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Preface

The cerebral cortex is the most elegant and sophisticated structure of the brain. 
It plays a dominant role in elaborating sensory perception, organizing voluntary
motion, memory, and judgment, emotions and behavior, interior life and thinking, 
speech and linguistic skills, art and music, learning and creativity, as well as the
philosophy and the programming of life.

Personhood and social performance of human beings are developed, organized, 
and modulated by the cortex of the brain hemispheres in collaboration with the
cerebellar cortex.

Each cortical area of the cerebral lobes plays a particularly crucial role in the creation,
organization, and harmonization of mental faculties, in adjusting self-control and
emotional stability, in developing self-identification and controlling multiple social
interactions, shaping also the rational profile and the existential dimensions of a
human being.

Amazingly, there is close cerebro-cerebellar connectivity and collaboration with the
majority of the subcortical centers, concerning primarily the motor performances as
well as most of the higher mental faculties, such as memory, emotions, perception,
thinking transpersonal experiences, [1] creativity, innovation, and imagination.

The cerebellum plays a valuable coordinating role in the majority of the
activities of the brain hemispheres [2]. Although the organization and uniform
cytoarchitecture of the cerebellar cortex are very different from the considerable
neuronal morphological variability of the cerebral cortex, the functional
collaboration between cerebrum and cerebellum is a continuous harmonious
process, resulting in the functional stability of the brain, [3] based on the
contribution of the cerebellum in the consistency and appropriateness of motor
and cognitive performances [4]. It is thought that the external information
analyzed by the brain hemispheres is harmoniously matched with the internal
predictions generated by the cerebellum [5].

A substantial body of evidence, based mostly on neuroimaging, advocates in
favor of the important role that the cerebellum plays in the timing and adaptive
manipulation of the majority of motor and cognitive processes generated and 
organized in the cortex of the brain hemispheres, including working memory, 
language processing [6], unconscious learning, music training, [7] and exploration
of novel patterns of cognition and social behavior [8].

In pathological conditions, the cerebrum and cerebellum may continue
their close functional collaboration via neuronal plasticity and cerebro-
cerebellar reserve [9, 10]. However, in cases where the underlining etiology
of the pathological alterations is severe, such as in toxic conditions, [11] viral
diseases [12] affecting the cerebrum or the cerebellum, hereditary ataxias,
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cerebrovascular diseases, cortical degenerations, Alzheimer’s disease, and 
other dementias, [13] the disorganization of the neuronal networks in the 
brain and the cerebellum induces marked alterations in mental performance, 
characterized by a serious cognitive decline as well as dysmetria of thought 
[14] and Schmahmann’s syndrome [15] as a result of the wide disruption of the 
homeostatic equilibrium of the mind.

Cerebral and Cerebellar Cortex – Interaction and Dynamics in Health and 
Disease discusses several important issues of cerebro-cerebellar collaboration 
and interactions, such as the role of the cerebral and cerebellar cortex on 
consciousness and the orchestration of human consciousness from beyond the 
brain. In addition, the book analyzes dynamic praxis and spatial postural praxis 
in children 4–6 years old with typical development using neuropsychological 
methods to reveal that age is an important factor in the qualitative changes in 
the motor skills of children. The book also describes and discusses pathological 
alterations of the brain due to ischemic lesions and the mechanisms of brain 
damage. Reasonably, recovery from stroke based on neuronal plasticity and 
neosynaptogenesis would substantially ameliorate the quality of life of the 
patients. Thus, therapeutic interventions to enhance neuroplasticity would 
optimize the prognosis of the post-stroke condition of the patients, maximizing 
recovery from cerebrovascular episodes.

In the field of motor mechanisms and performances, a detailed study of the 
movement-related cortical potential (MRCP) for jaw movements in patients who 
underwent jawbone excision revealed that the brain’s motor preparation process 
depends mainly upon a feed-forward system. The disruption of that system would 
affect seriously the information processing of the brain.

In cases of dementia due to Alzheimer’s disease, the morphological alterations 
of the mitochondria in the cerebral and cerebellar cortex are among the initial 
phenomena in the broad spectrum of neuropathological changes. Therapeutic 
strategies protecting the mitochondria in the initial stages of Alzheimer’s 
disease might be beneficial, leading to an escape from the tragic labyrinth of the 
disease.

In addition, cerebral perfusion plays a fundamental role in the performance of the 
cognitive function. A decrease of cardiac output associated with asymptomatic 
postural hypotension may be among the main etiological factors of cognitive aging, 
given that cardiac output is dependent on venous return. A technique applying 
soleus muscle stimulation, which would increase the soleus muscle pump function, 
may increase the venous return of the blood, improving cardiac output and 
anticipating cognitive aging.

In the enigmatic and unclear etiopathology of Alzheimer’s disease, lipid rafts may 
also have a place as potential causative factors, participating in the amyloidogenic 
process of the amyloid precursor protein, given that in the initial stages of the 
disease a substantial lipid raft destabilization can be detected.

This book supports the concept of the close functional unity and harmonization 
of the brain and the cerebellum, underlining the important role that the 
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cerebellar cortex plays in the performance of higher mental faculties, including 
creativity, [16] emotional processes, and homeostatic equilibrium of the human 
body [17].

We extend our gratitude to the authors for their excellent contributions.

Stavros J. Baloyannis
Professor Emeritus,

Departmet of Neurology,
Aristotelian University,

Thessaloniki, Greece
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Chapter 1

Human Consciousness: The Role 
of Cerebral and Cerebellar Cortex, 
Vagal Afferents, and Beyond
Abdullah Abdulrhman Al Abdulgader

Abstract

Human Consciousness is one of most elusive issues in the scientific history. Its 
nature created major historical debate started thousands of years ago and still ongo-
ing. Despite the explosive developments in the last 6 decades to explore its nature, 
the knowledge about it is still deficient. The important advances in the twentieth 
and 21st centuries in understanding cerebral cortex dynamics fortified by the 
dominant materialistic philosophical approach of the era dictated its impact on con-
sciousness science, which is understood as sole human brain function. This chapter 
is a call for holistic perception of human consciousness incorporating the ancient 
wisdom of the human civilizations with the massive current advances in differ-
ent disciplines of applied sciences. The description of René Descartes in the 17th 
century of the Cartesian dualism is timely to revisit with new holistic perspective, 
in view of the major advances of our understanding of heart brain communications, 
astrophysical resonances with, human heart and central nervous system frequen-
cies, and signaling between humans and their large environment. Neural and 
psychological correlates of human consciousness which dominate the consciousness 
research nowadays should undergo revolutionary conceptual understanding to 
perceive consciousness as a massive universal event expanding from human genes 
to galaxies with cerebral cortex as major player.

Keywords: human consciousness, solar geomagnetic activity, heart based resonant 
fields theory of consciousness

1. Introduction and definition

Consciousness remains the hall mark defining human intelligence and interac-
tive life and the true demarcation line between being and not being. In spite of 
being the most practical experience of self identity and intelligent life reactions 
in this life that we live, its nature remains an area of great debate and sometimes 
conflicting opinions between philosophers, biologist and intellectualists since the 
dawn of human scientific history. The twentieth century is known as the century of 
brain as there was exaggerated materialistic inflation of brain role in human func-
tions but mainly consciousness. There is compelling scientific and rational evidence 
to convince scientific communities that the nature of consciousness involves 
dynamics inside the skull but essentially much beyond it in extreme dimensions 
between the skull and the sky. In addition to discussing the sophisticated neuro-
biological dynamics within the cerebral cortex, the main aim of this chapter is to 
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open channels for holistic perception and understanding of human consciousness 
incorporating other scientific disciplines like the central role of human heart 
contribution to consciousness, quantum physics, as well as astrobiologigcal aspects 
of consciousness are going to be discussed.

2. Consciousness definition

2.1 The challenges

Since the dawn of humanity the ability of human beings to be alert, responsive 
and behave intelligently with emotions and identity were the subject of huge 
concerns in the philosophical, medical, psychological and religious communities. 
The explosive nature of diagnostic modalities in neuroimaging, medical physics 
and neurocardiology since world war 2 but more specifically in the last 20 years 
created revolutionary perspective of our understanding of the nature and origin 
of consciousness. Those advances were paralleled with numerous publications and 
selective conferences concerned with the brain and mind. We established unique 
conceptual congress, the King of Organs for Advanced Cardiac Sciences where 
heart and brain communications were discussed in unconventional ways in five 
international conferences (2006,2008,2010, 2012 and 2019) founded and chaired 
by the author of this chapter. One of the most challenging controversial and still 
ongoing scientific issues is the debate on how to define consciousness. The words 
conscious and consciousness is antique but appeared first in the documented English 
literature in the17th century followed by the world self-conscious and self-conscious-
ness [1]. Consciousness is frequently used in different cultures and writings inter-
changeably with the Mind. In our understanding the term “Mind” is best preserved 
for psychological states and processes that might or might not be ‘conscious’. In 
addition it is crucial to emphasize that mind and brain are not synonyms. Brain is 
structural correlates of the mind while mind is functional correlates of the brain. In 
similar way the tem knowledge is not synonym for consciousness as knowledge can 
be unconscious, or implicit.

Comprehensive understandings of scientific etymology demands the linguistic 
power in combination with the practical meanings as it is accepted and understood 
in the mainstream language. In this regard we suggest approaching consciousness 
with broad visionary perspective. For this reason we will define consciousness by 
referring to three major domains: First: the state of alertness and being vigilant, the 
opposite of which is coma as measured by Glasgow Coma Scale. This is predomi-
nantly of neurological nature. Second is the experience or the content of experi-
ence from time to time or ‘what something looks like’ and the inward connotation 
and feelings. This is predominantly of philosophical nature. Third is referred to 
the mental state with propositional content like fear, anger or appreciation. Most 
research in medical literature has natural tendency to neglect this third meaning 
of consciousness. This state of continuous historical uncertainty and debate about 
consciousness is in our opinion justified because of lack of knowledge of the origin, 
dimension and fate of our current life consciousness. The fact that the nature of 
consciousness cannot be explained as deduction from pathological alterations in the 
brain led to the fact that the mysterious mission of understanding human con-
sciousness will be impossible without involving dimensions out of cerebral cortex. 
It can be looked as property of highly complex dependent biological systems which 
is adaptive, and highly interconnected.

The phenomena of access consciousness where information are accessed to 
the brain from different energetic cosmic levels is a major gate to explore in the 
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comprehensive science of consciousness although by itself, it is unconscious. 
What increase complexity is the historical believe in different civilizations and 
religions that consciousness will never disappear but transform from one realm 
to another. Recently consciousness research refers to the Consciousness Tetrad 
which describes four escalating levels of consciousness starting from the default 
consciousness which is the default state that separates the living from the dead, 
rising to the aware consciousness which looks at consciousness as a continuum 
of states ranging from awake to sleep to drowsiness to semiconscious states like 
stupor and finally coma. The third level is the operational consciousness which is 
consciousness related to motor, sensory, cognitive, ethical, creative, emotive, and 
other abilities and capabilities and awareness of all mental operations. The fourth 
level is what philosophers refers to as the transcendence of human soul called the 
exalted consciousness where the most elite and spiritual experience of a human 
being can be achieved as the person is getting closer to the thresholds of the high-
est intelligence ever, who masters the emergence and fate of death and life and all 
creatures and universes. Our mentor and ex colleague and fellow member in the 
scientific advisory board of HeartMath Institute the famous neuroscientist the late 
Karl Pribram simplify the current deficient perception of consciousness saying that 
there is little c consciousness refed to being awake or sleep and big C consciousness 
referring to the intelligence and information that organizes the universe and all that 
is within it.

2.2 Definition of consciousness

Agreement in definition and overlapping terms is important to navigate safely 
and target the phenomenology of human consciousness as precisely as possible. 
To recapitulate the wide spectrum of meanings and domains the author define 
Consciousness as a state of alertness and being aware, active and vigilant of the self 
and surroundings with volition, based in memory and personal identity. This state is 
ineffable and intrinsic and express itself in presence of soul through activation 
of different sensing and perceptive body organs but may pass through lighter 
densities and variable dimensions in quantum nature, if soul leaves the body.

The following discussions in this chapter will expand the understanding in those 
directions.

