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  Summary: This chapter deals with organization and architecture of brain functions in developmental age.




  Starting from a brief history describing the alternate enunciation of localizationalist and associationist theories (with the description of classical disconnection syndromes), we conclude with the contemporary concept of brain organized in specialized areas strongly interconnected which form networks widely distributed throughout the brain. The highly specialized areas in the brain have territorially local connections and also moderately or very long connections. Any network malfunctioning may be due to damage to a connecting tract, or an area, or both.




  The disconnection model has helped to develop the complex architecture of the neuron network on a vast scale, highly complex, consisting of nodes, hubs (i.e., areas where numerous connections between associative areas converge), and connections; in this frame the brain uses not only serial, but also parallel processing methods to cope with the complexity of the higher mental functions. The results of these studies demonstrate that brain connectivity is arranged into what is called a small world topology, i.e., small worlds organized in even smaller networks characterized by powerful local connections, but also connected remotely with other small worlds. This organization ensures a high level of local and global connectivity, enabling information to be circulated. The brain is a complex, dynamic system of functionally interconnected regions. Clinical studies and investigations on brain lesions have documented the increasingly complex characteristics of these circuits, and modern neuroimaging techniques have enabled us to see these networks and circuits expand, multiply and vary, and to shed light on their functional complexity and the related impairments, also in developmental age.




  The whole is more than the sum of its parts


  ­ Aristotle, (384/3 BC­322 BC)


  




  The higher cognitive functions are the end-product of associative connections between cortical areas where sensory and motor processing takes place. These areas are highly specialized and work in synchrony, forming complex networks that are widely distributed throughout the brain. Lesions involving the cortical areas and/or the white matter cause specific neurobehavioural syndromes and/or impairments that stem from disconnection(s) occurring at one or more points within a network.




  By the late 19th century, our understanding of normal brain functioning was based on two fundamental assumptions: that (i) functions are located in discrete areas of the brain; and (ii) these areas are connected by means of white matter pathways. The localization theory was first expounded in 1700 by Gall, a famous scholar of the anatomy of the brain, who also takes the credit for distinguishing between grey matter and white matter, arranged in ascending and descending tracts. Gall's theory envisaged an organologic system in which the brain was divided into 27 centers, each well localized and functionally specialized (e.g., the center of love, the center of lies, and so on), and the variations and functional distinctions between these centers correlated simply with the dimensions of given cortical areas. A subsequent illogical jump led to the conviction that the dimensions of these cortical areas could be deduced from the external configuration of the skull. Such an exaggerated approximation considerably undermined the validity of the original intuition concerning localized functions, but nonetheless gave rise to two schools of thought: in England it paved the way to phrenology, while in France it was the starting point for localization studies, and those conducted by Broca (1824­1840), in particular.




  The assumption of a localization of brain functions in different areas of the brain characterized the thinking in the late 19th century, at a time when Broca was studying a patient with a lesion involving the inferior frontal gyrus (still known today as Broca's area),who was unable to speak, but retained a fairly good verbal comprehension. It was Meynert (1833­1892) who recognized the crucial role of the connections between the cortical areas, and who classified the white matter pathways, dividing them into: ascending and descending projection pathways; commissural pathways, of which the prototype is the corpus callosum, which places homologous areas of the two hemispheres in communication, and the anterior commissure connecting the right and left amygdala, the right and left hippocampus, and the regions in this area; and above all into associative fibres, i.e., white matter pathways that connect areas within the same hemisphere, creating complex functional networks, a few examples of which are the cingulate gyrus, the inferior longitudinal fasciculus, the inferior fronto-occipital fasciculus, and the arcuate fasciculus (well known for its role in language processing via the connection between Broca's area and Wernicke's area). In short, the associative and commissural tracts form what is called brain connectivity. This has become an important concept, especially in recent years, as a result of the growing tendency to interpret many neurodevelopmental syndromes, such as autism, ADHD, etc., in the light of disconnectionist syndromes, i.e., conditions in which the circulation of information does not function properly and the output is impaired (Catani & Ffytche, 2005). Brain connectivity is assured by the associative and commissural tracts and works in intricate patterns to integrate the regions of grey matter in functional sets of neurons. White matter consists of myelin, a mixture of lipids (70 per cent) and proteins (30 per cent) produced by the oligodendrocytes (Benarroch, 2009), which creates a concentric sheath all along the axon, leaving some unmyelinated tracts known as Ranvier nodes (Baumann, 2001). The principal function of myelin is to speed up the transmission of information: the conductivity, or conductance, of the myelinated fibers is approximately a hundred times greater than that of the unmyelinated axons. The myelination process continues after birth and up to 50 years of age, and then declines; it particularly concerns the connections between the tertiary associative areas, which are responsible for the multimodal integration of information coming from the sensory cortexes.




  The advanced and rich cultural context of the turn of the century was also influenced by the works of Wernicke (1848­1904), who is considered the father of associationism and therefore necessarily of disconnectionism too. According to Wernicke, no mental process (apart from the primary sensory motor cortexes) can be localized in the cortex merely on the strength of an anatomo-functional correlation, as in the phrenological approach; instead, it is the product of mutual interactions that are the outcome of multiple connections passing through the associative fibres. Lesions of the associative tracts consequently cause disconnection syndromes, in which the network fails to function because of a disruption of these connections, giving rise to higher cognitive function disorders. Wernicke's tenacity in focusing on the associative fibres alone, rather than on the specialized areas as well, derives historically from his need to keep his distance from the phrenological theories.




  Be that as it may, the historical and cultural scenario was ready for men of exceptional talent to succeed in describing the first disconnection syndromes. It is always worth emphasizing that there is always a logical sequence in the advances made in human culture and knowledge because they are the product of single individuals' insights: in this particular scenario, observing patients, adopting a strict test method, and correlating symptoms with a given lesion led to the identification of the disconnection syndromes, which paved the way for the original concept of the brain's being organized in distributed networks. In the framework of our current understanding, this organization of the brain can also be conceptualized using novel mathematical systems theories, and it can be demonstrated in healthy individuals as well with the aid of the latest neuroimaging techniques.




  The following is a brief description of the four classic disconnection syndromes, as formalized during the associationism period of the Wernicke school.




  Conduction aphasia was the prototypical syndrome described by Wernicke in his university dissertation, written when he was just 26 years old. Wernicke hypothesized that lesions of the associative tract connecting Broca's and Wernicke's areas cause a disconnection syndrome that is apparent from deficiencies of repetition and paraphasic language, but that leave comprehension and fluency intact. The paraphasias would correlate with the loss of a higher-order internal monitoring that would rely to some degree on the integrity of the connections between the Wernicke and Broca areas. This disconnection would be due to lesions involving the arcuate fasciculus. Lissauer (a pupil of Wernicke's) described cases of visual agnosia, i.e., the inability to name an object caused by an interruption in the pathways between the visual area and the language area, or ­ in the case of apperceptive agnosia ­ of the areas enabling the object to be copied. Then Hugo Liepmann described cases of apraxia generated by disconnections between the posterior sensory areas and the areas governing hand movements, such that individual suffering from no form of paralysis and fully able to perform any motor action freely and deliberately, were incapable of completing actions on demand or by imitating others. There is also the pure alexia syndrome described by Joseph Jules Dejerine (1849-1917), which consists in the inability to read despite retaining the ability to write. Dejerine explained pure alexia as a disconnection syndrome, identifying the left angular gyrus as the site of the visual word center. This assumption stemmed from observing two patients, one with stroke of the angular gyrus who had lost the ability to read and write, the other a 68-year-old man with a posterior occipital white matter lesion who suffered from right hemi-anopsia and retained the ability to write, but was no longer able to read. These two cases prompted Dejerine to suggest that visual images of words are stored in the left superior angular gyrus. The identification of this center for visual images went beyond the restriction imposed by Wernicke's thinking, according to which function processing derived entirely from the connections, returning instead to the idea of specialized cortical areas.




