanism, at least for arm movementstrothing the activity of the ventral
premotor areas during action observation. Indeetiyity in area F6 is required for a potential
motor action to be acted upon, making sure thab@ement is only performed when external
contingencies and motivational factors are appeaderi32).

Another possible explanation, that is not mutuakglusive with the above, was
discovered when Kraskov et al. wanted to examiaegtssible existence of mirror neurons in
the pyramidal tract, since it was known that theaFéa also contributed to the cortico-spinal
tract (33). The visual responses of 48 neuronkerpyramidal tract were recorded in two
monkeys, and as much as 52% of these (n = 25) elessified as mirror neurons. But even
more surprising was that approximately half of th@s= 14) displayed opposite reactions to
the observation and to the execution of a motqriactthey increased their firing rate during
action execution, but decreased their firing raterdy action observation. Moreover, the
visual response of these "suppression PT mirroramsti peaked earlier and was more
protracted , when compared to the regular "fatititaPT mirror neurons” that responded the
same way to both the observation and executiom @iciion. Based on these findings, the
authors suggested that these neurons may be ghd system that inhibits self-movement
during action observation (34).

Distance and oper ational space. Another fascinating discovery was also made by
coincidence, when in preparation for an expering@signed to perform another quantitative
analysis of mirror neuron responses the graspirapjgicts, in which objects were placed on a
tablet that could detect and log the time at wiliehobjects were grasped and lifted from it.
By chance, it was discovered that while the neufmed as one might expect when the tablet
was placed at some distance from the monkey, wietablet was placed closer, the firing
ceased, suggesting the possibility that some mirearons were distance-specific. Test were
conducted to examine this aspect, and of the 10Bons tested, 52% (n = 55) changed their
behavior when the distance to the manipulated tljas changed. Specifically, 49% of these
(n = 27) discharged more strongly when the objeg within the monkey's peri-personal
space, with the remaining 51% (n = 28) dischargedenstrongly when the object was outside
of the monkey's peri-personal space (35).

If these mirror neurons were indeed distance-§peone can imagine two possible
ways in which this is encoded: (i) metric encodimgyhich the distance is fixed, depending
only on the distance of the object from the monéetii) operational encoding, in which the
response depends on the current workspace of th&eyoThis was investigated by
introducing a frontal panel to the experiment, vahicould prevent the monkey from reaching
objects close to it. Interestingly, of the 21 nexsrtested under such conditions, a full 43% (n
= 9) changed their behavior and started eitheespand to the observation of action
performed in the monkey's peri-personal space \ileéore they responded only to the



observation of actions performed in the extra-psatepace, or they stopped responding
altogether if they used to the observation in the-personal space. This suggests that at least
some of the mirror neurons use operational encoding that the behavior of mirror neurons

is not exclusively modulated by the goal of theat({35).

Furthermore, if the monkey's operational spadednices the response of the mirror
neurons, it is conceivable that they also contahliatthe selection process of appropriate
behavior to a given observed action, and if soy thight also be modulated by the perceived
potential reward of an action. To test for this.eaperiment was conducted in which the same
motor act, i.e. a power grip, was performed in froina monkey on two separate objects: a
large grey cylinder and a smaller red cylinder eAfgjripping the grey cylinder nothing would
happen, but after gripping the red cylinder the kaynwould be rewarded with some food.
Out of a total of 87 neurons tested, 40 (46%) fireate strongly when the hand gripped the
red cylinder, 36 neurons (41%) displayed no prefegewhile only 11 neurons (13%)
preferred the grey cylinder. This was interpretethtlicate that in addition to encoding the
goal of a motor act, the mirror neurons might asoode the subjective value of a given
motor act to the observer (36).

Other brain regionswith mirror neuron behavior. At the time mirror neurons were
first discovered in the mid-90s, the existencetbkeoneurons with similar responses to action
observation had already been found in the uppek bhthe superior temporal sulcus (STS),
though they had no known motor properties (37, BBis led some to theorize that the F5
area and the STS were part a cortical networkitivalved action perception, and indeed,
though not directly connected, anatomical studas$hown that the two regions were bi-
directionally linked via the rostral part of thdenor parietal lobule (39, 40). Before long, the
existence of mirror neurons in the inferior paliéddule had been determined (41), and
several experiments were conducted to charactdmese and compare them to those in area
F5.

One of these, compared the motor responses ofdd®ns in the F5 area to the
motor responses of 120 neurons in the PFG areimgdilne execution of two motor actions,
each consisting of two motor acts: grasping a pegdeod and then bringing it to the mouth,
or grasping a piece of food and placing it in ataorer. As expected, the majority of the PFG
motor neurons were action goal related: 55% (n):&@&umber highly consistent with
previous studies (42, 43). 79% (n = 52) fired msirengly during grasping when it was
followed by bringing the food to the mouth, whil&% (n = 14) fired more strongly during
the grasping of food when it was followed by plagcinin a container. The action goal related
motor neurons of the F5 area were similarly disiielol, with 60% (n = 32) firing more
strongly during the grasping of food when the aas\ollowed by bringing it to the mouth,
and 40% (n = 21) fired more strongly the graspiras ¥ollowed by placing the food in a
container. However, the PFG area had a signifiggrdater proportion of action goal related
neurons when compared to area F5, 55% vs. 38%atbsgg (43).