3. Neurobiological basis of consciousness

The level of human consciousness is the collective activity of widespread areas 
of bilateral association of cortical and subcortical structures and possibly other 
interconnected biological and astrophysical systems. Due to the complex nature of 
consciousness origin and dimensions, it would be too artificial and nonrealistic to 
confined consciousness discussion in cortical, subcortical dimensions as is the product 
of interaction and connections of complex biological and non-biological networks.

Although much has been learned about the neuroanatomical structures participating 
in consciousness, there is always great demand to establish the physiological and physical 
mechanisms through which consciousness is generated in these networks, structures and 
dimensions. In this section we are going to elaborate with some details about “brain 
related consciousness systems” including cortical components, as well as subcortical 
components comprising multiple parallel arousal systems in the upper brainstem, 
thalamus, hypothalamus, and basal forebrain, cerebellum as well as sensory and 
motor components and neurotransmitter pathways, interaction of which will 
determine the amount of alertness, attention, and awareness.
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consciousness origin and dimensions, it would be too artificial and nonrealistic to 
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dimensions. In this section we are going to elaborate with some details about “brain 
related consciousness systems” including cortical components, as well as subcortical 
components comprising multiple parallel arousal systems in the upper brainstem, 
thalamus, hypothalamus, and basal forebrain, cerebellum as well as sensory and 
motor components and neurotransmitter pathways, interaction of which will 
determine the amount of alertness, attention, and awareness.
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Cortical components consisting medially of the medial frontal, anterior cin-
gulate, posterior cingulate, and medial parietal (precuneus, retrosplenial) cortex. 
On the lateral surface, it includes the lateral frontal, anterior insula, orbital frontal, 
and lateral temporal–parietal association cortex. The major subcortical networks 
that regulate level of consciousness including the thalamus and subcortical arousal 
nuclei acting through multiple neurotransmitters (glutamate, acetylcholine, gamma 
amino butyric acid (GABA), norepinephrine, serotonin, dopamine, histamine, 
orexin) that arise from the upper brainstem, basal forebrain, and hypothalamus are 
going to be discussed.

The consciousness experience remains more complex than simple understanding 
of possible structure or network functions. The content of consciousness at certain 
time period is interdependent on the substrate of structure(s) and network(s) acti-
vated during that time to yield the specific conscious experience as will be discussed 
in this section.

3.1 The correlates of consciousness

In spite of the developments in the field of consciousness in the last two decades 
it is not clear how any physical process, such as neural activity, can give rise to a 
subjective phenomenon such as conscious awareness of an experience. For this 
reason, very important observation for researchers in the field of neurobiology of 
consciousness is to know that the causal relationship of the objective detection of 
neuronal activation and the subjective awareness of conscious experience is uncer-
tain. Neuroscientist suggested the idea of the Neuronal Correlates of Consciousness 
(NCC) to be able to study the possible minimal model or the smallest possible 
building components of conscious percept or explicit memory.

Gamma-band oscillations around 40 Hz is proposed as the band that correlate 
conscious processing. Examples of NCC documented in literature are: the intralam-
inar nuclei of the thalamus [2], re-entrant loops in the thalamocortical systems [3], 
an extended reticular thalamic activation system [4], neural assemblies bound by 
N-Methyl-D-Aspartate (NMDA) [5], the inferior temporal cortex [6], visual cortex 
connections to the prefrontal cortex [7, 8] and visual processing within the visual 
stream [9]. With the advances of both behavioral sciences and computational engi-
neering consciousness scientists, innovate are under investigations to discover ways 
to couple Neuronal Correlates of Consciousness (NCC) with Behavioral Correlates 
of Consciousness (BCC) and Computational Correlates of Consciousness (CCC) in 
order to promote our understanding of more comprehensive perspective of human 
consciousness. Building conscious machine through the new understanding of 
computational models [10] artificial intelligence and cognitive robotics is pursed.

3.2 Ascending reticular activating system and consciousness (ARAS)

Revising history of arousal in modern medicine document (ARAS) as one of 
the first described structures responsible of enhanced arousal [11]. After decades 
of researchers efforts we know that what was described as (ARAS) is not a struc-
ture of brain stem nuclei per se but is a group of specialized nodes in a complex 
network and pathways that controls arousal. This network includes the cholinergic 
nuclei in the upper brainstem and basal forebrain, The posterior hypothalamus 
histamine projection, and noradrenergic nuclei, especially the locus coeruleus. The 
dopamine and serotonin pathways that arise from brain stem are thought to be part 
of (ARAS). The thalamus which constitute crucial synaptic relay for most sensory 
and intracerebral pathways is located strategically at the apex of (ARAS) and have 
mediated major control on most of its activities [12, 13]. Thalamic burst discharges 
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are generated through extensive inhibitory axon collaterals, produced by special 
thalamic, ARAS coordination. Those discharges are responsible for gating specific 
reticular information which is in turn transmitted back to the cortex, and this 
reverts the information back to the brainstem [14]. Positron emission tomography 
(PET) investigation during slow-wave sleep [15] and anesthesia [16] documented 
selective thalamic and ARAS hypometabolism through studying functional 
neuroimaging of normal human sleep and studying the neurophysiologic basis of 
 anesthetic induced unconsciousness.

3.3 Amygdala contributions to consciousness

Amygdala, the brain’s center for emotions, occupies major position in the neurol-
ogy and biology research concerned with working memory, long-term memory, and 
attention. It is strongly linked with social interactions region in the brain, namely, the 
orbital cortex. Tight tripartite network constitutes robust pathways from amygdala 
connected to neurons in the thalamus which in turn connect directly to the orbital 
cortex. The pathways from the amygdala to the orbital cortex and to the thalamus are 
dual and distinct by function, morphology, neurochemistry [17]. This highly sophis-
ticated and specialized pathways provide strong evidence that emotions influence 
higher cortical areas concerned with affective reasoning. In addition, Investigating the 
neurobiological bases of executive functions suggest that amygdala facilitates cognitive 
performance during challenging tasks between the amygdala and cognitive systems. 
For this reason neurotransmitters like dopamine and noradrenaline may contribute 
important role between the amygdala and higher cognition [18, 19]. In our opinion, 
the well-established role of amygdala in emotions and the additional relation to cogni-
tion are both integral to each other and support the establishment of comprehensive 
intelligent emotional model as a cornerstone of human consciousness experience.

3.4 The cerebellum and its contributions to consciousness

Functions related to movement, gait, posture and balance were the traditional 
functions related to cerebellum. In the last two decades cerebellum was found to 
have regulatory functions concerned with emotion processing, cognition, behavior, 
and collectively consciousness experience [20, 21]. The cognitive role of the cerebel-
lum can be understood by looking at its afferent and efferent connections. The most 
important of the central afferent circuits is the corticopontocerebellar pathway 
which emanates from the motor and sensory cortical areas. The pontocerebellar 
tracts connect with the pontine nuclei then it connect with the contralateral cere-
bellar hemisphere in a somatotopic manner -which denotes feeling or consciousness 
experience- of point to point correspondence of an area of the body to a specific 
point on the cortex. Peripheral cerebellar pathways originate from the brainstem. 
Via the red nucleus and ventrolateral nucleus of the thalamus, the cerebellum exerts 
most of its output to the brain stem and the cerebral motor cortex [22]. Efferent 
cerebellar pathways are four and ultimately connects to the following critical struc-
tures: pons, medulla oblongata a, reticular formation, basal ganglia, corticospinal 
and reticulospinal pathways and limbic cortices (cingulate and parahippocampal 
gyri). Those sophisticated networks and connections of afferent (corticopontocer-
ebellar) and efferent (cerebellothalamocortical) pathways, the cerebellum can exert 
highly complex regulatory role and integrate information to the cortical cerebral 
areas related to cognition and ultimately the consciousness experience [23]. The 
ongoing collective data from different discipline in genetics, neuropsychologi-
cal research, structural and functional brain imaging studies will provide better 
perspective of the integral role of cerebellum in consciousness [22].
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3.5 The thalamus and its contribution to consciousness

Thalami are pair of large ovoid organs that form most of the lateral walls of the 
third ventricle of the brain in humans. Thalamic main nuclear divisions and nuclei 
are: midline thalamic nuclei, anterior nuclear group, medial nuclear group (medio-
dorsal nucleus), lateral nuclear group, thalamic reticular nucleus and intralaminar 
nuclei. Nearly all information directed to the cortex first reaches the thalamus. 
The thalamus transmits this information and reciprocally receives an even greater 
number of connections back from the cerebral cortex. For this reason, the thalamus 
is considered as a major player in all forebrain functions including consciousness. 
The thalamus relays the content of consciousness, and also controls its level via 
specialized circuits that act as regulator of arousal level and are critical for selective 
attention. The specific thalamic relay nuclei communicate with the cerebral cortex 
regarding each sensory and motor function. For this reason the thalamus with 
its extensive nuclei connections is thought to be responsible for all the individual 
contents of consciousness [24]. Corticothalamic rhythms are thought to be gener-
ated by The reciprocal connections between thalamic relay nuclei and the thalamic 
reticular nucleus during normal sleep and waking activity, as well as in pathological 
rhythms such as epilepsy [25]. the intralaminar thalamus plays an important role in 
transmitting arousal influences from strategic location, namely, the midbrain and 
upper pontine cholinergic and glutamatergic systems to the cortex. Lesions in this 
crucial area of the upper pons and midbrain produce deep coma, whereas in comparison 
lesions in the lower pons or medulla oblongata do not typically disrupt consciousness.

3.6 The frontoparietal circuits and its role in consciousness

The contribution of frontoparietal activity to conscious perception was sug-
gested by neuroimaging studies. In addition to visual perception due to activity in 
the ventral visual cortex, the parietal and prefrontal areas contribution seems to be 
essential for awareness [26, 27]. The network nodes for correlates of consciousness 
are thought to be divided to primary and secondary. Early activity in the occipital 
lobe correlates with the perceptual processes, which is detrimental for later process, 
namely, the activity in the frontoparietal areas. Access consciousness, in compari-
son to the phenomenal subjective consciousness due to mainly activation of sensory 
regions, refers to the direct control of experience through reasoning, reporting, or 
action. This type of higher functioning needs the involvement of the frontoparietal 
areas [28].

3.7 The prefrontal cortex (PFC) and consciousness

The PFC constitutes a large portion of the frontal lobe that includes most of the 
cortical tissue anterior to the central sulcus which can be divided to five main areas. 
The role of the prefrontal cortex (PFC) as an NCC is the source of debate between 
prefrontal theories and posterior theories of consciousness. The strongest argument 
point of posterior theories of advocates is the preservation of consciousness in 
patients with PFC lesions. Apparently, they limit their definition of consciousness 
to the state of alertness and vigilance, which is too deficient definition. In our view, 
adopting our comprehensive definition of consciousness, mentioned earlier, will 
make both conflicting parties complementary rather than competitive. The five 
main areas of the PFC –namely The anterior prefrontal cortex the caudal prefrontal 
cortex; the dorsolateral prefrontal cortex; the ventrolateral prefrontal cortex; and 
the medial prefrontal cortex -are extensively connected with sensory areas, which 
conceivably denotes that PFC is essential part of the consciousness experience 
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although the exact mechanism of how the sensory information could become 
conscious is still not well understood. NCCs involving PFC might be subtle neuro-
logical activity. The fact that common neuroimaging techniques are not sufficiently 
sensitive to detect subtle differences in neural activity should be considered in 
future research discussing the role of OFC in consciousness [29].

3.8 Precunues, posteromedial parietal lobe and consciousness

Precumues or the mesial extent of Brodmann’s area is a cortical region located in 
the posteromedial portion of the parietal lobe. It is well known with its widespread 
connections with both cortical and the subcortical structures. Recent Functional 
imaging findings in healthy subjects suggest a central role for the precuneus in 
a wide spectrum of higher functions, including visuo-spatial imagery, episodic 
memory retrieval and self-processing operations. Precuneus and surrounding 
posteromedial areas are among the most hot spots of the brain as it is displaying 
high resting metabolic rates. It is characterized by transient decreases in the tonic 
activity during engagement in non-self-referential goal-directed actions [28]. It is 
thought that precuneus is involved in the interwoven network of the neural cor-
relates of self-consciousness, engaged in self-related mental representations during 
rest. The evidence is supportive of the involvement of precunues in the endogenous 
signaling function during conscious resting state. This hypothesis is consistent with 
the selective hypometabolism in the posteromedial cortex reported in a wide range 
of altered conscious states, such as sleep, drug-induced anesthesia and vegetative 
states [30].