  It was during this period that Brodmann divided the cortex into discrete areas with different cell architecture characteristics (Brodmann, 1909).




  With the subsequent ups and downs in the appeal of localizationism as opposed to associationism, and right up to holism, scientists ultimately lost interest in the controversy.




  Much later on, Roger Sperry (an American neuropsychologist awarded the Nobel Prize in Physiology or Medicine in 1981) conducted studies on patients who had undergone corpus callosotomy for unilateral hemispheric epilepsy. These studies demonstrated a hemispheric functional specialization and therefore a localization in the brain of higher cognitive function processing.




  In 1965, Geschwind published a famous article in Brain that spoke about disconnection syndromes in humans and animals in neo-associationist terms, as being caused by lesions involving the associative cortexes as well as the white matter fibres connecting these areas (Geschwind, 1965).




  Geschwind based his scientific conclusions on two fundamental premises, i.e., a myelination gradient and a gradient in the evolution of cross-modality associations. As far as the myelination gradient is concerned, there would appear to be areas of the brain where the white matter is already functioning at birth; Flechsig called these primordial areas in his myelogenic map of the human cortex (Flechsig, 1901). These areas are not directly connected to one another initially, but they become so later on, with the development of associative areas. The gradient in the evolution of cross-modality associations consists instead in the evolution of associative areas, which would evolve from primary into secondary and tertiary associative areas, based on increasingly complex levels of integration of multimodal information. In humans, there is no direct connection between the primitive sensory and motor areas (as there is in the rabbit, for instance), while the associative areas are directly connected to one another. With evolution, the associative areas have become increasingly integrated and plurimodal, as in the case of the inferior parietal lobe, and they become free of any integration in the limbic system.




  Geschwind conceived brain functioning as relying on a much more widely distributed network than the small networks theorized in the earlier model, and he emphasized the importance of the specialization of the associative areas and of the cortical­subcortical connections. In the article in Brain in 1965, Geschwind described numerous disconnection syndromes including: sensory-motor disconnection syndromes relating to discontinuities between the sensory areas and the motor cortex and Broca's area; sensory-limbic disconnection syndromes relating to the connections between the limbic system and sensory areas; and disconnection syndromes (Wernicke's having to do with disconnections between the sensory areas and Wernicke's areas). These syndromes can thus derive from damage either to the white matter or to the associative areas, which represent the relay stations between the primary motor, sensory, and limbic areas. This concept has facilitated the publication of single case studies in the clinical setting, and the development of connectionist theories and, of course, the theory of distributed networks in the field of the neurosciences. Modern functional neuroimaging methods (PET, SPECT, volumetry, fMRI, DTI, etc.) are extremely useful when it comes to studying information processing in the localization of functionally specialized systems, and for analyzing white matter pathways, and identifying further functional specializations within the same fascicule.




  Advances in the neurosciences have consequently given rise to the current model, defined as hodological and topological, in the sense that it studies pathways and localizations (Catani & Ffytche, 2005). There are specialized areas in the brain that have territorially local connections and also moderately or very long connections. Any network malfunctioning may be due to damage to a long tract, or an area, or both.




  The disconnection model has helped to develop the complex architecture of the neuron network on a vast scale, including not only the networks foreseen in the Wernicke and Geschwind models, but also other, highly complex networks consisting of nodes, and hubs (i.e., areas where numerous connections between associative areas converge), switching stations, divergences, feedbacks, connections, and permutations; and the brain uses not only serial but also parallel processing methods to cope with the complexity of the higher mental functions (Bassett & Bullmore, 2006).




  In 1990, Mesulam suggested on theoretical grounds that Broca's area and Wernicke's area had connections that are far more widely distributed than those considered in the classical studies on aphasia (Mesulam, 1990), as recently demonstrated by functional resonance and tractographic studies (Mesulam, 2005). To give an example of how modern neuroimaging methods have contributed to a better definition of certain circuits/networks, it is worth mentioning the studies conducted by Catani et al. (2005), who re-explored perisylvian language connectivity using in vivo diffusion tensor magnetic resonance imaging tractography; they found that Broca's and Wernicke's territories are connected not only via the well-known direct pathway, but also through indirect pathways in the normal brain. The direct pathway runs medially and corresponds to the classical descriptions of the arcuate fasciculus. The indirect pathway passes through the inferior parietal cortex, running laterally, and comprises an anterior segment connecting the inferior parietal cortex (Geschwind's territory) to Broca's territory, and a posterior segment connecting Geschwind's and Wernicke's territories. The direct pathway would be responsible for repetition and consequently for processing the more phonological aspects of language, while the indirect pathways would be more involved in managing the semantic component in vocalization (the anterior segment) and comprehension (the posterior segment).




  This model of two parallel pathways helps to explain the heterogeneous clinical presentations of conduction aphasia (Catani et al., 2005).




  Our better anatomo-functional understanding of the perisylvian language networks also enables us to describe hyperfunctioning conditions that are expressed by the onset of positive signs. A dysfunctioning of the indirect pathways during the generation and monitoring of inner speech would cause the acoustic hallucinations typical of schizophrenia, while hyperfunctioning of the direct pathway would be responsible for an excessive tendency for repetition expressed in the form of the echolalia seen in some neurodevelopmental disorders, such as autism (Wass, 2011).




  The network connecting Wernicke's and Broca's areas consists of more than just two pathways (one direct and one indirect), however. In fact, Bernal and Ardila (Bernal & Ardila, 2009) used tractography to study the role of the arcuate fasciculus in conduction aphasia, and proposed a new language network model, emphasizing that the arcuate fasciculus connects posterior brain areas to Broca's area via a relay station in the premotor/motor areas (Brodmann's area 6), and consequently questioning the existence of a direct pathway. Electrocortical studies have also demonstrated that the arcuate fasciculus not only transmits information from the temporal to the frontal areas, but also in the opposite direction; the transfer of speech information from the temporal to the frontal lobe relies on two different streams, and conduction aphasia can occur in cases of cortical damage not extending to the subcortex. The information flow between Broca's and Wernicke's areas therefore works both ways. In fact, in addition to a language that lacks fluency and is agrammatical, patients with Broca's aphasia often have morphosyntactic comprehension difficulties; patients with Wernicke's aphasia, on the other hand, may experience semantic or phonological paraphasias and have paragrammatical disorders.