Next, they compared the visual responses in tleatwas, and again, as expected,
they found that the majority were action goal o@ehneurons, but they found no significant
difference in the proportion of these neurons mttho areas: 64% in area PFG vs. 66% in
area F5 respectively. This might suggest that thex®no significant difference in the visual
encoding of the motor acts in the two areas, hatttthe inferior parietal lobe might have an
important role in working with area F5 to encodenptex chains of motor acts (43).

Indeed, in real life, most motor acts are perfatnmea complex chain of events, with
the intention of the act often only becoming appatewards the end of the motor chain's
conclusion. To investigate how mirror neurons behawder such conditions, an experiment
was devised in which the final goal of a monkeg®om, consisting of three motor acts in
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total, would only become apparent as the actionldafl: The first act involved grasping and
lifting the lid of a box. The second act involvegping the contents of the box, using the
same grip. The final act however, would dependhencontents of the box: if it was food, the
monkey would eat it; if it was a small metallic ebj, the monkey would place it (44). They
found that the studied mirror neurons could be thsoealassified into two groups: No-
preference neurons, that displayed no differendkéir response to either eating or placing
conditions, and Action-Goal-Related neurons, thaidésplay a distinct preference. The latter
group was further subdivided into two: Early-prefece neurons, that fired differently both
during the lid and the target grasping, and Lasfguence neurons, that only fired differently
during the target grasping. A possible interpretatf this finding, is that the different types
of neurons encode the action goals at differerglgesf abstraction, i.e. that the No-
Preference neurons encode the actions indepentitva action goals, the Late-Preference
neurons encode the goal of the action when ah@irtformation of the final goal is available,
while Early-Preference neurons encode the interdfdhe monkey at the start of the motor
action, which is then modified as the action prosdeased on the sensory cues available (44).
Interestingly, the relative distribution of thessurons differed in area F5 when
compared to the PFG area. Of the Action-Goal-Rélaturons in the PFG area, 73% (n = 47)
were Late-Preference neurons and 27% (n = 17) Berg-Preference neurons. In the F5
area however, only 7% were Early-Preference neuxeitis the remaining 93% (n = 26)
being Late-Preference neurons. In line with thekimg in the previous paragraph, this
suggests that area F5 is more concerned with emgdidle immediate goal of the action, while
the PFG area is more involved in the relative lwmrg intentions of the action (44).
Furthermore, if the mirror neurons encode onh\hHeyel aspects of an observed
action, i.e. the goal and intention of the actibwen it is reasonable to assume that the visual
response of mirror neurons would abstract fronpibiat of view from which an action is
perceived. To explore this further, Caggiano etlalised an experiment in which a monkey
was first shown a goal-directed action in real éifel the same action on film, while recording
the response of mirror neurons in the F5 areah®123 investigated neurons that responded
to the visual stimuli, 53 neurons (43%) displayesiranger response the naturalistic actions,
17 neurons (14%) preferred the filmed actions, attie remaining 53 neurons (55%) showed
no preference at all (45). In the second phaskisfixperiment, the monkey was shown
footage of the same goal-directed motor act, bewed from three different angles: first-
person perspective, third-person frontal view dndltperson side view. Surprisingly, they
found that a clear majority of the neurons (74%, 119) displayed a view-dependant
behavior, with the first person perspective belmgmost common preference (45). Caggiano
et al. suggested that perhaps the view-indepem#mbns encode the goal of the action,
ignoring the details of the motor action, while thew-dependent either play an earlier part in
the process of abstracting the motor action’s trdenor, alternatively, that they contribute to
the top-down modulation of the visual patterns esded with a motor act by the F5,
PFG/AIP and STS regions, i.e. that the view-dependaurons might modulate the visual
representations in the STS, thereby reinforcingotioeessing of visual patterns associated
with different points of view (45).

Mirror-like activity. There are other experiments that have resultsrdenting
neuronal activity highly reminiscent of mirror neas, though they were not classified as
such in the published articles. An example of tais be found in the series of experiments
performed by Cisek and Kalaska to investigate hamoakey's brain maps multiple reaching
directions. For the experiments, they trained akegrio perform a "center-out reaching task”
in a horizontal plane, in which the eight posstiaigets were distributed along a circle,
marked by colored circles. First two of these eisdit up and then disappeared (spatial cue).
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This would be followed by a centrally located agrtighting up, informing the monkey which
of the two targets it is supposed to reach forgicolie). Then the central circle would
disappear, all eight circles light up, a go-sigeatied, and the monkey would perform the
task. However, during the experiment, the monkeyld/oot be able to see its own arm, and
all visual feedback was provided via a screen Wightarget represented on it, along with a
motion cursor representing the position of the é46). During the spatial cue phase, they
recorded neuronal signals from the dorsal premmidex, suggesting that the representation
for the two possible target directions were bottivac During the color cue phase, the
selected direction was enhanced, while simultargale deselected direction was
suppressed. This might indicate that multiple pidémovement options are represented at
the same time in the same system (47, 48).