3.9 Consciousness related neurotransmitter systems and pathways

3.9.1 Glutamatergic arousal systems

The most prevalent excitatory neurotransmitter in the central nervous system 
is Glutamate. It functions seems to be critical in initiation and maintaining of sleep 
and wakefulness. Arousal system pathways arising from the midbrain and upper 
pontine reticular formation that project to the thalamus and basal forebrain as well 
as the widespread projections from the thalamic intralaminar nuclei to the cortex 
are thought to be mediated by glutamate [31]. Through interaction with other types 
of neurons, the glutamatergic neurons can regulate sleep stages. With this type of 
arrangement, complex sleep–wake regulation network in the brain is made [32].

3.9.2 Cholinergic arousal systems

Acetylcholine, although being, the major neurotransmitter of the peripheral 
nervous system, plays neuromodulatory function in the central nervous system 
(CNS). The brainstem pontomesencephalic reticular formation and the basal 
forebrain are the two main sources of cholinergic projections neurons in CNS. 
Brain stem arousal is thought to act in a synergistic manner with the noncholinergic 
putative glutamatergic pontomesencephalic neurons which project to intralaminar 
thalamus and basal forebrain [24, 31, 33]. The brainstem and basal forebrain cho-
linergic systems work together to abolish The cortical slow wave activity which is 
known to be enhanced with pathological brain function as in stroke, schizophrenia, 
depression, Morbus Alzheimer, and post-traumatic stress disorder are abolished 
by the brainstem and basal forebrain cholinergic systems and this ultimately will 
promote an alert state [31, 34] Muscarinic acetylcholine receptors are the major 
receptor type operating in cholinergic arousal in the CNS, although nicotinic 
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receptors may also play an important role [24]. The result of pharmacological block-
age of cholinergic neurons in the CNS can be deduced from its functional areas 
connections, resulting in acute state of delirium and memory loss. In the contrary, 
the miracle of human brain creation is shown in the preservation of consciousness 
with experimental selective damage to cholinergic neurotransmission [35]. This can 
be explained by the multiple parallel neurotransmitter systems are participating in 
maintaining the consciousness.

3.9.3 GABAergic arousal systems

The most prevalent inhibitory neurotransmitter in the CNS is GABA. It is known 
for its major role in regulating arousal. Several long-range GABAergic projec-
tion systems also contribute to controlling arousal. Arousal is promoted by some 
GABAergic neurons in the basal forebrain as these inhibitory neurons in turn proj-
ect to cortical inhibitory interneurons [24, 36]. On the other hand the overall effects 
of basal forebrain GABAergic neurons on arousal process is variable with variable 
firing patterns on cortex and sleep awake cycle. Long GABAergic projections have 
their overall function as inhibitors for arousal process. These include neurons 
like ventral lateral preoptic nucleus which is known for its widespread inhibitory 
projections to almost all subcortical arousal systems [37]; forebrain and hypo-
thalamus inhibitory neurons namely lateral septal GABAergic neurons [38]; and 
the GABAergic containing neurons nucleus namely the thalamic reticular nucleus 
that is projecting to the remainder of the thalamus and projecting to the brainstem 
reticular formation [39]. Regions of the thalamus including the intralaminar nuclei 
are inhibited by GABAergic neurons in the globus pallidus internal segment. It is 
thought that the inhibition of the globus pallidus to remove the tonic inhibition of 
the intralaminar thalamus with medications like zolpidem in minimally conscious 
state, or benzodiazepines in catatonia is the possible mechanism for the paradoxical 
arousal effects of those GABA agonist [24, 40]. The loss of consciousness in partial 
seizures is thought to be due to activation of these multiple GABAergic inhibitory 
projections converging on the subcortical arousal.

3.9.4 Noradrenergic arousal systems

In proximity to the fourth ventricle, in the rostral pons the locus ceruleus con-
tains the norepinephrine (noradrenaline) neurons. Inhibition of locus ceruleus neu-
rons with drugs like selective α-2 agonists such as clonidine or the anesthetic agent 
dexmedetomidine is the possible mechanism of action yielding profound depres-
sion of arousal. In contrary selective blockage or removal of noradrenergic neurons 
will impair arousal but will not end up in deep coma. This can be explained, like the 
situation mentioned in cholinergic arousal systems, by multiple parallel neurotrans-
mitter systems are participating in maintaining the consciousness. Norepinephrine 
neurons type are also found in the lateral tegmental area extending into the more 
caudal pons and medulla [24, 41]. Sleep–wake cycles, attention, and mood are 
regulated via ascending noradrenergic projections that reach the cortex, thalamus 
and hypothalamus. Modulation of autonomic nervous system function and pain 
gating is operated through descending projections to the brainstem, cerebellum, 
and spinal cord.

3.9.5 Serotoninergic arousal systems

The midline raphe nuclei of the midbrain, pons, and medulla contains most of 
the serotonergic neurons. Projections to the entire forebrain are received from the 

11

Human Consciousness: The Role of Cerebral and Cerebellar Cortex, Vagal Afferents, and Beyond
DOI: http://dx.doi.org/10.5772/intechopen.95040

more frontal serotonergic neurons in the midbrain and upper pontine raphe nuclei, 
participating in regulation of sleep–wake cycle. Serotonergic systems occupies 
major position in psychiatric practice as dysfunction of which is thought to play 
a role in a number of psychiatric disorders including, anxiety, depression, obses-
sive–compulsive disorder, aggressive behavior, and eating disorders. Modulation of 
breathing, pain, cardiovascular system, temperature control,, and motor function 
is attributed to the caudal serotonergic neurons in the pons and medulla. The dorsal 
raphe and median raphe are thought to be the most important rostral raphe nuclei 
participating in arousal process [42]. The contribution of serotonergic neurons 
to the arousal process with either promotion or inhibition, is complex due to the 
wide diversity of serotonin receptors in different regions of the brain [43, 44]. The 
lifesaving arousal response to hypoventilation and high carbon dioxide tension is 
thought to be promoted by brainstem serotonergic neurons located rostrally [45].

3.9.6 Dopaminergic arousal systems

The substantia nigra pars compacta and the adjacent ventral tegmental area of 
the mid brain are the regions where dopaminergic neurons are mostly found. Three 
ascending dopaminergic projection systems will emanate from those nuclei project-
ing to vital cortical and subcortical regions with substantial contribution to con-
sciousness process: (1) the mesostriatal (nigrostriatal) pathway (2) the mesolimbic 
pathway (3) the mesocortical pathway. Those three projections arise from substan-
tia nigra (pathway 1) and ventral tegmental area (pathway 2 and 3) reaching to the 
caudate and putamen (pathway 1), limbic structures including the medial temporal 
lobe, amygdala, cingulate gyrus, septal nuclei, and nucleus accumbens (pathway 2),  
the prefrontal cortex and the thalamus (pathway 3). Dopamine can have dual effect 
on the thalamus and cortex either activation or inhibitory [46]. Schizophrenia 
related apathy and the reduction of motivation and initiative, seen in frontal 
lob pathologies, abulia, and akinetic mutism are thought to be due to impaired 
 dopaminergic transmission to the prefrontal cortex [47].

3.9.7 Histaminergic arousal systems

In the posterior hypothalamusan an important nucleus is called tuberomamil-
lary nucleus where most of the Histamine-containing neurons are found. In addi-
tion a few scattered histaminergic neurons can be seen in the midbrain reticular 
formation. The entire forebrain including cortex and thalamus receives extensive 
ascending projections emanating from the tuberomamillary nucleus, while the 
brainstem and spinal cord receives descending projections [48]. Anti-histamine 
medications are intended to act on peripheral histamine release from mast cells, but 
are well-known to induce drowsiness presumably through central actions (White 
and Rumbold, 1988). Anti histamine medications are thought to act centrally inhib-
iting the arousal function of histamine on cortex [49] and thalamus [50] resulting 
in drowsness. In addition other hypothalamic nuclei, the basal forebrain, brainstem 
cholinergic and noradrenergic nuclei may contribute to the arousal actions of hista-
mine. Histamine effect is thought to be receptor specific as activation of H1 recep-
tors will facilitate alertness where H3 receptors activation will result in drowsiness.

3.9.8 Orexinergic arousal systems

Orexin from orexis, means “appetite” in Greek; is a neuropeptide produced in 
neurons of the perifornical, lateral, and posterior hypothalamus that regulates 
appetitel, wakefulness, and arousal. It projects to cortex and almost all arousal 
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subcortical systems. Alternatively, in some publications it is called hypocretin. Two 
research groups in rat brain discovered it in 1998 almost in the same time: Masashi 
Yanagisawa‘s lab at the University of Texas and Sakurai T et al. [51]. Deficiency 
of the orexin systems will result in, a disorder characterized by excessive daytime 
sleepiness and pathological transitions into rapid eye movement sleep namely, 
narcolepsy [24]. The beneficial effects of modafinil in preventing the symptoms of 
narcolepsy, shift work sleep disorder, and excessive daytime sleepiness associated 
with obstructive sleep apnea is thought to be through activation of orexin neurons.

3.9.9 Adenosine and arousal

Hydrolysis of Adenosine Mono phosphate (AMP) and S adenosyl- homocys-
teine (SAH) will result in adenosine production which is known as a somnogenic 
substance that has control on normal sleep–wake patterns. The neuroanatomical 
sources of adenosine are not well known, but functionally it is well known neuro-
modulator contributing to the conscious arousal The adenosine system can affect 
the gating of Slow Wave System-Slow Wave Activity expression. Adenosine affect 
is through modulating of the arousal level, thereby altering the duration of time 
during which sleep homeostasis and function can occur [52]. Adenosine receptor 
stimulation is expected theoretically to act as a potential treatment for insomnia. 
In spite of the fact that A2AR agonists strongly induce sleep, classical A2AR agonists 
have adverse cardiovascular effects that restrict its use clinically. In addition the 
passage of adenosine across the blood–brain barrier (BBB) is known to be poor with 
evidence of rapid degradation inside endothelial BBB cells. Infusing of selective 
A2AR agonist CGS21680 increases the release of GABA in the tuberomammillary 
nucleus (TMN), but not in the frontal cortex and decreases histamine release in the 
frontal cortex and medial preoptic area. Adenosine arousal effect can be blocked by 
coffee and theophylline.

4.  Brain molecular and cellular events and the neuron firing, is it all the 
sole source of human consciousness

4.1 Refute of the 20th century doctrine on consciousness origin

The last 7 decades conceptual model of the consciousness scientific dilemma in 
general human knowledge as well as in scientific specialties in psychiatry, neurol-
ogy, clinical neuroscience and all related disciplines was based on reductionist 
concepts that aimed at naturalizing all phenomena of mind including memory 
and other higher functions, to solely, cellular and molecular mechanisms of the 
human nervous system [53]. This dogma occupied the scientific understanding of 
the twentieth century. As a matter of fact those reductionist ideas as well as their 
opponents extended few thousands of years deep in the human history. Example 
of the opponents are the phrenologicals as documented by work of the Austrian 
anatomist Franz Joseph Gall (1758–1828), [54]. In fact in ancient Egyptian wis-
dom the role of human brain as the source of wisdom and consciousness was not 
of value. In fact, when creating a mummy, the Egyptians scooped out the brain 
through the nostrils and threw it away [55]. The ancient Egyptians believed that the 
heart, rather than the brain, was the source of human wisdom, as well as emotions, 
memory, the soul and the personality itself. The father of the reductionist theory 
of brain functioning in todays medicine is Wilder Penfield’s (1891–1976) who adopt 
the concept that electrical stimulations in certain brain areas produce experiential 
phenomena [56]. The originality and innovative level of Penfield’s contributions to 
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the field of neurophysiological localization of the higher psychological functions in 
the human cortex as well as the purity of his operational research approaches was 
questioned and criticized. Now a days, Penfield approach with his neurological and 
psychiatric patients is of considerable academic debate in the scientific communities 
[57]. In historical appraisal R. Nitsch and F. W. Stahnisch in the journal Cerebral 
Cortex challenged Penfield original concept of experiential phenomena elicited by 
electrical Stimulation of the human cortex. They revisited Penfield clinical work 
and found that the actual results obtained from electrical stimulation studies of the 
brain are far less conclusive, than his firm assertions made during Penfield Gordon 
Wilson Lecture in 1950. They stated clearly “In-depth comparison with the original 
stimulation map shows clearly that the original stimulation protocol did not support 
this repetitive account by stimulation at the same point”. There was no consistent 
response of defined experiential phenomena observed upon stimulation of an indi-
vidual stimulation point of the original work. In addition there was no full memory 
repertoire could be elicited. Patient’s stimulation records did not yield stream of an 
individual’s consciousness [58]. The heaviness of the scientific evidence emphasizing 
that consciousness is a complex reconstructive process, not merely limited to elec-
trophysiological stimulation and recordings is beyond the stage of simply overlook-
ing the situation. There is compulsive stream of scientific power to depart from our 
current very limited perspective of the process of human consciousness to be limited 
to the box of the skull and to be expanded as far as the sky. It is justifiable to claim 
that neuronal reductionism is a failed theory and that the search for an answer to 
the question about the origin of consciousness has to take a novel turn.