  The arcuate fasciculus serves an important purpose in language development by facilitating the repetition of phonological clues, and therefore helping in language learning and speech monitoring. The arcuate fasciculus may serve as an additional aid, facilitating repetition or monitoring speech at the phonological level. These theories suggest that the processes involved in speech production are the same as those participating in speech perception. In other words, the two-way transfer of information would indicate that, to some extent, information about language production is important to understanding language. It may have a dual role in speech as well, monitoring speech production and providing information on verbal output.




  Understanding and defining all the components in a more distributed network may thus help us to understand the heterogeneity of certain clinical pictures.




  The network connecting the areas responsible for language processing also involves the cerebellum, which projects contralateraly to the prefrontal cortexes, and Broca's area in particular, via the thalamus, receiving feedback from the pontis. A recent diffusion tensor imaging (DTI) study confirmed these cerebellar projections towards the prefrontal and posterior parietal cortexes in vivo using tractography (Jissendi et al., 2008). We used fMRI to study ten healthy right-handed children from 7 to 15 years old and found that verbal fluency models activate Broca's area, Wernicke's area, the supplementary motor area of the left hemisphere, and the right cerebellar hemisphere, with a negative linear correlation between the cerebellar lateralization index and the frontal supratentorial lateralization index.




  Finally, the part played by mathematical models in formulating and interpreting mental functioning should be mentioned. Numerical models enable us to investigate mathematical brain functioning hypotheses (graph theory) and then test them with the aid of neuroimaging methods, particularly using resting state fMRI. For this test, individuals have no active tasks to perform, no external afferences; they keep their eyes closed and their hands still; and remain simply in a state of rest, letting their minds wander, without thinking about anything in particular. The results of these studies demonstrate that brain connectivity is arranged into what is called a small world topology, that is, small worlds organized in even smaller networks characterized by powerful local connections, but also connected remotely with other small worlds. This organization ensures a high level of local and global connectivity, enabling information to be circulated (Gerloff & Hallett, 2010). This model supports the existence of super-specialized areas, since the small worlds are areas exhibiting a very strong cohesion with one another that process certain component parts of consciousness in a highly specialized manner, and that also have a far-reaching, distributed but integrated information processing capacity.




  The brain's functional connectivity is also dynamic. The networks consist of nodes or hubs (where processing takes place), with links between these nodes that enable interactions and exchanges of information. In adults, resting state fMRI identifies activation particularly of the multimodal associative areas (precuneus/posterior cingulate cortex, medial PFC, anterior cingulate cortex, bilateral parietal lobe, and bilateral insula), while in children activation is more prevalent in the homomodal cortexes (the primary sensory and motor areas), and less so in the prefrontal cortex (Fransson et al., 2011).




  This functional connectivity is inter-hemispheric before it becomes intra-hemispheric: Nature initially creates the right conditions for the hemispheres to communicate with one another, then it enables the associative areas within the hemispheres to form connections. In children, the connections between the somatosensory areas and the subcortical connections are more strongly represented than the cortical connections, and there is a more limited hierarchical organization, but by the time they are 7­9 years old, their brains' organization into small worlds is much the same as in adults. Any disruption of their development or destruction of the brain's connectivity gives rise to a wide variety of neurodevelopmental disorders, such as autism, the whole complex picture of which is the outcome of such a distorted connectivity and a condition of functional underconnectivity (Uddin et al., 2010).




  In conclusion, the brain is a complex dynamic system of functionally interconnected regions. Clinical studies and investigations on brain lesions have documented the increasingly complex characteristics of these circuits, and modern neuroimaging techniques have enabled us to see these networks and circuits expand, multiply and vary, enabling us to shed light on their functional complexity and the related impairments and disconnection syndromes.




  Graph theory has been used successfully to describe the organization of these dynamic systems. Recent resting state fMRI studies have suggested that the brain's inter-regional functional connectivity features a small-world topology, indicating an organization of the brain in highly clustered sub-networks (in which voxels are connected mainly with their direct neighbors), combined with a high level of global connectivity.




  Within the complex network of multiple `nodes' and `links' inside the brain, the notion that only one place in the brain is responsible for anything is tantamount to phrenology. Nodes in large-scale neuronal networks usually represent anatomic regions, while links represent functional or effective connections. The brain requires an optimal balance between regional segregation and inter-regional, global integration of neuronal activity. So, for us to understand pathologic brain states, it seems crucial to ascertain what happens to brain network structure and function. Functional connectivity studies have consistently demonstrated impairments in numerous neurodevelopmental disorders, including autism (Shukla, 2010).
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  Summary: The frontal lobes, which are the focus of the present article, comprise several architectonic areas in the human brain. Neuroimaging studies can provide some evidence about the anatomy and functional contribution of these areas by demonstrating overall increases in activity within particular regions in relation to various aspects of motor, language and cognitive processing.




  In this analysis we consider frontal lobe anatomy and connections with other cortical regions and frontal lobe projections with basal ganglia, thalamus, and cerebellum and describe the clinical manifestations arising from frontal lobe lesions.


  




  Introduction




  The frontal lobe is not a single anatomic and functional brain region. Several lines of research, such as behavioural, electrophysiologic, clinical, and neuroimaging studies, have demonstrated that particular subregions within the frontal lobe are associated with specific motor and cognitive functions. Recent advancements in magnetic resonance (MR) techniques have provided a great deal of meaningful neurobiologic information, allowing noninvasive investigations into the brain, even in children. By means of powerful MR equipment and highly specialized methods it is now possible to employ MR neuroimaging techniques to map such important neurobiologic indexes as the brain functions themselves, detailed local neuroanatomic correlates of cortical organization, and brain functional, anatomic, and effective connectivity. The noninvasiveness of neuroimaging techniques permits their repeated use over time, which is crucially important to discern the temporal impact of any strategy of treatment. Voxel-based morphometry (VBM), an unbiased technique that is operator-independent, is designed to detect statistically significant differences in grey and white matter cerebral tissues between groups. Diffusion tensor imaging (DTI) is a technique that allows demonstration of fibre tracts in vivo in humans. The recent introduction of functional magnetic resonance imaging (fMRI) to investigate the functionality of brain physiology and pathology has substantially enhanced the possibilities of studying the workings of the human brain.




  In this analysis we consider frontal lobe connections with other cortical regions and frontal lobe projections with basal ganglia, thalamus, and cerebellun and describe the clinical manifestations arising from frontal lobe lesions.




  Review of the topic




  The frontal lobe is considerably larger in humans than in the rest of the hominoids and constitutes the latest area of the brain to develop.




  The landmarks separating the frontal lobe from the rest of the hemisphere are the central sulcus or Rolandic fissure, posteriorly, and the Sylvian fissure, laterally. The anterior, superior, and inferior boundaries are defined by their natural limits. The callosal sulcus constitutes the inferior boundary on the medial wall of the hemisphere (Nieuwenhuys et al., 2008). Traditional classification systems divide the frontal lobe into the following areas: primary motor cortex, prefrontal cortex (extending from the frontal poles to the primary motor cortex, and including the frontal operculum, dorsolateral and superior mesial regions), orbitofrontal cortex (including orbitobasal and inferior mesial regions), and mesial regions containing the cingulate gyrus. These regions are tightly connected to each other, to other cortical regions, and to subcortical structures, such as the basal ganglia, thalamus, and cerebellum.