An even more fascinating result was achieved whemonkey was simply asked to
observe the screen while the experimenter perfotimedame tasks as described above. A
full 84% of the studied neurons that were activerduthe execution of the tasks, were also
active during the observation of the tasks alomenealisplaying the same directional tuning
behavior (49).

A similar experiment to the one described in the previous paragraphs was also
performed with the monkey observing an experimepeéeform the task directly, without the
need for the abstract representation of the sciRReughly 46% of the neurons in the M1
region that were active during the execution oftdsk, were also active during the
observation alone (50). However, following this eMment, the researchers also examined if
there was a difference in the directional tuninghef neurons during the action execution
phase and the action observation phase. They finatdhe majority (68%) of the neurons
displaying directional tuning behavior in both carmhs, had different directional preference
in the two scenarios, i.e. they preferred one tdwaauring action observation, and another
during action execution. The remaining 32% hadpitederence in both scenarios (50).
Interestingly, this latter number is remarkablyseldo the proportion of strictly congruent
mirror neurons found in area F5: 31,5% (3).

To investigate this further, the researchers édia classifier with the population
results collected during either action executioaaron observation in cases where neurons
displayed directional tuning behavior, and thenet@she predictive capabilities of the
classifier on individual trials. As one would expdugh recognition was seen when the
direction of a given motor action was predictechgsa classifier trained on recording from
trials of task execution, and when the directiommibserved movement was predicted using
a classifier trained on recordings from trialsafk observation. However, the results were
close to chance level when trying to predict thevemeent direction in trials of task execution
using a classifier trained on the activity from ehation trials, or to predict the movement
direction in trials of task observation using aseléier trained on the activity from execution
trials. This finding might suggest that the neuromd1 that respond both during action
execution and during observation, encode diffefeatiures for each of the two scenarios, and
if so, they might serve different functions in eackenario (50).

Non-visuo-auditory stimuli. In addition to motor responses, reports of other
mirroring phenomena are beginning to emerge. Oameple of this was found when studying
the visuotactile responses of neurons in the veimtiraparietal sulcus and area 7B. These
neurons were known for responding both when thekaypitself was touched and when an
object was moved close towards the monkey's botly Based on this, an experiment was
conducted in which a monkey observed an object ieethtowards and away from an
experimenter's body, who would otherwise be sitsitily Of the 541 neurons studied, 48
responded in this scenario as well, and could &ssdied into three groups based on their
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behavior: (i) mirror-image matching neurons, forieththe visual receptive field of the
monkey was contralateral to that of the experimsgfit) anatomical-image matching neurons,
for which the visual receptive field of the monkesgs ipsilateral to that of the experimenter's;
and (iii) central matching neurons, for which theual receptive field was close to the
midline in both subjects (52).

Other animals. Before we turn our attention to humans, it alsarb mention that
evidence of mirror neurons in other animals besptesates have been reported. One of the
interesting findings have been made in birds, wioaeeehas seen activation of the same
neurons during both the performance and listenfrigrdsong, and there are even indication
that these neurons play an important role in tloegss of learning vocal production (53, 54).
In addition, there have been speculations thatngnathers, dolphins, elephants and dogs
possess a mirror neuron system (55).

EEG and TM S studiesin humans. Following the first reports of mirror neurons in
macaque monkeys, the search for evidence of tlstegde of an analogous system in humans
began. For obvious ethical and practical reasomsyvery difficult to do studies with human
subjects in which single neurons are recordedaarglich, there is very little in direct
evidence of the existence of mirror neurons in menahere are however plenty of indirect
studies, mostly in the form of neurophysiologicadidrain-imaging experiments (56). These
are for the most part made under the widely heddimption that human homologue of the
macaque monkey area F5 are the ventral premottaxcand the pars opercularis of the
posterior inferior frontal gyrus (Brodmann area,4)d that the rostral inferior parietal lobule
is the human analogue to the PF/PFG area of thaqnaamonkey (1, 57, 58). In other words,
one would expect that the inferior frontal gyrusl éine inferior parietal lobule should be
reliably activated when the human subjects are gedyan tasks design to elicit a response in
the mirror neuron system. However, if the mirrouros system in humans is more
widespread in the human brain, as some have s@gi@sf, 60), then regions outside the
ones mentioned above would also be activated, digpgon the task being examined. It
ought to be stressed however, that in contrasteartonkey, when one refers to the "human
mirror system"”, one is referring to braggionsthat are active during both action observation
and executions.

That part of the human motor cortex becomes adiivang the observation of an
action performed by another individual in the alegeof any evident motor activity by the
studied subject, has been known since the mid-1@B0the basis of observed
desynchronization on electroencephalography (EE&)rdings of the so-called mu rhythm
that occurs both during action observation and @txac of the same action (61, 62). This
finding was confirmed both by new EEG recording3, @3-65) and by the use of the
magnetoencephalography (MEG) technique, which stieoved that the desynchonization
included rhythms originating from the cortex withire central sulcus (66-68).