4.2 Consciousness without a cerebral cortex

The thalamocortical complex does not seem to be critically essential for con-
sciousness experience. Brainstem mechanisms by its own can create adequate 
consciousness state. This means that Consciousness without a cerebral cortex 
is possible [59]. Penfield and Jasper note that a cortical removal even as radical 
as hemispherectomy deprived their patients certainly from of information and 
discriminative capacities but not consciousness [60]. An explicit reference to the 
midbrain reticular formation was always included in Penfield and Jasper definition 
of their proposed centrencephalic system. Sprague in 1966 contribute significantly 
to consciousness research after performing complete removal of the posterior 
visual areas of one hemisphere in the cat. Agrees well with the Penfield and Jasper 
perspective that without cognizance of potential subcortical contributions to 
cortical damage deficit, the cortical functions will be counterfactually inflated [61]. 
Striking scientific agreement arguing strongly against the necessity of cerebral 
cortex for consciousness experience is seen in children born without cortex, namely 
Hydranenecephalic children. It is a congenital anomaly of the brain where for 
genetic or acquired reasons the cerebral cortex is drastically under developed and 
replaced by cerebrospinal fluid (Figure 1).

Neurological evaluation reveals they are responsiveness to their surroundings 
and conscious. Personal observations reported by hundreds of families of affected 
children stressed on the fact that their responsiveness is most readily to sounds, but 
also to salient visual stimuli. To the surprise a paradox phenomena in this regard 
is rarity for any auditory cortex to be spared in those children in spite of their 
impressive sound responsiveness. Bjorn Merker wrote a unique chapter entitled 
“Consciousness without a cerebral cortex: A challenge for neuroscience and 
medicine” which appeared in Behavioral and Brain Sciences and was able to spent 
seven days of observation with 5 families in a visits to Disney World. He stated that 
“They express pleasure by smiling and laughter, and aversion by “fussing,” arching 
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of the back and crying (in many gradations), their faces being animated by these 
emotional states. The children respond differentially to the voice and initiatives of 
familiars, and show preferences for certain situations and stimuli over others, such 
as a specific familiar toy, tune, or video program, and apparently can even come 
to expect their regular presence in the course of recurrent daily routines. “[62] It 
is woeful that many medical institutes label hydranenecephalic children to be in 
a vegetative state. On the other hand the absence of the cerebral cortical tissue with 
preserved consciousness as well as all normal mental functions and normal neuropsycho-
logical testing is not a myth. In other words, normal human being can be seen con-
scious and mentally good without brain tissue. Lionel Feuillet et al., published in 
the Lancet 44 years old French man married, a father of two children, and worked 
as a civil servant with otherwise normal neurological development and medical 
history. History revealed ventricloatrial shunt surgery in childhood with two revi-
sions after mild symptoms. He achieved intelligence quotient (IQ ) of 75, verbal IQ 

Figure 2. 
44 years old french man with 90% absence of his cerebral cortex. His consciousness, mentality as well as social life 
were otherwise normal. LV=lateral ventricle. III=third ventricle. IV=fourth ventricle. Arrow=Magendie’s foramen.

Figure 1. 
Sagittal MRI section for a child demonstrating drastic underdevelopment of cerebral cortex with only remnants 
of occipital and temporal lobes. Cerebellum and brainstem are intact.
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was 84, and his performance IQ was 70. MRI revealed massive hydrocephalus with 
all brain ventricles, lateral, third, and fourth were enlarged. 90% of cerebral cortex 
was absent with remnants of very thin cortical mantle and a posterior fossa cyst 
(Figure 2) [63].

4.3  Structural brain components and human intelligence are they parallel?; the 
Einstein’s brain

Thinking of intelligence from the point of computer and artificial intelligence 
language will denote the fact that the higher the capacity and intellectual power 
of a computer requires larger hard ware and more sophisticated computers. The 
comparisons is not valid in case of human brain as the anatomical study of the most 
intelligent human in the 20 century Albert Einstein’s brain was not showing any 
convincing anatomical difference than any body brain. Witelson and colleagues’ 
claim that Einstein’s brain lacks a parietal operculum on the left and right sides. A 
M Galaburda from Harvard Medical School -and others- argues strongly against 
this and documented that Einstein’s brain is no exception to the most common of 
patterns, showing a parietal operculum on the left and the typical posteriorly rising 
Sylvian fissure on the right (Figure 3) [64, 65].

5. Orchestration of the human consciousness from beyond the brain

It is conspicuous for the ingenious observer in the consciousness scientific arena 
that the inability to explain and match facts and observations and the failure to 

Figure 3. 
Einstein’s brain is no exception to the most common of patterns, showing (A): Typical posteriorly rising Sylvian 
fissure on the right (arrow) and (B): A parietal operculum on the left (asterisk).



Cerebral and Cerebellar Cortex – Interaction and Dynamics in Health and Disease

14

of the back and crying (in many gradations), their faces being animated by these 
emotional states. The children respond differentially to the voice and initiatives of 
familiars, and show preferences for certain situations and stimuli over others, such 
as a specific familiar toy, tune, or video program, and apparently can even come 
to expect their regular presence in the course of recurrent daily routines. “[62] It 
is woeful that many medical institutes label hydranenecephalic children to be in 
a vegetative state. On the other hand the absence of the cerebral cortical tissue with 
preserved consciousness as well as all normal mental functions and normal neuropsycho-
logical testing is not a myth. In other words, normal human being can be seen con-
scious and mentally good without brain tissue. Lionel Feuillet et al., published in 
the Lancet 44 years old French man married, a father of two children, and worked 
as a civil servant with otherwise normal neurological development and medical 
history. History revealed ventricloatrial shunt surgery in childhood with two revi-
sions after mild symptoms. He achieved intelligence quotient (IQ ) of 75, verbal IQ 

Figure 2. 
44 years old french man with 90% absence of his cerebral cortex. His consciousness, mentality as well as social life 
were otherwise normal. LV=lateral ventricle. III=third ventricle. IV=fourth ventricle. Arrow=Magendie’s foramen.

Figure 1. 
Sagittal MRI section for a child demonstrating drastic underdevelopment of cerebral cortex with only remnants 
of occipital and temporal lobes. Cerebellum and brainstem are intact.

15

Human Consciousness: The Role of Cerebral and Cerebellar Cortex, Vagal Afferents, and Beyond
DOI: http://dx.doi.org/10.5772/intechopen.95040

was 84, and his performance IQ was 70. MRI revealed massive hydrocephalus with 
all brain ventricles, lateral, third, and fourth were enlarged. 90% of cerebral cortex 
was absent with remnants of very thin cortical mantle and a posterior fossa cyst 
(Figure 2) [63].

4.3  Structural brain components and human intelligence are they parallel?; the 
Einstein’s brain

Thinking of intelligence from the point of computer and artificial intelligence 
language will denote the fact that the higher the capacity and intellectual power 
of a computer requires larger hard ware and more sophisticated computers. The 
comparisons is not valid in case of human brain as the anatomical study of the most 
intelligent human in the 20 century Albert Einstein’s brain was not showing any 
convincing anatomical difference than any body brain. Witelson and colleagues’ 
claim that Einstein’s brain lacks a parietal operculum on the left and right sides. A 
M Galaburda from Harvard Medical School -and others- argues strongly against 
this and documented that Einstein’s brain is no exception to the most common of 
patterns, showing a parietal operculum on the left and the typical posteriorly rising 
Sylvian fissure on the right (Figure 3) [64, 65].

5. Orchestration of the human consciousness from beyond the brain

It is conspicuous for the ingenious observer in the consciousness scientific arena 
that the inability to explain and match facts and observations and the failure to 

Figure 3. 
Einstein’s brain is no exception to the most common of patterns, showing (A): Typical posteriorly rising Sylvian 
fissure on the right (arrow) and (B): A parietal operculum on the left (asterisk).



Cerebral and Cerebellar Cortex – Interaction and Dynamics in Health and Disease

16

reproduce the exact consciousness experience incorporating current knowledge 
in the field implies presence of deficient rings in the long chain that demand more 
comprehensive perspective. In this regard we established the King of Organs 
International Congress for Advanced Cardiac Sciences and held five international 
congresses (2006,2007,2008,20,101,2012 and 2019). The King of Organs congresses 
are an international collaborative efforts between international renewed scientists 
in cardiac sciences, psychologists, astrophysicist, mathematicians, geologists, space 
engineers, signal analysis specialists and other related disciplines. It is chaired by us 
in Prince Sultan Cardiac Center (Alhasa, Saudi Arabia). Our academic partners are 
the HeartMath Institute and the Global Coherence Initiative (Boulder Creek, CA, 
USA), American Institute of Stress (NY, USA), The Global Consciousness Project 
(Institute of Noetic Sciences, USA), and other western and eastern reputable uni-
versities and collaborators. Our mission is to decode the great mystery of consciousness 
away from the traditional neurobiological approach. Our research areas were: neuro-
cardiology, solar and geomagnetic fluctuations and how it affects human autonomic 
nervous system, quantum physics of the human heart and brain and other related 
subjects. The heart as the dominant energetic organ of the human body and the role 
of heart rate variability (HRV) and its orchestrating symphony in the human body 
and the universe were the illuminators and the distinguished new scientific arena of 
the King of Organs Congresses.

5.1 Neurocardiology and the heart brain neurodynamics

The field of neurocardiology is relatively new discipline which was discussed 
first time in a scientific conference in King of Organs 2006,Saudi Arabia. The 
meticulous and sophisticated neurological afferent pathways (Figure 4) as well as 
energetic dominance of the heart over the brain was astonishing for the modern 
scientific communities. The amplitude of the cardiac electrical signal is about 60 
times greater in amplitude compared to the brain while the electromagnetic field of 
the heart is approximately 5000 times stronger than the brain and can be detected 
six feet away from the body with sensitive magnetometers. Other ways the heart 
communicate the brain are hormonal and biophysical.

John and Beatrice Lacey during 1960s and 1970s created a massive drift in the 
modern psychophysiological research with their publications on human heart 
–brain communication [66, 67]. An important land mark in the field was there 
observations that afferent input from the heart and cardiovascular system could 
significantly affect perception, cognitive functions and behavior. This was neu-
rophysiological evidence signifying that sensory and motor integration could be 
modified by cardiovascular activity. The heart behaves as if it had a mind of its own. 
In contradiction to Cannon theory of homeostasis, Laceys showed that patterns 
of physiological responses were affected as much by the context of a specific task 
and its requirements as by emotional stimuli. A phenomenon called by Laceys the 
directional fractionation denotes paradoxical heart rate response as it decelerated and 
blood pressure decreased, while simultaneously recorded parameters such as, respi-
ratory rate, pupillary dilation and skin conductance all increased as expected. Later, 
cognitive performance fluctuated at a rhythm around 0.1 Hz was demonstrated 
by Velden and Wolk and showed that the modulation of cortical function was via 
the heart’s influence was due to afferent inputs on the neurons in the thalamus, 
which globally synchronizes cortical activity and the consciousness phenomena 
[68, 69]. A critical observation here is the finding that “pattern and stability” (of 
the rhythm) of the heart’s afferent inputs, rather than the number of neural bursts 
within the cardiac cycle that will modulate thalamic activity, which in turn has 
global effects on brain function and ultimately the consciousness experience [70]. 
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Growing body of respectful research has since been accumulating indicating that 
afferent information processed by the intrinsic cardiac nervous system can influ-
ence activity in the frontocortical areas and motor cortex, affecting psychological 
factors and the consciousness experience elements such as attention level, motiva-
tion, perceptual sensitivity, and emotional processing [70–72].

