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  Chapter 1 - The effect of brain lesions/disease on cognition: location/type and treatment


  Daria Riva


  Developmental Neurology Division, Fondazione IRCCS Istituto Neurologico `C. Besta', via Celoria 11, 20133 Milan, ItalyDaria.Riva@istituto-besta.it

  


  This introduction aims to outline the theoretical framework in which neuropsychological disorders, secondary to or associated with various types of diseases, locations, and types of brain lesions and their treatments, can be considered and examined. Higher psychic functions include a wide array of cognitive-behavioural functions that represent the final product of integrated processes of complex and widely distributed networks, made up of associative connections linking cortical areas that are highly or less highly specialized; the headquarters of sensory and motor elaborations which work together synchronously in a highly connected system. These widely distributed networks process the complexity and articulation of the language system, the visual-spatial capacity, and all other general abilities of the superior order (Riva, 2011).


  The connectivity between brain areas is guaranteed by anatomical and functional connections. Structural anatomical connectivity is produced by a wide range of fibres, the classification of which, first made by Theodor Meynert in 1872 (Meynert, 1872), differentiates between associative and commissural projections. The projection pathways are: the corticobulbar tract, the corticospinal tract, the thalamo-cortical pathway and vice-versa, and the fornix pathway. There are also the commissural fibres, of which the corpus callosum is the most representative connecting system between the two hemispheres. There are, finally, associative fibres which are intra-hemispheric and connect associative areas of the same hemisphere.


  The intra-hemispheric and commissural tracts thus compose the brain's structural and anatomical connectivity, that is, the discrete pathways that directly connect distant regions and territories. There is also a functional connectivity among brain regions that share functional properties. It can be defined, more specifically, as the spatial temporal correlation between neurophysiological and neuropsychological events that are spatially remote, but crucial to task-relevant processing. Functional connectivity, which can be analyzed using neurophysiological and direct functional brain imaging tools, has provided extraordinary information regarding brain function as well as, obviously, anatomical function, as it permits us to study in vivo human mental function and activity.


  Knowledge about the brain's architecture is based on information furnished by different disciplines, including mathematical models known as Graph Theory (He & Evans, 2010) and advanced neuroimaging technologies, such as resting state functional magnetic resonance imaging. The latter method has made it possible to study the activation of specific brain areas even when the subject being examined is not engaged in an active task; it is also possible to investigate individuals with severe intellectual disability who are unable to carry out predetermined tasks.


  According to mathematical models, instead, a network is usually made up of a clustering of more or less specialized areas which are connected to one another and, at the same time, to distant structures. The Graph Theory states that there are Small Worlds that are independent, although linked together by powerful internal connections, which do not work as a psychotic isolated system, but through in-between and distant connections with other Small Worlds. Functional connectivity is thus made up of hubs of greater or lesser complexity, convergences, divergences, feedback systems, switchboards, etc. which participate in the brain's extraordinarily complex processing system (Gerloff & Hallett, 2010).


  Several important studies have made it possible to identify four functional networks, consistently found to be operative in healthy subjects: the visual, the sensorimotor, the basal ganglia (or basal nuclei), and the Default Mode Network (DMN). The latter is activated during passive mental no-task states (Buckner, 2012; Lee et al., 2012; Moussa et al., 2012).


  The DMN operates in the morning when one is in a half-asleep state in which our minds are engaged in non-directed thinking; daydreaming, remembering, planning out everyday activities, linking memories and images, and planning freely without any definite logic. The DMN involves specific brain structures which include regions linked to episodic memory, those correlated to subjective visceral sensations processed in the precuneus, and to those processed by the inferior parietal lobes, an integrative area of fundamental importance. The organization of functional connections is not operative at an early age; the child's brain connects hubs and nodes in a unimodal processing system and the adult's brain connects areas within the confines of a multimodal one (integrative associative areas). There is thus a development over time; the infant has primary sensorimotor areas which are accessed by a single type of afference where it becomes integrated and, as the child develops, brain areas integrate different afferences. It can be said that between 7 and 9 years of age, the brain's architecture is similar to the Small-World type found in adults (Fransson et al., 2010).


  Brain architecture and function reflect a system in which some regions are more or less specialized while others are integrative and linked to one another by pathways. A lesion, be it malformative, tumoural, vascular, degenerative, or demyelinating, that damages one of the components of the system, causes a disconnection which fragments the integration process. If a lesion damages a hub or heteromodal (integrative) area, the impairment will be more significant with respect to secondary effects that are caused by nodal lesions. Any brain area is responsible for a part of the perfection of the final processing product. It is thus pointless to distinguish between eloquent and non-eloquent brain areas; it is instead important to distinguish between crucial, extremely complex areas, that might not be very vicarious, and less critical areas. The specialization of brain areas can be studied using various methodologies, such as morphological and functional MRI, combined positron emission tomography (PET), SPECT, etc., while bundles of fibre tracts can be analyzed using diffusion tensor imaging (DTI) tractography, which allows us to analyze connectivity in vivo.