  In the frontal lobe the primary motor region acquires myelin earlier than do the premotor and prefrontal regions. Fibres from and to associative areas of the prefrontal cortex continue to myelinate into the third and fourth decades of life. The prefrontal cortex is the latest brain structure to develop, both phylogenetically and ontogenetically.The time course of prefrontal maturation makes it possible that myelination is a basis for the gradual development of prefrontal functions, such as increased capacity of the working memory, regulation of attention, planning, and mental flexibility (Crespo-Facorro et al., 1999).




  Cortical regions




  The primary motor cortex runs vertically between the Rolandic fissure and the precentral sulcus. It is the major source of corticospinal and corticobulbar pyramidal tracts (Fig. 1), and has been traditionally considered to control voluntary movement. The primary motor cortex is typically activated during finger-tapping tasks on fMR examination (Fig. 2).
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  The inferior frontal gyrus (IFG) is located in the frontal operculum. The anterior horizontal ramus and the anterior ascending ramus of the Sylvian fissure divide the IFG into the pars orbitalis, pars triangularis, and pars opercularis. The posterior portion (pars triangularis and pars opercularis) of the left IFG is the seat of Broca's area, which is dedicated to speech (Fig. 3). Functional imaging studies about language organization involving healthy subjects demonstrate activation of the pars triangularis in semantic tasks and the pars opercularis in syntax/phonology (Buckner et al., 1995). The contribution of the right Broca's homologue to language includes prosody, discourse, and the processing of syntactic violations (Kaplan et al., 2010; Nichelli et al., 1995).




  Projections from Broca's area to the superior temporal gyrus have been implied by a number of fMRI studies, suggesting functional connectivity (Binder et al., 1887; Ford et al., 2010), as well as by diffusion-weighted MRI, suggesting structural connectivity. Catani and colleagues (2005) demonstrated direct as well as indirect connections between Broca's and Wernicke's areas serving phonological and semantic functions, respectively. Functional and structural connectivity of Broca's area with the medial frontal cortex were also investigated. Ford and colleagues (2010) showed connections with Brodmann's areas (BA) 9, 8, and 6 (both supplementary motor area [SMA] in caudal BA 6, and pre-SMA in rostral BA 6). Trajectories follow an anterior-to-posterior gradient, wherein the most anterior portions of Broca's area connect to BA 9 and 8, whereas the posterior Broca's area connects to pre-SMA and SMA.




  The superior frontal gyrus (SFG) consists of the first large gyrus on the superior aspect of the lateral surface of the frontal cortex. It is a large frontal subregion that overlaps the superior margin of the hemisphere and extends onto the medial surface. The supplementary frontal eye field (BA 8), and BA 9 (involved in attention) are usually included in this gyrus. The supplementary motor area (BA 6) represents a rostral expansion of the frontal agranular motor cortex on the medial and superior walls of the hemisphere. The SMA is formed by two anatomically and functionally distinct areas: pre-SMA (rostral part) and the SMA proper (caudal part). The pre-SMA is involved in language, internal representation of time, and internal selection of movement, and it is activated during `complex' tasks requiring selection of response. It is connected to the thalamus, caudate nucleus, and cerebellum. The SMA proper seems to be involved in motor functions and it is connected to the primary motor area, putamen, and globus pallidus.




  The middle frontal gyrus (MFG) is usually defined as the lateral frontal cortex that lies between the SFG and IFG. The intermediate frontal sulcus splits the MFG into a superior and an inferior portion. The dorsolateral prefrontal cortex, involved in several critical cognitive functions, is partially located on the MFG and in SFG.




  The dorsolateral prefrontal cortex (DLPFC) is a functional area. It is located in the upper and lateral aspects of the prefrontal cortex. It receives connections from the parietal and temporal lobes, which convey information regarding location, objects and their meaning, and the face and emotional status of others. The dorsolateral prefrontal areas play a role in the control, regulation, and integration of cognitive activities. It mediates attention and focus, controls distractibility, maintains focus of the cognitive set as well as flexible shifts of the cognitive set when required, and is involved in memory and generating fluent verbal and nonverbal activity. The DLPFC also plays an important role in working memory, which refers to the ability to retain information so that it can be used for a few seconds.




  The anterior and superior cingulate gyrus is located in the medial surface of the frontal lobe. It has extensive and anatomic connections to the prefrontal, orbitofrontal, and parietal neocortex, and receives projections from ventral tegmental areas of the midbrain and anterior pole of thalamus. It is a part of the limbic system and it is involved in several psychological functions such as motivation, attention, and emotion (Mesulam, 1981). Subcallosal regions of the cingulate gyrus, which are most directly connected to the orbitofrontal cortex, are more involved in the regulation of autonomic nervous system functions. Supracallosal regions of the cingulate gyrus appear to activate during more effortful activities during the early stages of learning or when increased attention and arousal are required. Given its central role in attention, arousal, emotion, and motivation, it is not surprising that damage to the cingulate circuit results in decreased motivation, apathy, monosyllabic verbal responses, poor attention, and hypokinesia.




  The straight gyrus (SG) lies along the ventromedial margin of the frontal lobe medial to the olfactory sulcus. Animal studies have reported that the SG is a part of the anterior limbic system and is specifically connected to auditory cortex neurons in the convexity of the superior temporal gyrus.




  The orbitofrontal cortex is a large cytoarchitectonically heterogeneous region of the ventral prefrontal cortex. It is considered to be a component of the limbic system and it is involved in two subcircuits. The lateral orbitofrontal subcircuit projects to the ventromedial caudate, globus pallidus/substantia nigra pars reticulata, ventral anterior nucleus of the thalamus, and back to the medial orbitofrontal cortex. The medial orbital subcircuit follows a similar pathway, but initially projects to the ventral striatum. These circuits integrate emotional and autonomic information and memories into behavioral programs. They are involved in the modulation of social behavior, including aspects of empathy, morality, self-monitoring, and social restraint.




  [image: ]




  Associative pathways




  The cingulum is a medial associative bundle that runs within the cingulated gyrus all around the corpus callosum. It contains fibres of different length, the longest of which runs from the anterior temporal gyrus to the orbitofrontal cortex. The short U-shaped fibres connect the medial frontal, parietal, occipital, and temporal lobes and different portions of the cingulated cortex. The cingulum is part of the limbic system and is involved in attention, memory and emotions (Catani & Thiebaut de Schotten, 2008).




  The uncinate fasciculus is a ventral associative bundle that connects the anterior temporal lobe with the medial and lateral orbitofrontal cortex (Catani et al., 2002). This fasciculus is considered to belong to the limbic system, but its functions are poorly understood. It is possible that the uncinate fasciculus is involved in processing emotions as well as in memory and language functions (Catani & Mesulam, 2008).




  The inferior fronto-occipital fasciculus is a ventral associative bundle that connects the ventral occipital lobe and the orbitofrontal cortex. In its occipital course the inferior fronto-occipital fasciculus runs parallel to the inferior longitudinal fasciculus. On approaching the anterior temporal lobe, the fibres of the inferior fronto-occipital fasciculus gather together and enter the external capsule dorsal to the fibres of the uncinate fasciculus. The functions of the inferior fronto-occipital fasciculus are poorly understood, although it is possible that it participates in reading (Catani & Mesulam, 2008), attention, and visual processing. The inferior fronto-occipital fasciculus may only exist in the human brain (Catani & Thiebaut de Schotten, 2008).