5.2  The revolutionary paradigm, the heart detect stimulus before the brain and 
brain neural events are locked to heartbeats

One of the strategic scientific, philosophical, as well as conceptual turning 
points that emanates from the basic science and neuroscientific arena is the accu-
mulating evidence of the precedence of the heart detection of sensory stimulus 
before the brain. Hyeong-Dong Park in nature neuroscience, documented neural 
events locked to heartbeats before stimulus onset predict the detection of a faint 
visual grating in two regions that have multiple functional correlates and that 
belong to the same resting-state network:the posterior right inferior parietal lobule 
and the ventral anterior cingulate cortex Figure 5 [73].

There is compelling evidence to suggest the physical heart is coupled to a field 
of information not bound by the classical limits of time and space [74]. Rigorous 
experimental study demonstrated the heart receives and processes information 
about a future event before the event actually happens. The study’s results provide 
surprising data showing that both the heart and brain receive and respond to pre-
stimulus information about a future event before it occurs but the heart proceeded 
the brain by 1.3 seconds which is truly too long time in the scale of neural impulse 
transmission which is counted with milliseconds (Figure 6).

Figure 4. 
The currently known afferent pathways by which information from the heart and cardiovascular system 
modulates brain activity. The nucleus of tractus solitarius (NTS) direct connection to the amygdala, 
hypothalamus and thalamus is shown. In addition there is emerging evidence of the presence of a pathway 
from the dorsal vagal complex that travels directly to the frontal cortex.
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5.3  The vagal nerve is never vagal, the afferent cardiac neuronal traffic and 
consciousness

Astonishing fact of the vagus nerve (means the nerve with unknown role) called 
sometimes, the tenth cranial nerve is the fact that it has very significant afferent 
neurons beside what we taught about its efferent neurons in our medical schools. 
85–90% of the fibers in the vagus nerve are afferent [75]. The majority of higher 

Figure 5. 
Neural events locked to heartbeats before stimulus onset predict the conscious detection of a faint visual grating in 
the posterior right inferior parietal lobule and the ventral anterior cingulate cortex [73].(HER): heartbeat-evoked 
response.

Figure 6. 
Temporal dynamics of heart and brain pre-stimulus responses. Sharp downward shift about 4.8 seconds prior 
to the stimulus (arrow 1) is seen. The emotional trials ERP showed a sharp positive shift about 3.5 seconds 
prior to the stimulus (arrow 2). This positive shift in the ERP denotes the time the brain “knew” the nature of 
the future stimulus. The time difference between these two events suggests that the heart received the intuitive 
information about 1.3 seconds before the brain. Heartbeat-evoked potential analysis confirmed that a different 
afferent signal was sent by the heart to the brain during this period. (ERP) is event-related potential at EEG 
site FP2.HRV is heart rate variability [74].
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brain centers, as well as emotional experience and cognitive processes are oper-
ated by Cardiovascular related afferent neural traffic [76]. Numerous brain centers 
including the thalamus, hypothalamus, and amygdala are connected to cardiovas-
cular afferents. Range of frequencies of complex afferent information related to 
mechanical and chemical factors is continuously sent to the brain and is over time 
scales ranging from milliseconds to minutes [77]. Vagal afferent nerve stimulation 
causing increases traffic over the normal intrinsic levels in the thalamic pain path-
ways in the spinal cord will inhibit those pathways. In addition, vagal afferent nerve 
stimulation was shown to reduces migraine and cluster headaches and to improve 
cognitive processing and memory [78]. Activating afferent input with vagal nerve 
stimulation (VNS) is apparently heralding a new era in medical therapeutics as it 
proves effective in many psychophysiological disorders including epilepsy, obesity, 
depression, anxiety, autism, alcohol addiction, mood disorders, as well as multiple 
sclerosis, and traumatic brain injury [79, 80]. The cardiac coherence training is 
known to intensify afferent vagal neuronal inputs to cortical and subcortical systems 
and to Neuronal Correlates of Consciousness (NCC) with long term capabilities 
to reset the reference set up points resulting in increased afferent nerve activity 
noninvasively and ultimately improves psychophysiological parameters and the 
consciousness experience. There is thus a need to explore novel ways of repairing 
lost consciousness. Vagus nerve stimulation (VNS) may also contribute to break-
ing advances in awakening the unconscious vegetative state patient as approved by 
improvement in behavioral responsiveness and enhanced brain connectivity pat-
terns. The vagus nerve carries afferent connections to the deep nuclei of the brain 
via the nucleus solitaries (see Figure 4). These afferent connections have multiple 
consciousness related targets, which include the thalamus, amygdala, reticular 
formation, hippocampus, raphe nucleus, and the locus coeruleus. VNS will create 
improved global neurostimulation state leading to promoted spread of cortical sig-
nals and caused an increase of metabolic activity leading to behavioral improvement 
as measured with the Coma Recovery Scale-Revised (CRS-R) scale [81]. Theta waves 
dominance were shown in the right inferior parietal and the parieto-temporal-occip-
ital border, a region known to be instrumental in conscious awareness. Improvement 
in long white matter tracts namely the corticocortical and thalamocortical disconnected 
pathways by vagus nerve stimulation is a true revolutionary therapeutic option. Today it 
is conspicuous to the whole medical communities that vagal nerve is never vagal.

5.4  Cardiac coherence: repatterning psychophysiological neural networks and 
consciousness experience

McCraty and colleagues introduced the term physiological coherence to describe 
the degree of order, harmony, and stability in the various rhythmic activities 
within living systems over any given time period [82]. This harmonious order 
signifies a coherent system that has an efficient or optimal physiological function-
ing which will be reflected in more resilient personality and higher consciousness. 
Physiological coherence (also referred to as cardiac coherence) can be measured 
by HRV analysis where more ordered sine like HRV pattern will be seen around 
frequency of 0.1 Hz (10 seconds) which will be seen as very narrow, high-amplitude 
peak in the low frequency (LF) region of the HRV power spectrum with no major 
peaks in the VLF or HF regions [83].

Ground breaking discovery emphasizing the ability of afferent cardiac signals to 
reprogram the cortical and subcortical neural networks is what we describe as the 
repatterning process in the neural architecture, where coherence becomes established 
as a new, stable baseline reference memory [84]. Coherence is adaptable to be the 
new set point or the default reference point, facilitating the ability to self-regulate 
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stress and emotions, a process that then becomes like a habit and eventually auto-
matic [85–89]. Mental and emotional flexibility to remain in self-directed control 
is a well-known outcome with repeated coherence training. This will end up with 
more resilient personality and psychophysiological well being including capability 
to reduce systemic blood pressure without medications [70]. It also builds one’s 
capacity to access intuitive state with higher consciousness to achieve intelligent life 
options easier through what we can call heart intelligence (Figure 7).

5.5  The heart signature on the brain interoception: heartbeat evoked potentials 
(HBEPs)

Heartbeat evoked potentials (HEPs) are segments of electroencephalogram 
(EEG) that are synchronized to the heartbeat. The ECG R-wave is used as a timing 
source for signal averaging, resulting in waveforms known as HEPs. Based on 
animal studies, Those cardiac afferents are transmitted to cortical areas including 
the insula, amygdala, somatosensory cortex and cingulate cortex, through sub-
cortical relays such as the nucleus of the solitary tract, parabrachial nucleus, and 
thalamus Changes in these evoked potentials associated with the heart’s afferent 
neurological input to the brain are detectable between 50 and 550 ms after each 
heartbeat [70].

Initiation of negative or positive emotion conditions by recalling past events 
reduced HRV and N250 amplitude. In contrast, resonance frequency breathing 
with HRV frequency around the 0.1 Hz peak increased HRV and HRV coherence 
above baseline and increased N250 amplitude [90]. We and others thought of HEPs 
as a neural marker of cardiac-related cortical processing in in consciousness and 
other diverse cognitive functions. Different afferent input mechanisms from the 
heart to the brain during different emotions and HRV can be identified using HEPs. 
Hyeong-Dong Park et al., found that neural responses to heartbeats can be recorded 
mainly in the insula (i.e., anterior, posterior) and operculum (i.e., frontal, central, 
posterior)., although it can be found in other regions distributed across the brain 
including the amygdala and fronto-temporal cortex [91]. It is known that insula is 
the primary cortical projection site of interoceptive signals. It is interesting to know 

Figure 7. 
Heart activity affects brain function. The ascending heart signals impact autonomic regulatory centers in the 
brain and cascade up to higher brain centers involved in emotional and cognitive processing, including the 
thalamus, amygdala, and cortex [83].
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that the HBEP is significantly higher during interoceptive compared to exterocep-
tive attention, in a time window of 524–620 ms after the R-peak [92].

5.6 Consciousness patterns, heart and brain interconnectivity

Similarities of basic frequencies, harmonics, magnetic field intensities, voltages, 
band widths, and energetic solutions between the Schumann resonances in the 
space between earth and ionosphere and the activity within the human cerebral cor-
tices suggest the capacity for direct interaction [93]. Every cell in our body is bathed 
in an internal and external environment of fluctuating invisible magnetic forces 
that can affect virtually every cell and circuit in biological systems [94]. Therefore, 
it should not be surprising that numerous physiological rhythms in humans heart 
and brain and global collective behaviors are not only synchronized with solar and 
geomagnetic activity, but disruptions in these fields can create adverse effects on 
human health and behavior. The most sensitive body systems to those fluctuating 
electromagnetic environments are the heart and brain [95]. The heart is the largest 
dynamic organ in the human body. No surprise that the heart magnetic field is the 
strongest rhythmic field produced by the human body. The second strongest mag-
netic generator is the brain. The primary source of the electromagnetic activity of 
the brain measured from the scalp and emerges from the cerebral cortices because 
of the parallel arrangement of the dendrite-soma-axo orientations perpendicular to 
the surface for most of the approximately 20 billion neurons. Superimposed upon 
the steady potential are fluctuating voltages that define the electroencephalogram 
(EEG). It is not surprising that the heart’s electrical field is about 60 times greater 
in amplitude than the electrical activity generated by the brain. There is a direct 
mathematical relationship between the HRV patterns and the spectral information 
encoded in the magnetic field [96]. The coherence model predicts that different 
emotions are reflected in state-specific patterns in the heart’s rhythms regardless 
of the heart rate. Patterns in the activity of cardiovascular afferent neuronal traffic 
can significantly influence cognitive performance, emotional experience and self 
regulatory capacity via inputs to the thalamus, amygdala and other subcortical 
structures. There is 75% accuracy rate in detection of discrete emotional states from 
the HRV signal using a neural network approach for pattern recognition. It was 
found that information reflecting one’s emotional state is encoded in the patterns of 
the HRV waveform and in addition, is contained in the heart’s electromagnetic field 
radiated into the environment [96, 97]. When an individual is in a heart coherent 
state, the heart’s magnetic field also has a more coherent structure. Information also 
is encoded in the interbeat intervals of the pressure and electromagnetic waves pro-
duced by the heart. It was shown that when two people are in a loving relationship 
that their hearts rhythms can synchronize even at great distances apart (Presented 
in King of Organs Congress 2019,permission from author Peter Granger). As the 
heart secretes a number of different hormones with each contraction, there is 
a hormonal pulse pattern that correlates with heart rhythms. In addition to the 
encoding of information in the space between nerve impulses and in the intervals 
between hormonal pulses, it is likely that information also is encoded in the inter-
beat intervals of the pressure and electromagnetic waves produced by the heart. 
This supports Pribram’s proposal that low frequency oscillations generated by the 
heart and body in the form of afferent neural hormonal and electrical patterns are 
the carriers of emotional information and the higher frequency oscillations found 
in the EEG reflect the consciousness. The correlation of those physiological patterns 
to the Neuronal Correlates of Consciousness (NCC) and the correlation of this pos-
sible link to consciousness is to be investigated in the future.
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Figure 7. 
Heart activity affects brain function. The ascending heart signals impact autonomic regulatory centers in the 
brain and cascade up to higher brain centers involved in emotional and cognitive processing, including the 
thalamus, amygdala, and cortex [83].
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that the HBEP is significantly higher during interoceptive compared to exterocep-
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is encoded in the interbeat intervals of the pressure and electromagnetic waves pro-
duced by the heart. It was shown that when two people are in a loving relationship 
that their hearts rhythms can synchronize even at great distances apart (Presented 
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heart secretes a number of different hormones with each contraction, there is 
a hormonal pulse pattern that correlates with heart rhythms. In addition to the 
encoding of information in the space between nerve impulses and in the intervals 
between hormonal pulses, it is likely that information also is encoded in the inter-
beat intervals of the pressure and electromagnetic waves produced by the heart. 
This supports Pribram’s proposal that low frequency oscillations generated by the 
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the carriers of emotional information and the higher frequency oscillations found 
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to the Neuronal Correlates of Consciousness (NCC) and the correlation of this pos-
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5.7  Solar and planetary geomagnetic activity, the delicate orchestration of 
neuronal cardiac afferents to cerebral cortex