Several transcranial magnetic stimulation (TM8yl&s have also been performed
specifically to investigate the human mirror neusystem; one such study involved
recording motor evoked potentials (MEPSs) from tlgatrhand and arm muscles (from
stimulation of the left motor cortex) in subjectsserving both transitive motor actions
(grasping an object) and intransitive motor movetsiefhey found that the observation of
both transitive and intransitive motor movemenisiteld an increase of recorded MEPSs,
which was selective to only those muscles whichldiparticipate in producing the observed
movements (69). In other words, unlike the monk@yanneuron system, it appears as
though the human mirror neuron system also codasti@nsitive movements, a finding
which has been reproduced in other similar stu6s71).
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The temporal aspects of cortical facilitation dgraction observation was examined
by Gangitano et al. by recording MEPs from handgatasselicited by TMS in human
volunteers, while they observed various graspingements made by another human subject.
These MEPs were recorded at varying intervals duhie movement, and the results showed
that the cortical excitability of the observerssdly followed the phases of the observed
grasping movements (72).

There are also studies suggesting the existenadnoman inhibitory mechanism in
the spinal cord, supposedly similar to the one rilesd above for monkeys (34). The
experiment involved the measurement of the H-raftetke flexor and extensor muscles of
the arm of human volunteers, during the observaifdhe opening and closing of a hand by
another human. The size of the H-reflex from teedk muscles increased during the
observation of the hand opening, and decreasedgltire observation of hand closing. The
opposite was true for the extensor muscles. Thggests that there exists an inhibitory
system in the spinal cord that prevents the execwf the observed action (73).

fMRI studiesin humans. A number of functional magnetic resonance imag@iivtiRI)
studies have also been conducted. One such studlyé@u the presentation of video clips
showing various motor actions performed with theuthphand, arm, foot and leg to human
volunteers. Static images of face, hand and fooewsed as controls. The observation of
object-related mouth movements activated bilatgthk inferior precentral gyrus and the
pars opercularis of the inferior frontal gyrus.akhdition, two foci in the parietal lobe were
also activated, one located rostal part (mostyiketa PF) and the other in the posterior part
of the inferior parietal lobule. Object-related H&arm actions activated the pars opercularis
of IFG and a foci in the precentral gyrus, alonghvisvo foci in the parietal lobe. Finally,
object-related foot/leg actions activated a doasa& of the precentral gyrus and also in the
parietal lobe (in part overlapping the area actidaty mouth and hand/arm actions, but also
extending more further dorsally). Together, thesdifigs suggest that the mirror regions in
humans are somtotopically organised (74).

Interestingly, in all of the above mentioned cag@sansitive movements activated the
same regions as the transitive actions, with owetion: the parietal lobe remained
seemingly inactive (74), and this finding has beernfied in a number of similar studies (9,
12, 75). Since it is known that the premotor areasive visual information from the inferior
parietal lobule, it is difficult to understand wthe inferior parietal lobe was not active during
intransitive movements. Some have suggested tisaadtive in both cases, but that it is
stronger in the presence of an object, and thidtarabsence of an object the activity is not
strong enough to be statistically significant (1).

Another fMRI study investigated how the mirror n@u system responds to motor
actions performed by species other than humangovitips of silent mouth actions in the
form of biting and various oral communicative ant{@e. lip smacking, barking, speech
reading) performed by monkeys, dogs and humans stenen to human volunteers. The
observation of biting activated the same brainaegjin the subjects, regardless of which
species performed the action: pars opercularieefRkG, the adjacent precentral gyrus, and
two foci in the inferior parietal lobule, bilatelal The only difference observed was a
stronger activation on the right hemisphere ofgheve mentioned regions when the action
was performed by a human. As for the communicaastures: lip smacking by the monkey
activated a small foci in the pars opercularishef iFG bilaterally, speech reading by the
human activated the left pars opercularis of th@, I&nd finally, barking by the dog did not
produce any activation in the frontal lobe (76)e$é findings have interpreted to suggest that
the motor actions that are already part of the m@pertoire of the observer are mapped on
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the person's motor system, while those not patie@bbserver's motor repertoire are mapped
on a visual basis (1).

Another fascinating fMRI experiment was condudigdlohnson-Frey et al. to see if
the mirror neuron system requires dynamic hand mewds or if the goal of the action alone
is sufficient. To test for this, human subjectseveinown static images of objects being either
grasped (either in a functional or non-functionalgjvor simply being touched. Both usable
objects (bottle) and an ambiguous object was Useall 17 subjects, the presentation of a
static image displaying a goal-related action wedBcgent to selectively activate the mirror
neuron region in the frontal cortex (77).

Imitation. Other fMRI studies have been done with an emghasimitation. One
such experiment tasked human volunteers to obsgtiver the lifting of a finger, a cross on a
motionless finger or a cross on an empty backgrotmthe next phase, they were asked to
lift their own finger as soon as they saw the afogationed stimuli. Interestingly, they found
that some brain regions responded more stronglyhee subjects had to lift their finger in
response to observing another finger being lifted during imitation) than to any of the
other stimuli. These areas were: the left parsaperis of the IFG, the right anterior parietal
region, the right parietal operculum and the ri§ht region (10, 12). A similar experiment
confirmed these findings, and also found that Bsoaeea was particularly active when there
was a goal to the action being imitated (9). Theveyg of Broca's area during imitation was
further confirmed by use of MEG (11).