  Arcuate fasciculus is a lateral associative bundle composed of long and short fibres connecting the perisylvian cortex of the frontal, parietal, and temporal lobes. The short fibres lie more laterally than the long fibres. The arcuate fasciculus of the left hemisphere is involved in language (Catani & Thiebaut de Schotten, 2008; Catani & Mesulam, 2008) and praxis. The arcuate fasciculus of the right hemisphere is involved in visuospatial processing and some aspects of language, such as prosody and semantic functions (Catani & Thiebaut de Schotten, 2008).




  ■ Frontal-subcortical circuits




  Neuroanatomic, electrophysiologic, and neuroimaging studies show that there are multiple parallel loops, or circuits, in the corticostriatal system, each of which comprises a parent cerebral cortical area (motor, association, or limbic cortex) that projects in a topographically arranged manner to nuclei of the basal ganglia, which project in turn via the thalamus back to the cortical region of origin (Lehericy et al., 2004). Each of these segregated loops supports distinct domains of behaviour. Sensorimotor and parietal intramodality sensory association cortices project predominantly to the dorsal and mid-sectors of the putamen. Association areas in prefrontal cortices project preferentially to the caudate nucleus. Orbital and medial prefrontal cortices and the cingulate gyrus project to the ventral striatum (Lehericy et al., 2004).




  The major behaviour-cognitive syndromes that arise from basal ganglia lesions such as working memory, strategy formation, cognitive flexibility, obsessive-compulsive disorder and apathy, reflect the anatomic connections with the cerebral cortex.




  Deficits in executive function and spatial cognition caused by lesions of the rostral head of the caudate nucleus reflect the connections with the dorsolateral prefrontal cortex (DLPFC), which is concerned with personal and extra-personal space.




  Limbic behaviours, such as disinhibition, irritability and obsessive-compulsive disorders, result from lesions of the ventral striatum, reflecting connections with the medial prefrontal and anterior cingulate gyrus.




  Extrapyramidal motor syndromes result from lesions of the dorsal and mid-regions of the putamen, which receive afferents from motor cortex. Motor and behavioural consequences of pallidotomy are also determined by the location of the lesion. Rostral and dorsomedial globus pallidus internus (GPi) lesions (linked to prefrontal cortical areas 9 and 46) produce impaired semantic fluency, impaired mathematical ability, and memory interference. Posterior and ventrolateral regions of GPi (linked to motor cortical areas) have a beneficial impact on bradykinesia, but no influence on cognitive performance (Schmahmann & Pandya, 2008).




  ■ Frontal-cerebellar circuits




  The role of the cerebellum in modulating motor functions of the brain has been established. The cerebellum is now recognized as playing an important role in regulating such processes as language, visuospatial organization, memory and planning, emotional response, and personality (Riva et al., 2000; Schmahaman, 1997; Van Dongen et al., 1994). Some cognitive deficits that occur after damage to the cerebellum bear a strong resemblance to the pattern deficit that occurs after a lesion to the prefrontal cortex. The DLPFC and cerebellum are activated at the same time during performance of a number of different types of cognitive tasks. Neuroanatomic and neuroimaging studies (Jissendi et al., 2008) reveal that the DLPFC projects to the neocerebellum and receives projections from the neocerebellum, via dentate nucleus, brainstem, and anterior thalamus. The prefrontal areas identified to receive direct output from the dentate nucleus are BA 9 and BA 46. These areas have been reported to be involved in working memory performances.




  Conclusions




  In this analysis we have considered frontal lobe anatomy, functions, and connections with other cortical regions and frontal lobe projections with basal ganglia, thalamus, and cerebellum, and we describe the clinical manifestations arising from frontal lobe lesions. Neuroimaging research continues as the pre-eminent technique for evaluation of the frontal lobe. MRI technique allowed quantitative measurement of frontal volume, facilitating studies on the role of the frontal cortex or white matter lesions in the pathogenesis of a wide variety of motor, language, cognitive, and behavioural syndromes. fMRI is a powerful tool that has dramatically changed research into the frontal lobes by allowing noninvasive evaluation in vivo. Another exciting development with fMRI has been the mapping of networks activated with cognitive tasks or during rest. Understanding the frontal lobes will lead to advances against a wide variety of neurologic and psychiatric conditions.
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  Summary: In the last three decades the concept of the cortical motor system has changed deeply since neuroanatomic and neurophysiological investigations have demonstrated that this system includes reciprocal parieto-premotor connections responsible for sensorimotor transformation and that its neurons are not simply involved in the execution of movement, as previously maintained, but also code the goal of motor acts and actions. From this high-level motor organization cognitive properties emerge, such as action understanding. Many studies have shown that this capacity is mediated by mirror neurons, a class of premotor and parietal visuomotor neurons in the monkey that activate both during action execution and during action observation. Thus, these neurons constitute a matching system, enabling individuals to automatically understand others' actions. Here the main features of mirror neurons in monkeys and the evidence of the presence of a similar mirror system in humans is described. Then, the way in which the mirror system is involved in intention understanding is shown in both monkeys and humans. Finally, the issue of the plasticity of the mirror system is addressed, suggesting its possible use in rehabilitation in humans.


  




  Introduction




  Classical behavioural and psychophysical studies (Jeannerod, 1988; Rosenbaum et al., 2007) and more recent neurophysiological experiments (see Fogassi, 2009) have shown that the motor system is organized at different levels. At the top level we can put action. Action has an ultimate goal (e.g., eating a piece of apple) and is formed by a series of motor acts. Motor acts, which constitute the second level, are movements aimed towards a goal (e.g., grasping a piece of apple or bringing it to the mouth). The movement is the third level and can be defined as the displacement of single joints. In order to attain the intended goal of an action, single motor acts must be organized into structured sequences and fluently linked with each other. Each motor act is accomplished by combining two or more movements in a synergic way. All the described levels are represented in different sectors of the motor system. Actions and motor acts are coded by higher-order cortical areas, and movements are coded by primary motor cortex or even by subcortical areas. Finally, movements are implemented through commands of spinal motor neurons to muscles. This premise constitutes a background for understanding that cognitive properties, contrary to what was previously thought, can emerge from motor organization.




  A traditional view of the brain's information processing emphasized the role of the posterior part of cortex in elaborating uni-modal or poly-modal sensory input in order to achieve perception. In this view, the role of the frontal part of the cortex and, in particular, of the motor cortex, was that of producing behavioural responses appropriate to the objects of perception. Thanks to the work of the past three decades, this clear-cut distinction between action and perception was challenged, and the concept of the cortical flow of information changed. In fact, many neurophysiological experiments in the macaque monkey demonstrated that the motor cortex (i.e., the posterior half of the frontal lobe) stores motor representations that can be directly addressed by sensory inputs, through the reciprocal anatomic connections between parietal and frontal motor cortices (Rizzolatti et al., 1998). Thus, it became clear that action and perception are strictly linked and, in some sense, represent two different aspects of our means of achieving a knowledge of the world.