Resonance refers to vibration of large amplitude in electrical or mechanical system 
caused by a relatively small periodic stimulus of the same or nearly the same period as 
the natural vibration period of the system. The concept of resonance and its imple-
mentations in physiological as well as astrophysical rhythms is of critical significance 
for life on earth and to human consciousness experience. All biological systems on the 
planet are exposed to an external and internal environment of fluctuating invisible 
wide range of magnetic fields frequencies. These fields can affect virtually every cell 
and circuit to a greater or lesser degree. Numerous physiological rhythms have been 
shown to be synchronized with solar and geomagnetic activity. Geomagnetic and 
solar influences affect a wide range of human rhythmic systems with the nervous 
and cardiovascular systems, with their significant contribution to consciousness, 
being the most clearly impacted [70]. Sharp variations of sudden and sharp nature of 
geomagnetic, solar activity and its resultant geomagnetic storms can act as stressors, 
which has the capacity to alter body regulatory processes and rhythmic systems such 
as melatonin/serotonin balance, blood pressure, breathing, reproductive, immune, 
neurological, and cardiac system processes [98–101]. In the clinical arena significant 
increases in hospital admissions for depression, mental disorders psychiatric admis-
sion, homicides, suicide attempts, and traffic accidents are associated with planetary 
geomagnetic disturbances [102–108]. Increase incidence of myocardial infarctions, 
vascular variability disorders, local and global communication between humans 
during geomagnetic disturbances are all denotes that brain and cardiovascular systems 
are clear targets for the planetary geomagnetic disturbances [109–114]. Exacerbation 
of present disease like development of cardiac arrhythmias and epilepsy is well known 
during disturbed geomagnetic activity. Low frequency magnetic oscillations, around 
3 Hz, was observed to cause Altered EEG rhythms with sedative effect [115]. Applying 
the lowest Schumann Resonance (SR) frequency of 7.8 Hz with 90 nano Tesla for 
1.5 hours was found to be cardioprotective from stress conditions with reduction of 
the amount of CK released to the buffer, during normal conditions, hypoxic condi-
tions and oxidative stress induced by 80 μM H2O2 [116]. The longest record in human 
history of human heart rate variability (HRV) synchronized with Solar Wind indices, 
Shumann Resonances (SR) and Galactic Cosmic Rays (GCR) monitoring was achieved 
by our group [117]. Schumann resonance frequency is 7.83 hertz (Hz), with a (day/
night) variation of around ±0.5 Hz. The higher frequencies are ~14, 20, 26, 33, 39 and 
45 Hz, all of which closely overlay with alpha (8–12 Hz), beta (12–30 Hz) and gamma 
(30–100 Hz) brain waves. The delicate orchestration of this universal symphony 
and vibrations with the human autonomic nervous system (ANS) that interacts with 
cerebral cortex and control heart rhythm, respiration, digestive functions and other 
involuntary activities was investigated. We were able to confirm that changes in solar 
and geomagnetic activity during periods of normal undisturbed activity affect daily 
ANS activity. In an other publication, we were able to document significant correla-
tions between the group’s HRV and solar wind speed, Kp, Ap, solar radio flux, cosmic 
ray counts, Schumann resonance power, and the total variations in the magnetic 
field [110] This affect is initiated at different times after the changes in the various 
environmental factors and persist over varying time periods. Peaks of increased solar 
activity occurs every 10.5 to 11 years. During those peaks, the sun emits increased 
ultraviolet (UV) energy and solar radio flux, which is measured by the 2.8 GHz signal 
(F10.7) [110] We considered Solar wind intensity as biological stressor as increase in 
its intensity is well correlated to increase heart rate. Galactic Cosmic Rays (GCR) are 
highly energetic particles that originate outside the solar system and are likely formed 
by nuclear explosive events in supernova and other mega giant galaxies. These highly 
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energetic particles consist of fully ionized nuclei ranging from hydrogen, account-
ing for approximately 89% of the GCR spectrum, to trace amounts of uranium. The 
planetary magnetic field and the solar winds are protective for life on earth from this 
extremely ionized rays. We documented that human HRV with its modulatory effect 
on the consciousness pillars through ascending neuronal input to cortical and sub 
cortical structures increases with rise of the three major universal vibrations that we 
examined: Solar Winds, Shumann Resonances (SR), and the Galactic Cosmic Rays 
(GCR). This complex interaction between HRV and those environmental energetic 
fields may contribute to the human knowledge about the pathomechanistic effects on 
human psychphysiological homeostasis and the consciousness experience.

6. The realm of consciousness, from within the skull to the sky

6.1 Classical mechanics cannot explain consciousness

It is conspicuous from the previous sections that the neuronal firing of brain 
structures is not enough to explain subjective consciousness experience. Quantum 
physicists Larissa Brizhik and Emilio DelGiudice suggested that the most likely physi-
cal agent that can continuously provide an exchange of information between living 
systems within the larger ecosystem is the magnetic fields. According to the quantum 
field theory, potentials of the magnetic field, governs the dynamics of biological 
systems and the whole ecosystem. As a matter of fact, the planetary magnetic field is 
ubiquitous and involved in the deep behavior of biology. Animals can detect the Earth’s 
magnetic field through magnetoreception-related photoreceptor cryptochromes 
[118] through which the planetary magnetic field guides the different species in their 
thousands of miles migration in land and oceans. The field causes the emergence of 
the coherent structures, which, in view of their coherence, openness and nonlinearity, 
are able to self-organize and form a chain of hierarchical levels of ecosystems [119] 
Coherence in the quantum language implies correlations, connectedness, consistency, 
efficient energy utilization, and the concept of global order, where the whole is greater 
than the sum of its individual parts. In medicine we refer to coherence to implies a 
harmonious relationship, correlations and connections between the various parts of a 
system. The Wight of evidence towards new evolutionary paradigm of the origin and 
effect of human consciousness with mutual effect to the environment is prevailing.

Evidence is accumulating supporting the hypothesis that our consciousness can 
even influences our physical world. Random number generators (RNGs) are one 
tool used to evaluate micro-psychokinesis or our ability to affect the physical world 
with our consciousness. Research conducted by the Global Consciousness Project 
(GCP) (which maintains a worldwide network of random number generators run-
ning constantly at about 60 locations around the world, sending streams of 200-bit 
trials generated each second to be archived as parallel random sequences), has 
found that human emotionality affects the randomness of these electronic devices 
in globally correlated manner. Roger Nelson who is the founder of GCP reported in 
a recent publication multiple examples of striking similarity between event-related 
brain potentials and event-related correlations in random data [119] (Figure 8). 
If all living systems are indeed interconnected and communicate with each other 
via biological and electromagnetic fields, it stands to reason that humans can work 
together in a co-creative relationship to consciously increase global coherence and 
raise the global consciousness. It is conspicuous that classical mechanics cannot 
explain consciousness. Quantum consciousness is the science that incorporate 
conceptual discussion of phenomenon of quantum mechanics like entanglement 
and superposition to explore the deep science of human consciousness.
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which has the capacity to alter body regulatory processes and rhythmic systems such 
as melatonin/serotonin balance, blood pressure, breathing, reproductive, immune, 
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ing for approximately 89% of the GCR spectrum, to trace amounts of uranium. The 
planetary magnetic field and the solar winds are protective for life on earth from this 
extremely ionized rays. We documented that human HRV with its modulatory effect 
on the consciousness pillars through ascending neuronal input to cortical and sub 
cortical structures increases with rise of the three major universal vibrations that we 
examined: Solar Winds, Shumann Resonances (SR), and the Galactic Cosmic Rays 
(GCR). This complex interaction between HRV and those environmental energetic 
fields may contribute to the human knowledge about the pathomechanistic effects on 
human psychphysiological homeostasis and the consciousness experience.

6. The realm of consciousness, from within the skull to the sky

6.1 Classical mechanics cannot explain consciousness

It is conspicuous from the previous sections that the neuronal firing of brain 
structures is not enough to explain subjective consciousness experience. Quantum 
physicists Larissa Brizhik and Emilio DelGiudice suggested that the most likely physi-
cal agent that can continuously provide an exchange of information between living 
systems within the larger ecosystem is the magnetic fields. According to the quantum 
field theory, potentials of the magnetic field, governs the dynamics of biological 
systems and the whole ecosystem. As a matter of fact, the planetary magnetic field is 
ubiquitous and involved in the deep behavior of biology. Animals can detect the Earth’s 
magnetic field through magnetoreception-related photoreceptor cryptochromes 
[118] through which the planetary magnetic field guides the different species in their 
thousands of miles migration in land and oceans. The field causes the emergence of 
the coherent structures, which, in view of their coherence, openness and nonlinearity, 
are able to self-organize and form a chain of hierarchical levels of ecosystems [119] 
Coherence in the quantum language implies correlations, connectedness, consistency, 
efficient energy utilization, and the concept of global order, where the whole is greater 
than the sum of its individual parts. In medicine we refer to coherence to implies a 
harmonious relationship, correlations and connections between the various parts of a 
system. The Wight of evidence towards new evolutionary paradigm of the origin and 
effect of human consciousness with mutual effect to the environment is prevailing.

Evidence is accumulating supporting the hypothesis that our consciousness can 
even influences our physical world. Random number generators (RNGs) are one 
tool used to evaluate micro-psychokinesis or our ability to affect the physical world 
with our consciousness. Research conducted by the Global Consciousness Project 
(GCP) (which maintains a worldwide network of random number generators run-
ning constantly at about 60 locations around the world, sending streams of 200-bit 
trials generated each second to be archived as parallel random sequences), has 
found that human emotionality affects the randomness of these electronic devices 
in globally correlated manner. Roger Nelson who is the founder of GCP reported in 
a recent publication multiple examples of striking similarity between event-related 
brain potentials and event-related correlations in random data [119] (Figure 8). 
If all living systems are indeed interconnected and communicate with each other 
via biological and electromagnetic fields, it stands to reason that humans can work 
together in a co-creative relationship to consciously increase global coherence and 
raise the global consciousness. It is conspicuous that classical mechanics cannot 
explain consciousness. Quantum consciousness is the science that incorporate 
conceptual discussion of phenomenon of quantum mechanics like entanglement 
and superposition to explore the deep science of human consciousness.
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6.2 The quantum consciousness