As a follow-up, another MEG study was performéids time looking at mouth
movements. Human subjects were tasked to obsecttegs of both verbal and non-verbal lip
grimaces, to imitate them spontaneously or to i@itaem directly after having seen them.
During observation alone, the cortex activatechanfollowing order: from the occipital
cortex to the superior temporal region, the infeparietal lobule, IFG (Broca's area), and
lastly the primary motor cortex. When asked to at@tdirectly after observation, the same
sequence of activation was seen, however, whennieegly performed the same movements
spontaneously, only Broca's area and the motoexdrtcame active (8).

An even more fascinating study was done by mearepetitive TMS (which
temporarily interrupts the functioning of the taiggbarea). The human subjects were tasked
to either imitate the pressing of a button witlngér, or to simply execute the action after the
presentation of a spatial cue. During the executicthese tasks, they received repetitive
TMS (rTMS) over the left and right pars opercularighe inferior frontal gyrus (Brodmann
area 44) and over the occipital cortex. Imitaticasvgeverely impaired when pars opercularis
was stimulated, but not during the stimulationta bccipital lobe. The execution of the same
task without imitation was seemingly unaffectecttoy rTMS (7).

Another fMRI experiment studied cortical excitatiduring the imitation of guitar
chords played by a musician, by naive human ppgids during 4 stages: action observation,
pause, guitar chord execution and finally rest. ifddally, some were tasked with merely
observing the action with no subsequent motor aatidheir own, some would follow their
observation by a non-related motor action (e.aatsbing the guitar neck), and lastly, some
were tasked to freely perform the guitar chordse fésults showed that not just in the
observation-to-imitate, but also during observatioth no further requests and during
observation no request to imitate, one saw actmatf the inferior parietal lobule, the dorsal
part of the PMv and the pars opercularis of IFGwewer, the activation was much stronger
when the subjects were tasked to imitate diredtgraards. In addition, one saw activation
of the superior parietal lobule, anterior mesialaarand a slight activation of the middle
frontal gyrus when subjects were asked to imitatecty after observation, but not otherwise.
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In other words: the areas for new motor pattermédron, overlap with the mirror neuron
regions (78).

Single-neuron study in humans. Though most studies of the mirror neuron system i
humans have been indirect, recently one study whkghed in which extracellular single
neuron activity in 21 patients with pharmacolodicattractable epilepsy was recorded by
means of an implanted intracranial electrode (tisedentify seizure loci before a potential
surgery). The activity of a total of 1117 neuroresyevrecorded from medial frontal cortices
and temporal cortices while the patients eitheeoled (via laptop screen) or executed hand
grasping (precision grip and whole hand prehensaon)facial emotional expressions
(smiling or frowning). In accordance with prior dtes in monkeys, the majority of the
studied neurons responded to only one aspect aftezydar action, i.e. either execution or
observation, but a significant subset responddmbt were found in the medial frontal and
the medial temporal lobe, specifically the hippopas) parahippocampal gyrus and the
entorhinal cortex. A further subset of these a@igponded with excitation during action
execution and inhibition during observation (79).

The finding of motor mirror neurons in the medehporal lobe is fascinating.
Though it is known that the uncinate fasciculus atigr cortico-cortical white matter tracts
connect between the medial temporal lobe and nmetpon in the frontal lobe (80-84), it is
also known that lesions in the medial temporal Idbaot result in any apparent motor
deficits, and electrical stimulation of the are@sloot result in any evident movement.
However, the region has been shown to respondgltimarecall of episodic memory (79).
On this basis, the authors of the study theoriaettie mirror neurons in the medial temporal
lobe may be matching the observed actions withrtémory of the same action as performed
by the observer - a memory presumably formed duhegast execution of said action (79).

Discussion

Since the first reported findings of mirror neusan 1992 (2) there have been
numerous studies verifying and refining the origshiacovery both in monkeys (1, 3, 25-27,
32, 51, 58) and in humans (5, 12, 56, 57, 63, 6578, 79, 83), including an article detailing
the direct study of single neurons in humans ([f@)eed, the author of this paper has been
unable to find a single article written in the pagtears that doubts the accuracy of these
findings; the existence of mirror neurons is nagenin dispute. The debate over their
functions however, is far from settled.

What follows is a discussion on the possible rdlswror neurons in action
understanding, motor imitation, motor learning, aniéfly their possible role in the evolution
of language. Other fields in which mirror neuronigim have a role, such as empathy, autism,
stroke rehabilitation and phantom limbs will beeffly mentioned to provide the interested
reader with easy access to relevant source mat@nah depth look at these subjects is
unfortunately beyond the scope of this paper.