  A first important finding that changed the concept of the motor cortex was that neurons of this cortical sector discharge during goal-related motor acts, such as reaching for an object, pushing it, grasping it, etc., rather than during simple movements, such as joint dislocations. In particular, single neurons of ventral premotor area F5 activate when a monkey executes motor acts such as grasping, manipulating, holding, or tearing objects (Rizzolatti et al., 1988). Some of them show a high level of goal abstraction, discharging when the monkey grasps food with the left hand, with the right hand, or with the mouth and, as has been recently reported, when the goal is achieved not only with the natural effector (i.e., the hand or the mouth), but also with a tool, after a period of motor training in the use of it (Umiltà et al., 2008). In this study, monkeys had to learn to grasp a piece of food with normal or inverted pliers, so that the finger movements that allowed the animal to take possession of food were opposite in the two cases. It has been found that the same neuron discharged when the monkey closed the fingers to achieve the food (normal pliers) or when it extended them (inverted pliers), thus coding the goal of the act independent of the type of movement employed to achieve it.




  Altogether, these findings suggest that neurons of area F5 represent an `internal motor knowledge' or a `storage' of motor representations. This storage can be addressed by sensory inputs through the anatomic connections between parietal and motor cortex (see Rizzolatti et al., 1998), thus allowing two main functions: (a) the transformation of an external input (e.g., an object) into a motor format (e.g., grasping); and (b) a sensorimotor matching mechanism, providing an automatic attribution of motor meaning to the sensory input addressing motor representations. Because of their joint action in the realization of these processes, the parietal and motor cortex can be included in the same `motor system'. As a matter of fact, many neurons of the motor cortex respond to several types of sensory inputs, and many neurons of parietal cortex show motor properties beyond the sensory ones.




  An example of a sensorimotor process that allows the individual to achieve a specific understanding of the external world is the mirror matching mechanism. In the next section the basic properties of mirror neurons in the monkey and of the mirror system in humans will be described.




  Review of the topic




  ■ Mirror neurons in the monkey




  Mirror neurons (MNs), as first described in area F5 of the monkey ventral premotor cortex, are visuomotor neurons that activate when the monkey performs a hand or mouth goal-directed motor act (e.g., grasping, biting, tearing, or manipulating an object) and when it observes the same, or a similar, act performed by the experimenter or by a conspecific (Di Pellegrino et al., 1992; Gallese et al., 1996; Ferrari et al., 2003; Rizzolati et al., 1996a). The response of most MNs is invariant with respect to many visual aspects, such as distance, type of object, or hand. Recently, however, two studies have demonstrated some interesting details of the response of MNs. In fact, when we understand motor acts done by others, this cognitive process includes both the understanding of the goal of the observed motor act and the details of it. For example, I recognize that another individual is tearing a piece of paper and that he is performing this act at a certain distance from me, in a frontal perspective. In accord with this behavioural observation, a recent study showed that mirror neurons can be modulated by the visual perspective from which a motor act is seen by an observer (Caggiano et al., 2011). In this study, the responses of MNs of monkey premotor area F5 to movies showing grasping motor acts seen from different perspectives (frontal, lateral, egocentric) were recorded. The first finding of this work was that mirror neurons are activated also by actions observed in movies, although a comparison with the response to natural actions showed that this latter response was normally higher. The second result was that only 25 per cent of the recorded mirror neurons responded to the visual presentation of motor acts in movies, independent of the visual perspective from which they were presented. The other neurons showed significant view-tuning, with different view preferences. These findings suggest that there are mirror neurons whose function is that of encoding the goal of motor acts, while other mirror neurons also contribute by providing details on specific aspects of the observed act. It is likely that this second function occurs through the feedback connections that the motor cortex sends to the posterior, high-order visual areas.




  In another investigation (Caggiano et al., 2009) MNs have been analyzed according to the space sector in which the observed agent performed the action. Under one condition the experimenter grasped a piece of food within the monkey's reaching space (peripersonal space); under the other he performed the same motor act far from the monkey (extrapersonal space). Some mirror neurons discharged more strongly when the experimenter grasped a piece of food within the monkey's peripersonal space, whereas other neurons behaved in the opposite way, coding others' actions performed in the extrapersonal space. Interestingly, when the monkey's working space was shortened by the presence of a barrier, extrapersonal neurons that responded less in the peripersonal space, started discharging strongly also within it, as if this space, because of the barrier, had become far. These data suggest that mirror neurons could code other's actions within different spaces. Possibly, this differential response could be linked to the possibility of social interactions with others. Peripersonal neuronal discharge would trigger in the observer immediate cooperative or competitive behaviour, while extrapersonal ones would trigger a more complex behaviour, for example, an approach of the observer to the action agent in order to interact.




  The idea that mirror neurons crucially contribute to our understanding of motor events has been supported by further neurophysiological investigations, one of which demonstrated that MNs discharged both when the monkey could fully observe a grasping act and when it could see only part of it because the hand­target interaction was hidden behind a screen (Umiltà et al., 2001). It is worth noting that the discharge was absent when the monkey knew that no object was present behind the screen (mimicked hidden motor act), suggesting that mirror neurons have access to prior contextual information (memory of the object presence, vision of the reaching component of the act) in order to retrieve the motor representation corresponding to the observed motor act, despite the absence of its full visual description.




  In another study, the sensory information regarding the motor act was presented to the monkey in an acoustic and/or a visual format. Kohler and colleagues (2002) showed that a subclass of mirror neurons, called `audio-visual mirror neurons', discharge not only when a monkey executes and observe a noisy act (i.e., breaking a peanut), but also when it simply listens to the sound produced by that act, suggesting that its meaning can be accessed through different sensory modalities.




  The two latter studies clearly show that mirror neuron discharge can be elicited in partial or complete absence of vision of the motor act and that other modalities carrying information about biological actions can address the internal motor representation of those actions, allowing the observer/listener to retrieve action meaning.




  The most important property of MNs is the congruence they show between the effective observed and the effective executed motor act. This aspect is crucial for a theory based on matching observation with execution. In fact, the output of mirror neurons, as all the other neurons in the premotor cortex, is motor. Every presynaptic input capable of activating mirror neurons above threshold determines their activation, which is a motor output. Thus, it is important to verify the congruence between visual and motor response. Ninety per cent of mirror neurons are congruent in terms of goal (Gallese et al., 1996). However, this congruence may be stricter or broader, depending on whether the motor act eliciting the visual response is the same as that eliciting the motor response or whether it differs, for example, regarding the higher or lower specificity of one of the two responses. Whatever the type of congruence, the matching mechanism allows the visual/acoustic input to retrieve the goal of the corresponding motor representation.