  There is another added value to the disconnection paradigm; it is possible to uncover how lesions that are distant, for example, from language centres, can nevertheless provoke language disorders and to explain some neuropsychological syndromes that have been incomprehensible until now.


  The model outlined by Catani and Ffytche in Brain in 2005 allows for the fact that brain disorders, and thus altered cognitive function or behavioural phenotypes, can be caused by topological mechanisms, that is, by the lesion's location or by odological mechanisms linked to disorders of the connecting system, or by both. This model provides insights into the neurological pathology even during developmental stages.


  Studies focusing on the arcuate fasciculus can be used to exemplify in vivo investigations concerning connections between brain areas. The arcuate fasciculus connects Broca's area with Wernicke's area. The syndrome caused by a lesion to the fasciculus is characterized by language disorders; affected individuals are able to produce and understand words but not able to repeat them. The tractography studies revealed that the small tract of the arcuate fasciculus is actually made up of a pathway which directly connects Wernicke's area to Broca's area and of an indirect parallel pathway, of which nothing was previously known, composed of an anterior segment connecting Broca's area to the inferior parietal cortex, a powerful integrative area, and a posterior segment connecting Geschwind's with Wernicke's territories (Catani & Ffytche, 2005). This discovery made it possible to explain Geschwind's aphasic syndrome (named in honour of Geschwind, who first defined the disconnection syndrome). Patients with this syndrome are able to repeat words but have a limited verbal fluency and a lower verbal comprehension capacity.


  The role of the second pathway between Broca's and Wernicke's areas is also extremely important for the acquisition of language; at the same time, it explains why children are able to repeat strings of sounds that have a semantic meaning (although they do not understand its meaning). In addition, it permits us to study reciprocal information, i.e. the bundles of connecting fibres are always bidirectional which means that the information travels from Wernicke's to Broca's area, but also from Broca's to Wernicke's area, both with regard to comprehension and verbal production (Riva, 2011).


  Furthermore, another important issue is that the white matter and the cortical regions influence one another at the time of their maturation. If the connection system is altered, information arrives altered with a distorted pathological formation on the cortex; vice versa, a cortical region that is primitively pathological will have altered efferent connections and thus will have a deformed formative action on the connecting systems (Mesulam, 1990).


  Even some neurodevelopmental disorders such as autism, with or without intellectual disability, can be explained by alterations in connections and regions. Autism is considered a prevalently pathogenetic disorder characterized by altered connectivity in which integrative areas are connected in an incomplete, pathological way due to faulty long connections; the short connections operating within a Small World appear, instead, to be so intensified that even high-functioning islands have been demonstrated. The fMRI studies have also confirmed that long connections are altered (Deshpande et al., 2013).


  In two recent studies, we examined autistic children with intellectual disability and found volume anomalies in some brain areas, including the basal forebrain, the cerebellum, and the mirror neuron system (Riva et al., 2011, 2013). As a consequence, we expect to find that the connections between these areas are altered.


  Even intellectual disability caused by genetic mutation has a place within this theoretical framework. Intellectual disability and anatomy are linked, and we can exemplify the correlation between the brain and phenotype by considering that a gene may code for a protein that enters and structurally takes part in cerebral circuits that process specific functions. If genetic mutations code for the absence of a protein or for an altered protein, the processing relative to the circuit(s) it is a part of will be altered, producing specific functional impairment and subsequently a distinct cognitive/behavioural phenotype for that mutation.


  The neuroanatomical phenotype can become clearly evident on MRI, as in the case of Joubert's syndrome, of which the “molar tooth sign” (with deepened interpeduncular fossa and horizontalised, thickened and elongated superior cerebella peduncles) is pathognomonic (Maria et al., 1997). In other cases, the neuroanatomical phenotype is not so evident and must be detected using functional and advanced methodologies. We can use the example of the Fragile X syndrome to develop the concept that a malfunctioning or unexpressed protein in some brain regions processing a certain function can lead to a typical phenotype. This genetic condition, caused by a mutation of the FMR1 gene due to the expansion of an unstable trinucleotide in the region of the gene, codes for a protein (the fragile X Mental Retardation Protein) expressed in many brain structures. The phenotype is characterized by learning disabilities of varying degrees which are generally more severe in males. The level of intellectual disability appears to be linked, according to a study of 144 families, to the quantity of FMRP protein. However, the most salient dissociation is that between verbal and visual perception abilities, to the detriment of the latter, with dysexecutive central syndrome and frequent autistic-like behaviour.