Action understanding. That they play a role in action understanding o of the
earliest suggested functions of mirror neuron$)3To quote Rizzolatti et al'Each time an
individual sees an action done by another individnaurons that represent that action are
activated in the observer's premotor cortex. Thuganatically induced, motor representation
of the observed action corresponds to that whigp@ntaneously generated during active
action and whose outcome is known to the actintyighggl. Thus, the mirror system
transforms visual information into knowledgél)
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Evidence in support of this theory comes primaibym experiments in which the
subjects have access to enough information to thiegoal or purpose of the observed action,
but is unable to receive the full sensory stimekded to observe the full action itself. One
example of this is an experiment in which a monkeyg prevented from observing the final
part of an action (grasping an object), but coelel snough to infer the purpose of said action
(the hand moving to grasp a hidden object whichtibekey knows is present). Though the
full action was not visible, the activation of therror neurons was just as strong when the
object was present, while there was no responsae tieeobject was absent (26). Another
experiment found that a subset of mirror neurors imonkey's area F5 discharge both when
the monkey executes an action and when it heavaradgshat typically accompanies such an
action, for example the crushing of a peanut (387, Zet another experiment tasked monkeys
to grasp an object by means of either regular\aerse pliers, one requiring the opening while
the other required closing of the fingers to oper@he mirror neurons fired equally strong in
both cases (30). Finally, in another experimenin subjects were presented with still
images of hand and mouth actions, for example thgping of a bottle, i.e. only the idea of
the action and the goal of the action was presesdestimuli, with no dynamic movement at
all. The brain regions responded just as strongltthay would when observing the actual
dynamic movement (77).

Criticism of the theory, has been mostly relatedd rather vague formulation, that
largely sidesteps the mechanics involved in fa¥@ more teleological explanation (85-87).
After all, what does actionnderstandingactually mean? What do mirror neurons actually
decode? One way of categorizing this, is by lesébstraction: Level 1: decoding the motor
parameters of an action is detail, i.e. the path lohnd movement. Level 2: decoding the
motor action at a schema level, i.e. picking uganut from a bowl. Level 3: decoding the
goal or intention of the motor action, i.e. dest@gat a peanut. Note that level 3 deals with a
more abstract representation, while the first texeels decode a motor code that basically
reproduce the observed action, which can be véfgrent from the intended effect of the
action. This is precisely the scenario in the expent involving normal and reverse pliers,
where at the first and second level of abstractiom action is opposite (opening and closing
of the hand), while at level 3 it is the same ithbdrcumstances. Since the mirror neurons
fired equally strongly in both cases (30), it seenast likely that if the mirror neuron system
do indeed decode motor actions, they do so athhi level of abstraction.

From the discussion above, it is fair to suppbsg if the monkey indeed understands
the action, then the mirror neuron activity is elysassociated with this understanding.
However, it remains unclear whether this understani$ caused by the mirror neuron
activity or precedes it. It is also unfortunatetthane of the mirror neuron experiments tested
whether the monkey actually understood the actitomas observing, thus the foundation for
the theory of action understanding is not as s@smdne may desire.

As an example, recall an experiment described@bekich showed that mirror
neurons respond to the grasping of an object, edwm the last part of that action is hidden
from view, but do not respond if the monkey is shdhat no graspable object is present
behind the obscuring glass (26). This has led gons&aim that it was when the monkey was
shown the presence or absence of the graspablet tige understanding took place, and
before the firing of mirror neurons (88). Howeviedp not agree with this assessment. The
findings of the above mentioned study, is in acaeitth another experiment which showed
that the behavior of mirror neurons depends orofiezational space of the subject, with some
being distance specific and some changing theialaehfrom responding to action only in
the peri-personal space to extra-personal space®wersa, depending on the subject's
available motor options (35). These results donesessarily mean that the understanding
process takes place elsewhere in the brain andhtbanirror neurons merely report on it, as
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some have suggested (88). Another equally possilsiet more likely, interpretation, is that
the mirror neurons are part of a greater understgntetwork, and that mirror neurons
probably cannot mediate action understanding by sedves.

Still, if the action is understood during the piarg phase of an action, what then is
the purpose of the mirror neuron firing? Certailys not motor movement, since no such
occurs when the mirror neurons discharge; thouighigtprobably due to an inhibitory
mechanism (34, 73, 79). One proposed explanataledcaugmented competitive queuing
(ACQ), is that they contribute to the monitoringasfe’'s own success of self-action and to the
recognition of one's own apparent actions. In shanen someone starts to execute a motor
action, mirror neurons will, based on the giverwmstances, create an expectation of
reaching the goal of said action. If this goala$ reached, the brain will lower its estimate for
the likelihood of said action succeeding in theufat If the goal is reached, regardless of
whether the action was properly executed or netptlain will increase the desirability of
carrying out such an action again. In essencenilmer neurons serve a "what did | just do?-
function (89). What is especially intriguing abdhits theory, though the authors strangely do
not mention this in their article, is that it itbnly theory that properly explains the findings
that mirror neurons prefer the 1st person perspe¢is).