  Where does the main source of visual information for mirror neurons come from? The anterior region of the superior temporal sulcus (STSa) contains visual neurons responding to the observation of head orientation, faces, locomotion, and arm movements, (Perrett et al., 1989). Among them there are also neurons responding to the observation of goal-directed movements performed with the forelimb, even though no motor-related discharge has been described. This region has strong anatomic connections with the inferior parietal lobule (IPL) (Rozzi et al., 2006), but not with F5. Thus, one could postulate that IPL could be the first node of an IPL­F5 circuit processing biologically meaningful movements. In support of this, MNs have been found also in IPL, and in particular in area PFG1 (Gregoriou et al., 2006; Rozzi et al., 2008). The properties of these MNs are similar to those of F5, but there are also some differences (Rozzi et al., 2008). For example, there are more visual responses to dyadic hand interaction and fewer to mouth motor acts with respect to F5 mirror neurons. In addition, very often, in order to have an effective visual response, the monkey must look at the scene. This constraint is normally not required for F5 MNs.




  The anatomic link between F5 and PFG sectors containing mirror neurons has been recently directly documented (Bonini et al., 2010). This link, together with that of PFG with the superior temporal gyrus makes these areas work as a functional circuit, in which the STS node provides the main source of biological visual information, while PFG and F5 have the major role of matching the visual description of a motor act with its motor representation.




  ■ The mirror system in humans




  A system matching observation and execution of action is hardly lost in human evolution. In fact, the existence of a mirror system (MS) in humans has been demonstrated with electrophysiologic (TMS, EEG, MEG) and neuroimaging (PET, fMRI) techniques. For example, Fadiga and colleagues (1995) stimulated the hand representation of the motor cortex of subjects observing an experimenter grasping an object. The stimulation showed a specific enhancement, during grasping observation with respect to control conditions, of the electromyographic activity (motor-evoked potentials [MEPs]) of those muscles that subjects normally use to execute the observed motor act.




  Transcranial magnetic stimulation (TMS), however, gives only an approximate location of the activated anatomic areas. Several PET and fMRI studies demonstrated that observation of actions activate three main areas, mainly in the left hemisphere: one around the STS, a second one in the supramarginal gyrus (part of IPL), and a third in the ventral premotor cortex plus the posterior sector of the inferior frontal gyrus (IFG), this latter corresponding to areas 44 and 45, that together form the so-called Broca's area (the `speech' area) (Buccino et al., 2001; Frey & Gerry, 2006; Grèzes et al., 2003; Iacoboni et al., 1999; Koski et al., 2003; Rizzolatti et al., 1996b; see also Rizzolatti et al., 2009). The areas activated in IFG and IPL correspond anatomically to the areas where MNs have been found in monkeys (F5 and PFG, respectively). The area activated inside the STS is the likely homologue of the monkey area described by Perrett and colleagues, containing neurons responding during observation of biological actions, but devoid of motor properties (Perrett et al., 1989).




  More recent fMRI studies confirmed that action observation activates the above-described parieto-frontal circuit that, in many cases, includes also the anterior intraparietal area (AIP) (Shmuelof & Zohari, 2008). Finally, electroencephalographic (EEG) and magnetoencephalographic (MEG) investigations, beyond confirming the activation of the frontal cortex during action observation (Cochin et al., 1999; Nishitani & Hari, 2000), showed also that, in temporal terms, activation of the IFG precedes that of precentral cortex.




  While the first PET and some fMRI studies mainly showed the activation, during observation, of a “grasping” circuit, it has been recently demonstrated (Filimon et al., 2007) that the observation of pure reaching movements directed towards an object activate a more dorsal circuit, namely the dorsal premotor cortex (PMd) and the superior parietal lobule (SPL), together with the inferior parietal sulcus (IPS), indicating that the sector of activation depends on the observed effector (hand, arm). A study by Buccino and colleagues (2001) well clarifies this concept, demonstrating a somatotopic activation, with some degree of overlap, of frontal and parietal cortices during subjects' observation of goal-related motor acts performed with different effectors (i.e., mouth, hand and leg). This nicely corresponds to the somatotopic arrangement found in these cortices during the execution of these same motor acts (Penfield & Rasmussen, 1950; Rozzi et al., 2008).




  As described above, some mirror neurons can be activated by observation of motor acts performed with tools (Ferrari et al., 2005; Rochat et al., 2010). Do the areas of the human mirror system also activate during observation of actions performed with a non-biological effector? Gazzola and colleagues (2007a) instructed volunteers to observe video-clips in which either a human or a robot arm grasped objects. In spite of differences in shape and kinematics between the human and robot arms, the parieto-frontal mirror circuit was activated in both conditions. This result was further extended by Peeters and colleagues (2009), who performed an fMRI experiment in which both monkeys and humans had to observe motor acts performed by a human hand, a robot hand, and different types of tools. The results showed that, regardless of the type of effector used, the ventral premotor­inferior parietal circuit was always active in both humans and monkeys. However, only in humans, during tool action observation, was there a specific activation of a rostral sector of the left anterior supramarginal gyrus (aSMG). This activation was not present in monkeys, even after training to use the tools that they would then observe during fMRI scanning. Since it is known that monkeys only rarely use tools without training, these data suggest that during evolution the achievement of the capacity to use tools and to understand their meaning corresponded to the formation of an extracortical region.




  ■ Intention understanding




  A motor act (e.g., grasping) can be included in several actions having different ultimate goals. A series of experiments in monkeys was aimed at assessing whether mirror neurons in the parietal and premotor cortex coding grasping motor acts are influenced by the action goal in which this act is embedded (Fogassi et al., 2005; Bonini et al., 2010). Grasping neurons were recorded while the monkey executed a motor task and observed the same task, performed by an experimenter, in which the same motor act (grasping) was embedded into two different actions (eating or placing). The results showed that a number of both parietal and premotor purely motor and mirror neurons discharged differently during both execution and observation of the grasping act, depending on the goal of the action in which the act was embedded. Thus, the modulation of grasping neurons reflects the action goal during action execution. During observation, the recruitment of the same mechanism enables the observing individual to predict the final goal (intention) of the observed agent. In other words, the mirror matching mechanism provides an automatic understanding not only of others' motor acts, but also of others' intentions.




  A recent study in which the monkey had to perform more complex actions (Bonini et al., 2011) revealed that the action goal modulates the activity of grasping neurons right from the time of the early phases of the action, suggesting the presence of a mechanism, probably located in the prefrontal cortex, selecting actions on the basis of context.




  As in monkeys, there is evidence that the mirror mechanism might play a role in understanding others' intentions also in humans. An fMRI study by Iacoboni and colleagues (2005) showed that when the context indicated to observing subjects the intention underlying an observed action, there was a differential activation of the right IFG (Iacoboni et al., 2005) when the `intention' condition was compared with control conditions in which only the context or only the action were shown. A similar result was obtained by Hamilton and Grafton in a repetition-suppression fMRI experiment (2008). Volunteers were presented with movies showing actions (e.g., pushing or pulling a lid) that could lead to the same or to a different outcome (e.g., opening or closing a box). The results showed that the responses in the right inferior parietal lobule and right inferior frontal cortex decreased (e.g., adapted) when participants saw movies of actions that had the same outcome, regardless of the individual movements involved.




  The studies reviewed above indicate that the parieto-frontal mirror network subserves the understanding of motor intentions underlying the actions of others. This does not mean that the parieto-frontal mirror mechanism covers all types of intention understanding. While motor intention can be automatically understood through a process of retrieval of action representations, the interpretation of others' behaviour can require propositional attitudes that imply a more time-consuming mechanism, probably involving other cortical areas, considered to be part of the `mentalistic network' (see Brass et al., 2007; de Lange et al., 2008; Liepelt et al., 2008).