The idea that quantum mechanics has something to do with the workings of the 
mind was developed by Eugene Wigner, Hungarian-American theoretical physicist 
and Nobel Prize Laurete in Physics in 1963,who proposed that the wave function 
collapses due to its interaction with consciousness. Freeman Dyson argued that 
“mind, as manifested by the capacity to make choices, is to some extent inherent in 
every electron. David Bohm is theoretical physicists who contributed significantly 
to quantum theory, neuropsychology and the philosophy of mind. He stimulated 
new era of conceptual approach to consciousness with more fundamental level 
in the universe. He claimed both quantum theory and relativity pointed to this 
deeper theory, which he formulated as a quantum field theory. Bohm’s proposed 
implicate order which applies both to matter and consciousness. He suggested that 
it could explain the relationship between them. Bohm’s views mind and matter 
as projections into our explicate order from the underlying implicate order This 
more fundamental level was proposed to represent an undivided wholeness and an 
implicate order, from which arises the explicate order of the universe as we experi-
ence it. Holonomic brain theory is a branch of neuroscience investigating the idea 
that human consciousness is formed by quantum effects in or between brain cells. 
This specific theory of quantum consciousness was developed by neuroscientist 
Karl Pribram initially in collaboration with David Bohm. In addition to the neu-
roanatomical components of the human brain including the large fiber tracts in 
the brain, neurotransmissions also occurs in dendrites and other webs of fine fiber 
branche, that form webs. Due to the billions of action potentials and neural impulse 
formations, dynamic electrical fields will result around these dendritic trees. Those 
dendritic trees can affect other surrounding neurons without physical contact 
between them by entanglement. In this way, processing in the brain can occur in a 
non-localized manner. An energy-based concept of information was described by 
Dennis Gabor, who invented the hologram in 1947,which he described as quanta of 
information. Later on, he won Nobel prize in physics for this invention in 1971.Kal 
H.Pribram’s holonomic model of brain processing was described in his 1991 Brain 
and Perception book which include his perspectives on human consciousness with 
David Bohm. It describes human cognition by modeling the brain as a holographic 
storage network. Pribram suggests these processes involve electric oscillations in 
the brain’s dendritic networks, which are different from the more commonly known 
action potentials involving axons and synapses. These oscillations are waves and 
create wave interference patterns in which memory is encoded naturally. The waves 
are found to be analyzable by Fourier transform. Gabor, Pribram and others noted 
the similarities between these brain processes and the storage of information in 

Figure 8. 
Striking similarity between evoked potential (EP) from an auditory stimulus (the black) and composite of 
GCP data from nine 6 hour events (the red) [119].
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a hologram. Pribram’s holonomic model contributes significantly to human con-
sciousness understanding, specially to the fast associative memory and the non-
locality of memory. In 1991 Orchestrated Objective Reduction (Orch-OR) theory 
was introduced by physicist Roger Penrose and anesthesiologists Stuart Hameroff. 
It is a biological philosophy of mind that postulates that at the quantum level 
consciousness originates inside neurons, rather than the traditional perspective 
that it is a product of connections between neurons. The interpreting mechanism 
is contributed to non computational quantum process performed by quantum bits 
(qubits) formed collectively on cellular microtubules- called objective reduction. 
The qubits are based on oscillating dipoles(either electric or magnetic) forming 
superposed resonance rings in helical pathways throughout lattices of microtubules. 
Orchestration refers to the hypothetical process by which microtubule-associated 
proteins (MAPs) and other connective proteins, orchestrate qubit state reduc-
tion through modification of space time-separation of their superimposed states. 
Penrose was faced with a wave of criticism which is in our view not justified as his 
opponents were too limited with their perspective for human consciousness within 
the today computational intelligence language. In addition, postulating intuitive 
thoughts in the context of acceptable scientific language is well known and accepted 
approach in the philosophy of science. Other important contributors in the field 
are Hiroomi Umezawa and collaborators who proposed a quantum field theory of 
memory storage which is fundamentally different from the Penrose-Hameroff the-
ory. In 1967, Hiroomi Umezawa together with L.M. Ricciardi, proposed a quantum 
theory of the brain which posits a spatially distributed charge formation exhibiting 
spontaneous breakdowns at micro levels as the basis for processing at macro levels. 
According to this model, the information resides in the virtual field associated with 
the dynamics of the cellular matter. Hiroomi Umezawa was known by his extreme 
originality. His approach was built upon by Karl Pribram and many others and 
expanded by Giuseppe Vitiello to a dissipative quantum model of brain. An other 
pioneer in the field is Henry Pierce Stapp. He is American mathematical physicist, 
known for his work in quantum mechanics who favors the idea that quantum wave 
functions collapse only when they interact with consciousness. According to Stapp 
hypothesis alternative quantum possibilities when exposed to conscious mind will 
select one. His explanation hypothesis differs from that of Penrose and Hameroff. 
Stapp postulates a process of global collapse through an effect on the synapses by 
exploitation certain aspects of quantum Zeno effect. David Pearce, British philoso-
pher has conjectured that unitary conscious minds are physical states of quantum 
coherence (neuronal superpositions). It is clear at this point that scientist from dif-
ferent disciplines over the last 8 decades were trying to come closer to the absolute 
fact of consciousness. Each theory discussed has its strength and weaknesses but all 
lack the comprehensive universal perspective incorporating the origin of conscious-
ness with more homogenous incorporation of current theories in a stronger model 
capable of bringing us closer to consciousness realm closer than any time ever.

7. Conclusion

In this chapter we investigate the elusive issue of human consciousness. We 
introduce revolutionary paradigm in the time line of consciousness science, where 
we discuss a comprehensive perspective of the process of consciousness of neurobi-
ological and astrophysical bases. Our new perspective is built on our work confirm-
ing the symphony interplay of human ANS represented by HRV on one hand and 
Shumann Resonances, Solar Wind Indices and Cosmic Rays on the other hand. In 
addition to up to date discussion on the neuroanatomical aspects of consciousness, 
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the brain’s dendritic networks, which are different from the more commonly known 
action potentials involving axons and synapses. These oscillations are waves and 
create wave interference patterns in which memory is encoded naturally. The waves 
are found to be analyzable by Fourier transform. Gabor, Pribram and others noted 
the similarities between these brain processes and the storage of information in 

Figure 8. 
Striking similarity between evoked potential (EP) from an auditory stimulus (the black) and composite of 
GCP data from nine 6 hour events (the red) [119].
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a hologram. Pribram’s holonomic model contributes significantly to human con-
sciousness understanding, specially to the fast associative memory and the non-
locality of memory. In 1991 Orchestrated Objective Reduction (Orch-OR) theory 
was introduced by physicist Roger Penrose and anesthesiologists Stuart Hameroff. 
It is a biological philosophy of mind that postulates that at the quantum level 
consciousness originates inside neurons, rather than the traditional perspective 
that it is a product of connections between neurons. The interpreting mechanism 
is contributed to non computational quantum process performed by quantum bits 
(qubits) formed collectively on cellular microtubules- called objective reduction. 
The qubits are based on oscillating dipoles(either electric or magnetic) forming 
superposed resonance rings in helical pathways throughout lattices of microtubules. 
Orchestration refers to the hypothetical process by which microtubule-associated 
proteins (MAPs) and other connective proteins, orchestrate qubit state reduc-
tion through modification of space time-separation of their superimposed states. 
Penrose was faced with a wave of criticism which is in our view not justified as his 
opponents were too limited with their perspective for human consciousness within 
the today computational intelligence language. In addition, postulating intuitive 
thoughts in the context of acceptable scientific language is well known and accepted 
approach in the philosophy of science. Other important contributors in the field 
are Hiroomi Umezawa and collaborators who proposed a quantum field theory of 
memory storage which is fundamentally different from the Penrose-Hameroff the-
ory. In 1967, Hiroomi Umezawa together with L.M. Ricciardi, proposed a quantum 
theory of the brain which posits a spatially distributed charge formation exhibiting 
spontaneous breakdowns at micro levels as the basis for processing at macro levels. 
According to this model, the information resides in the virtual field associated with 
the dynamics of the cellular matter. Hiroomi Umezawa was known by his extreme 
originality. His approach was built upon by Karl Pribram and many others and 
expanded by Giuseppe Vitiello to a dissipative quantum model of brain. An other 
pioneer in the field is Henry Pierce Stapp. He is American mathematical physicist, 
known for his work in quantum mechanics who favors the idea that quantum wave 
functions collapse only when they interact with consciousness. According to Stapp 
hypothesis alternative quantum possibilities when exposed to conscious mind will 
select one. His explanation hypothesis differs from that of Penrose and Hameroff. 
Stapp postulates a process of global collapse through an effect on the synapses by 
exploitation certain aspects of quantum Zeno effect. David Pearce, British philoso-
pher has conjectured that unitary conscious minds are physical states of quantum 
coherence (neuronal superpositions). It is clear at this point that scientist from dif-
ferent disciplines over the last 8 decades were trying to come closer to the absolute 
fact of consciousness. Each theory discussed has its strength and weaknesses but all 
lack the comprehensive universal perspective incorporating the origin of conscious-
ness with more homogenous incorporation of current theories in a stronger model 
capable of bringing us closer to consciousness realm closer than any time ever.

7. Conclusion

In this chapter we investigate the elusive issue of human consciousness. We 
introduce revolutionary paradigm in the time line of consciousness science, where 
we discuss a comprehensive perspective of the process of consciousness of neurobi-
ological and astrophysical bases. Our new perspective is built on our work confirm-
ing the symphony interplay of human ANS represented by HRV on one hand and 
Shumann Resonances, Solar Wind Indices and Cosmic Rays on the other hand. In 
addition to up to date discussion on the neuroanatomical aspects of consciousness, 
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Chapter 2

Dynamics of Praxis Functions in 
the Context of Maturation of the 
Parietal and Frontal Brain Regions 
in the Period 4-6 Years of Age
Neli Cvetanova Vasileva and Jivko Dimitrov Jekov

Abstract

In recent years, child neuropsychology has paid special attention to ontogenesis 
and trends in the development of practical functions during the preschool period, 
given their relationship to practical skills and children’s readiness to learn. On the 
other hand, the dynamics of complex types of praxis is an indicator of the integration 
between the brain regions responsible for the perception, programming and recoding 
of motor patterns. The article presents a comparative analysis of data from a study of 
two types of praxis functions (dynamic praxis and spatial postural praxis) in children 
with typical development in the period 4–6 years. The specificity of the performance 
of neuropsychological tests is an indicator of the functioning and the degree of 
neuronal connectivity of the parietal and premotor regions of the left hemisphere. 
The data from the study show a similar trend in the dynamics of the studied functions 
and the influence on them of three independent factors: age, social conditions (type 
of settlement) and gender. Significant improvement in the performance of the tasks is 
observed in children at the age of 6, which is a reason to consider this age as critical for 
the maturation and neurophysiological connectivity of the structures of the parietal 
and premotor regions. The assessment of complex types of praxis in this period is an 
objective indicator of the neuropsychological development of children and has an 
indisputable prognostic effect for future learning disorders.

Keywords: child neuropsychology, dynamic praxis, spatial postural praxis,  
children with typical development, parietal and premotor regions, 
neuropsychological development, learning disorders

1. Introduction

In recent years, the attention of specialists is increasingly focused on the assess-
ment of motor functions in the preschool period. One of the reasons is the growing 
number of children with delayed motor development, whose symptoms can be 
either leading (Developmental dyspraxia, Developmental Coordination Disorder) 
or part of other neurodevelopmental syndromes (Autism Spectrum Disorders, 
Developmental Dyslexia and Attention Deficit Hyperactivity Disorder). In any case, 
the incomplete formation of motor skills is accompanied by cognitive, language, and 
emotional disorders that have a negative impact on children’s school readiness.
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The objective analysis of the observed deficits is directly related to the dif-
ferential diagnostic and prognostic aspects of child development. The latter are 
the subject of child neuropsychology, whose methodological tools are aimed at 
analyzing the formation of higher mental functions (gnosis, praxis and language) 
and their relationship with the maturation of different brain regions. The complex 
neurophysiological organization of these functions and the individual rates of 
development of the child’s brain are a prerequisite for separating the neuropsychol-
ogy of individual differences (differential neuropsychology). Developments in the 
field outline the natural stages and patterns of formation of higher mental func-
tions, their sensitive periods and age norms.

The range of age norms, which determines the registration of developmental 
disorders, is related to the tendency to “go” beyond the traditional framework of 
pathology and draws attention to the stages and patterns of typical ontogenesis. The 
diagnosis of any mental function is based on the notions of its normative meanings 
and is important for identifying so-called “soft” developmental abnormalities [1]. 
Along with the general characteristics of the functions, the researchers’ interest is 
focused on the variability and peculiarities of neuropsychological development, 
referred to as the “typology of the norm”. This explains the increasing emphasis on 
the cases of the “low” child norm, defined as a risk for the development of specific 
learning difficulties [2].

The active inclusion of neuropsychological methods in the study of the child 
population is associated with new trends in the analysis of mental development - 
from purely diagnostic to prognostic; from finding isolated deficits to describing 
syndromes and developing adequate treatment strategies [3]. The changes also 
reflect the idea of   replacing the static approach with a dynamic one, in which the 
analysis focuses on the interaction between brain structures and mental functioning 
in the context of social conditions [4].