Another criticism leveled at the original theorfyRizzolatti et al. deals with how the
subject assesses the success of a motor actimme akes the experiment with pliers (30) as
an example, how does the monkey know that the (goasping) has been achieved? Hickok
postulates that this happens through the visuatgrchined positioning of the pliers and the
somatosensory stimuli (e.g. the resistance of lieesp, in other words: if the monkey was
blindfolded and prevented from receiving somatoggnmformation, it would have no way
of knowing if the action was successful. Thus, bstplates that the goals of an action lie in
the consequences of the action, and these in tararalerstood by perceptual systems, not
motor systems (87). This has however never beéedtasor is it entirely logical, as the
mirror neurons fire during the action, before thbject knows if the action was successful.
Thus, perceptual systems are required to detertheagoal of an action, and might be used to
modulate future motor actions, but ignoring the en@ispects entirely appears to be unsound.
Following the same logic as above, what use wouyddraeptual system be, if the subject had
no motor repertoire and thus had no way of knowiogy to achieve a particular goal, nor
indeed what the various possibilities are in défégrconditions? It seems that a more logically
sound argument would be closer to the one in theipus paragraphs, namely that both
perceptual and motor systems are required formcinaerstanding.

Still, it cannot be denied that there are othemnarthat are active during action
perception. Notably, the STS region has been showespond to the observation of motor
actions (90, 91), and when the function of thisorgs interrupted, either by rTMS (92) or
degenerative disease (93), the subject's percegptibiological motion and perhaps also
action understanding is impaired. The results h@wvave unclear, and difficult to interpret
(94, 95). Further, there is nothing to suggest t@iSTS region is capable of generalizing
over multiple body effectors, for example respogdim both hand and foot, the way mirror
neurons have been shown to do (58, 96). Nor i®thaeything to indicate that the STS region
responds to both proximal (grasping an object)diathl outcomes (eating that object), as
mirror neurons have been shown to do (42, 97, 98).

And so, we are left with that the most likely thec that the mirror neuron system
underpins action understanding: By recruiting on@/a motor representation during the
observation of a motor action, one is able to ustded what the other is doing without any
additional higher-order processing. It also seakedyl that this is not something that is just
viewed externally, as something that happens amtmgs, but represented internally, as an
outcome towards which one's own actions can betéide This is based on the findings
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showing that the greater the observer's own mefaertoire, the better that person is at
identifying the outcome of someone else's acti®8s103). Further, it has been shown that
patients suffering from limb apraxia due to braamthge of the left inferior frontal cortex
(part of the frontal node of the mirror neuron sys}, struggle to identify gestures performed
by others (104). Likewise, virtual lesions of tledt premotor cortex have been shown to
result in patients struggling to discriminate bstatic (105) and dynamic (106) bodily actions,
as well body postures (107). In addition, both atral (108) and electrophysiological (98)
studies have shown that subjects that strugglefdresent distal outcomes of one's own motor
actions, likewise struggle to represent the distétome when observing actions, but not
when executing them. This might suggest that actimerstanding specifically is impaired in
these subjects.

Finally, multiple fMRI studies have shown that wiHeuman volunteers are tasked
with determining to which outcomes (proximal vsstdl) an observed action is directed, the
mirror mechanism is recruited (109-111). Howevdrewthe volunteers are tasked with
determining the reasons why someone performediibereed actions, the mesial frontal
cortex, the tempero-parietal junction and the amteingulate cortex (the so-called
"mentalizing network") are additionally recruitetll@). To what extent, if any, the mirror
neuron system is capable of decoding not justritestion of actions, but also the reasons
behind the actions, e.g. desires, beliefs, etmanes unclear. Likewise, how this "mentalizing
network" might work and interact with the mirroruren system, is equally unknown.

Imitation. Various psychological experiments strongly sugtes stimuli and
responses to them are represented in a compaaabiatfin the cognitive system. When an
individual observes a motor movement that is sintdeone in their own motor repertoire, the
observer is primed to repeat it; and the greatesimilarity, the stronger the priming (113-
116). Thus, it is easy to understand how the disgoaf mirror neurons prompted many to
believe that they serve as the neural substratenftation (1, 7-12). Several fMRI
experiments have shown that imitation specificallfivates the pars opercularis of the IFG,
the anterior parietal region, the parietal opencuind the STS region (10, 12). Broca's area
has also been found to be important to imitatidk),(fparticularly when the action is goal-
related (9). Mouth movements have also been studiadimilar fashion with similar results

(8).

These findings show that the brain regions thataative during motor imitation and
during action observation overlap, and these aesag&nown to have mirror neuron properties
(56). More compelling evidence of these region®ivement in imitation specifically, comes
from an experiment in which pars opercularis wasjracitated by means of rTMS in human
subjects, during either the imitation or spontarseexecution of finger button presses.
Imitation was severely impaired, while the spontarseexecution was seemingly unaffected
(.

Still, all of these experiments are on a regideatl, and we know that only a subset
of the cells in the given region are known to henreror neurons properties. How much of
these results are due to the functions of mirrorores specifically is therefore difficult to
assess. Furthermore, monkeys have been largegvbdlbe incapable of imitation (117, 118),
leading some to claim that, at least the primalg od mirror neurons cannot be imitation (1).
However, research of the past few years has coatptiamatters quite a bit: neonatal rhesus
monkeys have been shown to imitate human tongueugron and lip smacking (119), and,
once taught to share attention with humans viagage or pointing, they will imitate other
actions as well, such as clapping hands, touclmeig bwn ears and clenching their hands
(120). It therefore seems that the early dismisabme scientists of the role of mirror
neurons in imitation was premature. However, it tegeatedly been shown that mirror
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neurons respond to the goal of an action rather tiea movement used to achieve it (6, 26,
30, 42, 58), while motor imitation is obviously @gglant on the manner in which the
movement is made. Though the human mirror neurstesydoes respond to intransitive
movements (56), it seems unlikely that humans leaoéved an entirely separate method for
imitation than monkeys have.