  ■ Plasticity of the mirror system




  A very important issue that requires a deeper investigation is whether mirror neuron activity can be modified by experience and learning. A hint in this direction comes from two above-mentioned studies reporting the presence of F5 mirror neurons responding to the observation of grasping motor acts performed by an experimenter with a tool. The study of Rochat and colleagues (2010) indicates that when a novel motor act is incorporated in the one's motor repertoire, the new motor representation is integrated in the mirror neuron system, thus allowing a motor resonance during the observation of this act. In the study of Ferrari and colleagues (2005), the recorded neurons responded when the monkey observed motor acts performed by an experimenter with a tool (a stick or a pair of pliers). On the motor side, these neurons responded when the monkey executed hand and mouth motor acts. Since in this experiment monkeys were not trained to use the observed tools, the presence of this particular type of mirror neuron can be due to a relatively long visual exposure to tool actions, so that the tool became a kind of prolongation of the hand. However, also in the case of these neurons, there was a congruence between the visual and the motor response in terms of the goal of the coded motor act.




  Two fMRI studies in humans showed that experience or training in dance can influence the mirror system. In the first (Calvo-Merino et al., 2005), participants, who included classical dancers, dancers of capoeira (a Brazilian martial-arts dance), and persons naïve in professional dance and capoeira observed video-clips showing steps of either classical dance or capoeira. All groups had an activation of the mirror system, as would be expected because of action observation. More interestingly, the observation of capoeira relative to classical dance caused a greater activation in precentral and parietal cortex of capoeira dancers, while the opposite was observed in classical dancers during observation of classic ballet. Naïve subjects did not show any differential activation between the two conditions.




  In the second study, Cross and colleagues (2006) asked expert dancers to learn and rehearse novel, complex whole-body sequences of modern dance for five weeks. Functional MRI was performed every week while the dancers observed and imagined performing movement sequences, half of which were rehearsed and half unpracticed. The results showed that the activation of the mirror system was modulated by the dancers' motor experience, with an increase of activity in PMv and IPL during observation of the rehearsed sequences.




  The mirror system reveals plasticity in some pathologic situations as well. For example, Gazzola et al. (2007b) performed an fMRI study in which participants, two aplasic individuals born without arms or hands, and typically developing (TD) individuals had to observe goal-related hand motor acts and to execute mouth, hand (only TDs), and foot motor acts. This study demonstrated that during observation aplasic subjects presented an activation of the mirror system similar to that of controls. Second, during hand motor-act observation, these subjects had an activation that included the mouth and foot representation of the motor cortex. This second finding has been explained by a recruitment, during observation, of cortical representations involved in the execution of motor acts that achieve similar goals (e.g., taking possession of an object) using different effectors. Thus, it appears that the mirror system can undergo plastic changes similar to those already demonstrated in sensory systems after deprivation of afferent input.




  A second example of this concept comes from an investigation by Ricciardi and colleagues (2009), who showed that when congenitally blind patients listen to the sound of actions there is an activation of a fronto-parieto-temporal system corresponding to the regions activated in the normally sighted control subjects during observation of and listening to the same actions. This means that the mirror system is activated by action sounds. Furthermore, the sound of familiar actions caused a greater activation of this system in both blind and normally sighted subjects.




  Taken together, these examples demonstrate that there is a plasticity of the mirror system, and that this relies on a reorganization of the motor representations. These findings allow us to also hypothesize that the intrinsic plasticity of the observation/execution system can be exploited for rehabilitative purposes. Only recently has action observation therapy been employed for systematic investigation on its effect related to brain modification. Ertelt and colleagues (2007) employed action observation therapy on stroke patients with mild paresis of the hand. These patients were subdivided into two groups: one (the experimental group) had to observe and reproduce motor acts of increasing complexity, whereas the other (the control group) had to observe videos showing geometric symbols and letters and then perform the same motor acts as the first group, as instructed by the therapist. After the end of this 18-day therapy, only the experimental group showed an improvement of the functional scales used to evaluate motor performance. Moreover, an fMRI study performed on patients of both groups, before and after rehabilitation, showed that during execution of an object manipulation task there was an increased activation in the experimental group as compared to the control group in some areas of both hemispheres, such as the ventral premotor cortex (PMv), supplementary motor area (SMA), SMG, and superior temporal sulcus. Most of these areas belong to the classical observation/execution mirror system.




  Conclusions




  In this article, the properties of the mirror system in both monkeys and humans have been described. It has also been shown that this system possesses a plasticity that can be also revealed in pathologic situations. In the last decade it has been proposed that an impairment of the mirror mechanism could account for the core deficit of autistic spectrum disorders, which are characterized by difficulty in intersubjective relations. In support of this notion, electrophysiologic and fMRI studies showed a decrease in the functioning of the mirror circuit in patients with autism-spectrum disorders (Dapretto et al., 2006; Oberman et al., 2005). However, because autistic children often present with motor impairments, it has been proposed that a deficit in motor organization could also explain part of their problems in understanding others' intentions and emotions. A series of studies showed indeed that autistic children, with respect to TD children, lack the typical fluidity that characterizes the organization of intentional actions (Cattaneo et al., 2007; Fabbri-Destro et al., 2009). This deficiency, interpreted in the light of the above-described intentional circuits, would explain why they are not able to understand intentions when they can rely only on pragmatic information (Boria et al., 2009). These observations open the way to further investigations of the autistic motor system and of the relation between action execution and action perception. Furthermore, such further studies could represent a crucial step for devising rehabilitation therapies based on neurophysiological models.




  Note :




  1 - The IPL has been subdivided by Pandya and Seltzer (1982), into three cytoarchitectonic areas, from rostral to caudal: PF, PG and Opt. They also introduced PFG as a transition between PF and PFG. This was considered a distinct area in the more recent classification of Gregoriou et al. (2006).
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  Summary: Human memory is a multi-componential function with distinct brain regions serving specific memory functions. The frontal lobe, with its specialized subregions, is one of the primary structures implicated in several memory processes such as working memory, episodic memory, and procedural and implicit learning. Studies on typical and atypical developmental populations have contributed to clarify the role of the frontal lobe in memory. Several data on individuals with intellectual disabilities documented deficits in working memory's central executive system related to frontal lobe abnormalities. In typically developed populations, a higher use of strategic mechanisms in episodic memory (e.g., recall) has been related to increased prefrontal cortex activity; however, in persons with Down syndrome reduced use of strategic mechanisms in verbal recall has been associated with an abnormal neuroanatomic reorganization of the right orbitofrontal cortex. Moreover, the recollection component of episodic memory has been found to be impaired in individuals with Williams syndrome and associated with their abnormalities in frontal lobe regions. Similarly, the implicit learning deficits found in Williams syndrome and in dyslexic individuals have been associated with frontal cortex abnormalities. In this chapter, the role of the frontal lobe in developmental disorders and its significant implications for rehabilitation of memory are discussed.
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Fig. 1. Diffusion tensor imaging (DTI) in studying the corticospinal tract. The regions of interest (ROIs)
are positioned in the posterior limb of the internal capsules