  The FMRP protein in normal subjects is powerfully expressed in the magnocellular layers of the lateral geniculate nucleus, which is an integral part of the complex extrastriate visual areas of the dorsal stream dedicated to visual processing. Visual processing uses two basic pathways (besides the occipital striate cortex), the so-called visual extra-striate pathways. The ventral stream, which travels from the occipital lobes to the inferior temporal regions, is important for the analysis of characteristics regarding the form and colour of an object, while the dorsal pathway, which travels from the lateral geniculate body to the occipital lobes and then on to the parietal lobe, elaborates the spatial attributes of stimuli. In mutated FRAX subjects, this protein is either not expressed or expressed in an insufficient quantity; the outcome is that the extrastriate dorsal parietal circuit, which the geniculate body is a part of, is unable to adequately carry out visual tasks (Kaufmann et al., 1999).


  Reiss and collaborators extensively studied the Fragile X syndrome, particularly in children younger than three compared with typically developing control subjects matched for age and sex (Gothelf et al., 2008). Utilizing volumetric, voxel-based, and surface-based modelling approaches, they found that abnormal development of specific brain regions characterizes a neuroanatomical phenotype associated with fragile X syndrome and may mediate the effects of FMR1 gene mutations on the cognitive and behavioural features of the disorder. Further analyzes carried out by manually tracing the various structures confirmed the result that the most altered anatomical structure was both the left and right caudate which correlated with the lowest level of protein expression and with some scores of the autism scale and of the stereotypes (Gothelf et al., 2008).


  Since a region is not independent of the connections that reach it, in the same way, the connections are not independent of the regions from which they originate or to where they are directed, and this results in a constant, reciprocal remodelling. Another study of the Fragile X syndrome used the tractography approach to show that the connections of the striate, of which the caudate is a part, and the frontal cortex were altered with a greater number and density of fibres with respect to those in normal or IQ-matched children (Haas et al., 2009).


  This means that abnormalities of the cortical regions and their connections in children over three confirm that there is an early genetic influence which selectively conditions brain architecture, giving rise to a typical anatomical phenotype and thus to an equally typical behavioural phenotype, which are correlated (Hoeft et al., 2007).


  Whenever the behavioural cognitive functions of a child with a neurological disorder are being studied, the treatments being utilized must always be taken into consideration. Differentiating between the effects of a primitive pathology and those of therapeutic medications is difficult and is an intuitively artificial process. Various types of treatment, be they surgical, radio or chemotherapeutic interventions, can cause important white matter structural alterations (see Riva's chapter on tumours in this book). As epilepsy is often associated with many neurological diseases, it is important to remember that antiepileptic drugs act at various levels and nearly all provoke cognitive disturbances (Ijff & Aldenkamp, 2013).


  There are also some rehabilitative treatments that can even increase gene expression which controls neuronal plasticity. These findings confirm the importance of rehabilitation and underline the significance and potential of a discipline that has until only recently been markedly neglected. As demonstrated by the study of Maffei published in Neuron in 2007 (Pizzorusso et al., 2007) and the one by Fischer published in the same year in Nature (Fischer et al., 2007), the environmental enrichment, which is not necessarily synonymous with rehabilitation, but corresponds essentially to a caring approach or cognitive, social and physical stimulation, appears to trigger an epigenetic mechanism that can even alter the characteristics of some genes, which control plasticity. These genes are conditioned, in particular, in two specific brain regions, the hippocampus and neocortex, with a consequent increase in learning capacity and access to long-term memory. A group of investigators in Pisa recently reported that preterm infants who were given a massage showed an acceleration in visual evoked potentials and changes in electroencephalography (EEG) activity (Guzzetta et al., 2009).