Based on the above, it is unclear whether miremrons play a role in motor imitation,
and if they do, it is equally unclear what the sfyex of that role would be. Research on this
subject is still at an early stage, and no consehas yet been reached.

Evolution of language. Almost immediately upon the discovery of mirr@unons (2,

3, 6), they have been used as evidence in suppthre gestural theory of the evolution of
language, i.e. that language evolved from mototuges rather than primate cells (18). This
theory is far from new; as early as the 1930s sisisrsuggested that the act of pointing
evolved from observing children grasp far away otgj€121). Others have suggested that
speech perception is not based on sounds but @hgnonetic gestures of the speaker. These
phonetic gestures act as the primitives from wihictual articulatory movements are

produced (122-125). For example, if the mouth, tengnd lips move as if one is eating this
can be interpreted to mean "eating"” (phonetic geltand if one blows out air to produce a
sound similar to "'mnyum"” - while making these moeens, it is seemingly universally
understood, even by childref 26).

Some have suggested that the mirror neuron systeves as the neural substrate for
speech perception (3). This is partially basedhengenerally agreed upon assumption that
Broca's area in humans is the homologue of the moslarea F5 (1, 57, 58). The existence of
auditory mirror neurons (27, 28) shows that thése axists mechanism for representing
sounds as motor gestures. Furthermore, the hunraormeurons system, unlike that of
monkeys, also responds to intransitive movemer@s/(§, theoretically allowing the
understanding purely symbolic or communicative &%. This is especially interesting,
since language is considered to be an abilityivelgt unique to humans (127-129). Moreover,
the language areas of the human brain map remarkktdsle to the mirror neuron system of
the primate brain (130). Finally, it has long beetlinical fact that aphasic patients often
struggle to recognize pantomime (131-134). Thougheshave suggested that this is due to a
concomitant lesion of an area adjacent to Broca'a @ 35), it is tempting to suppose that this
is not the case, since this is precisely the kindedicit one would expect from the reasoning
above (3).

Though this is still a hotly debated topic, ibscoming increasingly likely that mirror
neurons do in fact play some role in the evolutblanguage. For an excellent review of the
subject, the interested reader is encouraged tbtheawork of Corballis (18).

Autism. Upon the realization that some of the symptorss@ated with autism
spectrum disorder (ASD), i.e. the capacity to ustéerd others, difficulties with language and
communication, overlap with some of the proposexttions of mirror neurons, the
hypothesis that the core of ASD was a mirror newystem deficiency was put forward (19,
20). Early fMRI and TMS studies appeared to supfiosttheory (136), but lately reviews
and meta-analysis have changed this view. The mgagjudies that used emotional stimuli
did show group differences between autistic andangrstic subjects, but when using non-
emotional stimuli no such differences were showeiti\er has it been possible to consistently
demonstrate that autistic subjects struggle witloaainderstanding (137, 138). As of now, it
remains unclear whether a dysfunction in the mineuron system plays a role in ASD.

Empathy. The research on the role of the mirror neuromesysn empathy is still in
its early stages. It appears as though mirror meuo the human insula might be responsible
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for the recognition and understanding of disgusitivers (139, 140), however there appears
to be little in terms of other concrete findingsomd theoretical reasons may be found in
Hausser's excellent review (141), and for a mateal review of the subject, the interested
reader is encouraged to peruse a review by Bamtl €14)

Strokerehabilitation. A few studies have been published, attemptirassess the
possible use of action observation and imitatiopaas of stroke rehabilitation treatment,
attempting to harness the mirror neuron systemcimacal setting. Early results are mostly
positive, however not all studies conducted haatigfactory control group, and the overall
picture is mixed (15-17). This research is encom@dout at an extremely early stage, and no
conclusions can be made as of yet.

Conclusion

The existence of mirror neurons is no longer impdis. It is likely that the mirror neuron
system underpins action understanding, as pargoéaer cognitive network. It is unclear
whether mirror neurons play a role in motor imiatiand if they do, it is equally unclear
what the specifics of that role would be. It is &®ing increasingly more likely that mirror
neurons have played a role in the evolution of lagg, though the topic is still hotly debated.
The research on the role of the mirror neuron sysieother fields, such as autism, empathy
and stroke rehabilitation is still at too earlytage to draw any conclusions. Early results are
discouraging for their role in autism, and encourgdor their potential in stroke
rehabilitation.
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Attachment

SMA Cs

Fig. 1. Simplified illustration of brain regions believeal be part of the mirror neuron system
of monkeys (left) and humans (right). PM, prematortex; SMA, supplementary motor area;
IPL, inferior parietal lobule; F5, rostral parttbie ventral premotor cortex in the monkey;
IFG, inferior frontal gyrus; PFG, rostral part bktinferior parietal lobule; Cs, central sulcus;
Ls, lateral sulcus.
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