  Conclusion


  This chapter has outlined the theoretical framework in which the disorders described in this book are placed. The brain is a complex dynamic system formed by functionally interconnected regions; this has been demonstrated by clinical and lesion studies, and now by new neuroimaging techniques which have permitted us to study in vivo the specialization of regions and their connections, and to better understand clinical pictures which would otherwise be incomprehensible. A discrete lesion (tumour, stroke, or malformation) localized in specialized regions provokes specific deficits; lesions of hubs provoke more serious damage and white matter lesions provoke an important array of disabilities, including neurodevelopmental disorders. Various kinds of treatment/rehabilitation can modify cognitive behaviour, and environmental enrichment is known to increase cortical plasticity.
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  Epilepsy and headache


  Chapter 2 - Possible pathogenetic mechanisms of epileptic encephalopathiesand implications for associated cognitive disorders
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  Summary: In this chapter, some evidence regarding certain characteristics of epileptogenesis in the immature brain and the possible consequences affecting cognitive processes are summarised. Evidence suggests that, in experimental models, as in humans, the developing brain is prone to respond to epileptogenic events with more severe seizures. Moreover, the epileptogenic processes are concomitant with the physiological developmental phases, and the two evolving phenomena can negatively interact. In particular, the effect of the epileptogenic process on developmental plasticity can significantly disturb learning abilities.


  In the rodent brain, major maturational events are prolonged after birth and involve both morphological and physiological aspects, moreover, most of the morphogenetic processes affecting cell bodies, dendrites, and axons also occur after birth. Cell bodies progressively enlarge and attain their final size by the end of the first month, while the volume of neuropil increases, mainly due to the growth of dendritic arborisation. Axonal proliferation and synapse formation occur at different rates in pyramidal and local circuit neurons, such that the axons of projection neurons begin to extend and form synapses before that of the axons of local circuit neurons.


  Substantial changes in physiological properties occur concurrently with morphological development and involve both synaptic transmission and intrinsic membrane excitability.


  In this chapter, we will summarize some evidence relating to the specific characteristics of epileptogenesis in the immature brain, as well as the possible perturbation affecting cognitive phenomena due to changes which occur within the window of time during early development, as a consequence of epileptogenic events.

  


  Experimental studies support an increased susceptibility to seizures in the immature brain


  Animal data support the assumption that the immature brain is intrinsically more susceptible to seizures, indeed epileptogenic manipulations performed in rodents (electrical stimuli, hypoxia, toxic agents or chemical convulsants) suggest that neonatal and juvenile animals have a lower seizure threshold and more severe seizures. This was demonstrated, in particular, for those chemical agents (kainate and pilocarpine) that induce an initial epileptic status and represent a model of temporal lobe epilepsy (characterized by spontaneous recurrent seizures) after a variable latent period (for a review, refer to Wong, 2005).


  Immature neurotransmission is pro-epileptogenic: the special case of GABA


  The developmental rearrangement of the neurotransmitters and receptors is a factor that may significantly predispose the immature brain to increased seizure susceptibility. go toward.


  All neurotransmitters are involved in post-natal maturational processes, but an extremely important factor appears to depend on the specific maturational profile of the main inhibitory neurotransmitter, gamma aminobutyric acid (GABA). In fact, GABA is present in the brain even before GABAergic synapses are formed and probably plays an early trophic function, influencing the differentiation and migration of neurons (for a recent review, refer to Nardou et al., 2013). When GABA starts to exert a neurotransmitter effect, it behaves as an excitatory rather than an inhibitory neurotransmitter. This paradoxical effect derives from the specific distribution of chloride ions in the immature brain due to the presence of an immature form of the chloride membrane pump, which actively causes influx of chloride ions and results in an intracellular chloride concentration more than three times greater than that found in mature neurons. Because of this particular condition, GABA action results in a membrane depolarization that can lead to action potential generation.


  Epileptogenesis and seizure-induced changes in cortical structures


  Seizure-induced changes in cortical structures demonstrated in animal models (mainly rodents) have been commonly obtained after initial brain damage induced by different methods, most of which represent a model of the process leading to temporal lobe epilepsies. In theses studies, the epileptogenic process includes acute changes, immediately following the epileptogenic manipulation, with rapid alterations in ion channel kinetics and functional proteins, and activation of immediate early genes, followed by sub-acute changes occurring through a period of weeks, including transcriptional events, neuronal death, and activation of inflammatory events.


  Chronic changes that follow over weeks to months include aberrant neurogenesis and axonal sprouting network reorganization, as well as gliosis. All these epileptogenic processes interact with physiological developmental processes and might contribute to differences in epileptogenesis between adult and developing brains (for a review, refer to Wong [2005] and Rakhade & Jensen [2009]).


  Some of the experimental methods used in rodent studies to induce epileptic status (e.g. chemicals convulsants administered systemically or within specific brain structures) have a significant value in our understanding of the mechanisms of the progressive epileptogenic processes, but a doubtful relevance for a clinical point of view. However, important chronic changes have also been obtained with experimental manipulations, such as hypoxia or induced febrile seizures (Jensen et al., 1992; Chang et al., 2003), which more closely reproduce clinical situations.
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