Chronology and normative diversity in the development of praxis functions are 
one of the least developed units in child neuropsychology. These functions have a 
complex brain organization, including processes of spatial orientation, coordination, 
programming and recoding of motor models, which is why their assessment has 
important prognostic value for child development. The fact is that, unlike established 
tools for language and cognitive functions, the diagnosis of motor development has not 
yet developed a gold standard assessment tool [5]. One of the explanations is that the 
early developments on the problems of motor development are mainly in the field of 
psychology and refer to the first half of the 20th century. By the 1960s, the subject  
of research has shifted from the biology of children’s motor behavior in the direction of 
language and cognitive development as genetically related to learning [6].

Scientific developments in recent decades are an example of compensating for 
this discrepancy and show increased interest in the laws of motor ontogenesis and 
its neurophysiological organization. This is largely due to the recognition that the 
level of motor development is a determining factor for growth and behavior [7]. 
This is a reason to assume that the identification of deficits in complex motor (prac-
tical) functions during the preschool period allows timely support and optimization 
of cognitive and emotional-behavioral development of children.

2. Brain organization of motor development

2.1 Conceptual foundations of development

Gabbard and co-authors [7] consider motor development as a change in motor 
behavior influenced by the interaction of biological factors and the influence of 

37

Dynamics of Praxis Functions in the Context of Maturation of the Parietal and Frontal Brain…
DOI: http://dx.doi.org/10.5772/intechopen.94091

the environment (training and education). Discussions on the subject correspond 
to the theory of dynamic systems, according to which man is a dynamic and self-
organizing unit, consisting of a large number of systems (nervous, muscular, cogni-
tive, etc.), each of which has different levels of organization. From this position, 
development is seen as a process of constant change in behavioral patterns under 
the influence of the environment and tasks. The theory outlines three main vari-
ables - individual, task and environment, the interaction between which generates 
spontaneous adaptive behavior. According to the cited authors, dynamic systems 
should be considered as part of the global (general) development systems, which 
approach gives a broader perspective in the study and understanding of develop-
ment. Attempts are also made to integrate the theory of dynamic systems in the 
process of motor therapy in some forms of pathology - Autism Spectrum Disorders, 
Developmental Coordination Disorder, post-stroke conditions [6].

By accepting the stimulating role of the environment as leading to development, 
the theory of dynamic systems differs significantly from the older neuronal theory 
of maturation, which emphasizes the role of the nervous system [8]. According to 
the neuronal maturation theory, the stimulating effect of the environment is limited 
by the genetically set stages of maturation of the nervous system. From this point 
of view, training and therapy can lead to changes in the development of a function 
only after the associated nerve structures reach a certain degree of maturity.

A compromise between the first two is the Neuronal Group Selection Theory, 
which views development as the result of a complex intertwining of information 
from genes and environment. It defines variability as a basic principle of typical 
ontogenesis, relating to all its parameters - duration of stages of development, motor, 
language and cognitive skills. Neuronal Group Selection Theory postulates the initial 
existence of complex vertical connections between a huge number of neurons at 
the cortical and subcortical level, united in dynamically changing network systems 
(neuronal groups) with the character of functional units. The structural and func-
tional organization of neuronal groups varies and is selected depending on the stage 
of development, afferent information and behavioral requirements (in [8]).

Similar ideas are shared by the theory of neural modular organization of the 
central nervous system [9, 10], which considers the structural development of the 
cortex as related to the formation of neural ensembles (neural centers) underly-
ing mental ontogenesis. Those of them, which have the same type of functions, 
are provided in a larger structure - modules, with the nature of the basic units for 
information processing. Neural ensembles in all parts of the cortex are in a process 
of constant change. Although they obey a single mechanism, they have uneven 
dynamics over time. The rate of brain transformation is heterochronous, and 
developmental changes are faster the smaller the child.

The last two theories correspond closely with the leading principle in child 
neuropsychology for heterochronous formation of higher mental functions [11–13]. 
According to him, the functional organization of mental development is subject 
to a certain chronological sequence, in which each function is distinguished by its 
chronological formula and cycle of development, specifically related to the stimuli 
of the environment. The uneven formation of the functions explains the differences 
in their sensitive periods and the anticipatory development of some of them. The 
combination of genetically determined heterochrony and environmental influences 
determine the variety of individual (phenotypic) variants of development, often 
located at both extremes of the age norm - high and low [14]. Phenotypic diversity 
is among the leading goals of differential neuropsychology, related to the analysis of 
variants in the formation of cortical–subcortical brain systems and partial retarda-
tion in the development of individual higher functions (gnostic, practical, linguis-
tic) within the typical development [11].
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The syndrome analysis has a direct connection with the regularities in the 
development, the main task of which is the assessment of the individual neuropsy-
chic profile. Except in cases of neurodevelopmental disorders, it also applies to the 
variety of cases within the typical child development. In this regard, some authors 
[13] use the term “positive developmental syndrome” as a combination of functions 
that have reached a certain level of development (positive symptoms). Due to the 
rapid changes in cerebral functional systems in early childhood, the derivation of 
regulatory trends should cover close age periods.

At the same time, the objective assessment of each individual case requires 
consideration of the dynamics of developmental changes related to the analysis of 
the beginning and direction of the developmental trajectory of the specific pheno-
type [15]. It should be taken into account that the initial phase of brain development 
is very different from the final one [16–18]. The reason is that in the beginning the 
normal children’s cortex is strongly interconnected and the functioning modules 
are not independent, which explains the cascading effects of any early impairment 
on the formation and dynamics of new habits [16]. Its transformation into more 
and more specialized and localized as functions takes place gradually and under the 
influence of the constantly incoming information.

2.2 Neurophysiological organization of complex motor (praxis) functions

The ontogenesis of motor functions has a very early onset in childhood develop-
ment. Like other higher functions, they depend on the dynamics of the physiologi-
cal maturation of the brain in its three dimensions: vertical, horizontal and lateral, 
subject to the principles of heterochrony and systemicity. According to morpho-
logical studies, in the first years of postnatal ontogenesis the system of vertical 
connections (crust - subcortex) develops most actively, and the period of 5–6 years 
is a time of intensive formation of horizontal connections (intrahemispheric and 
interhemispheric). The levels of the projection and associative zones of the cortex 
also reach maturity at different time periods [19].

The formation of practical functions is determined by the stages and dynamics of 
motor development and its main components such as accuracy, speed and coordina-
tion. Like other higher cortical functions, they have a complex brain organization 
based on neural networks between a large number of sensory and motor regions of the 
cortex and subcortex. Despite the variety of forms, each type of praxis presupposes 
the execution of purposeful and consciously controlled movements with the character 
of automatisms. Their development at an early age is a condition for the acquisition of 
social habits and school skills (in particular, graphomotor). The importance of visual-
motor integration and fine motor control for the formation of skills and quality of 
writing has been proven [5, 20, 21]. There is a large amount of evidence for the impor-
tance of visual-motor integration and fine motor control in the formation of skills and 
quality of writing [5, 20, 21]. Leading role in the formation of complex coordinated 
movements has different structures of the frontal and parietal lobes. Their maximum 
connectivity is the basis for the acquisition and implementation of motor habits [22].

Compared to other organs, the brain reaches adult size at a much earlier stage. 
Compared to other organs, the brain reaches adult size at a much earlier stage. The 
maturation of the cortical areas regulates the sequence and stages of development 
of the mental functions and abilities associated with these areas. For example, 
between 3 and 12 months, the increasing number of synapses in the auditory and 
visual cortex corresponds to the accelerated development of the child’s auditory 
and visual perceptions. Apart from being a sensitive period for the sensory base 
of mental functions, the first year is associated with the active development of the 
motor (precentral) and kinesthetic (postcentral) areas of the cortex [23, 24].
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The maturation of the leading structures for the motor functions of the frontal 
lobe (motor, premotor and prefrontal areas) is subject to the principle of heteroch-
ronous development. Data from neurophysiological studies show that in the first 
two years of life the motor areas develop most actively, and in the period 2–4 years 
their neuronal organization approaches that of adults. Structurally and function-
ally, the premotor area is close to the mature brain at 7 years of age. In the slowest 
maturing prefrontal cortex, several stages of significant changes in the neuronal 
ensemble organization are observed, which relate to the time 1 year, 3 years, 
5–6 years, 9 years, and 12–14 years [25–27]. Although they do not have motor 
functions, the fields of the prefrontal cortex are crucial for the regulation of motor 
behavior. This is due to their close connection with the posterior associative cortex, 
the premotor cortex, the basal ganglia and the cerebellum.

Of the areas of parietal lobe, gyrus angularis and gyrus supramarginalis are 
those that are crucial for the development of the most complex mental functions. 
There is evidence for their connection with the integrative function of speech for 
spatially organized and visually controlled subject actions, as well as for the periods 
of the most significant morphofunctional changes in these regions. These periods 
refer to 2 and 7 years of age and coincide with a qualitative complication of the 
child’s activities [10]. Some authors [22] consider the left supramarginal gyrus as a 
structure directly involved in the formation of praxis, in particular in the acquisi-
tion of motor habits, graphomotor and speech skills.

Dowell and co-authors [28] comment on the complex neurophysiological organiza-
tion of praxis functions and present the structural-functional mechanism associated 
with the realization of learned movements. It is based on literature data, according to 
which the mechanism is based on the interaction of the areas of the frontal and parietal 
lobes. The analysis presents gyrus angularis and gyrus supramarginalis as a place for 
storage of spatio-temporal notions of learned movements. Due to their close connec-
tion with the structures of the premotor cortex, they have a stimulating effect on its 
programming functions. As a result, the premotor divisions recode the visual motor 
representations into motor programs and direct them to the motor cortex for execu-
tion. This leads to the conclusion that praxis functions have a universal organization, 
including the following main components: formation of ideas for the somatospatial 
and temporal characteristics of the movement (parietal cortex) and recoding of the 
visual image in the motor programs (premotor areas of the frontal cortex).

Because the development of praxis is based on the coding of visually perceived 
movement with subsequent motor imitation, a number of researchers emphasize 
its connection with the work of the mirror nervous system. Both forms of imitation 
- for known and unknown movements are related to the mechanism of comparing 
the currently perceived motor information with the respective motor representa-
tions. Summary data from fMRI study [29, 30] show the importance of the mirror 
nervous system for the early imitative behavior of children and emphasize the role 
of “core circuit” for imitation. It is based on the connections between three regions: 
the superior temporal sulcus (visual description of the action), the parietal parts 
of the mirror system (motor components of the action) and the frontal parts of 
the same (purpose of the action). Separate studies [31] have also linked gestural 
imitation processes to the cortical neural network of the lower frontal, anterior 
lower parietal and posterior upper temporal lobes, raising the idea of its bilateral 
organization. The latter is commented by a number of authors [32, 33], according 
to which, despite its bilateral organization, the imitation of the gesture has a more 
pronounced lateralization in the area of the left parietal cortex.

The analysis of the literature outlines the period of middle childhood (4–6 years) 
as sensitive to neuropsychological development. Peculiarities of motor function-
ing in children with typical development have important diagnostic and prognostic 
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The syndrome analysis has a direct connection with the regularities in the 
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Because the development of praxis is based on the coding of visually perceived 
movement with subsequent motor imitation, a number of researchers emphasize 
its connection with the work of the mirror nervous system. Both forms of imitation 
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the currently perceived motor information with the respective motor representa-
tions. Summary data from fMRI study [29, 30] show the importance of the mirror 
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the same (purpose of the action). Separate studies [31] have also linked gestural 
imitation processes to the cortical neural network of the lower frontal, anterior 
lower parietal and posterior upper temporal lobes, raising the idea of its bilateral 
organization. The latter is commented by a number of authors [32, 33], according 
to which, despite its bilateral organization, the imitation of the gesture has a more 
pronounced lateralization in the area of the left parietal cortex.

The analysis of the literature outlines the period of middle childhood (4–6 years) 
as sensitive to neuropsychological development. Peculiarities of motor function-
ing in children with typical development have important diagnostic and prognostic 
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significance for learning readiness. However, the assessment of praxis functions 
during this period remains poorly developed within child neuropsychology. Systematic 
research in this direction faces the following tasks: outlining age trends and deriving 
standards for the development of praxis; development of differential diagnostic crite-
ria for assessment of children at risk of learning disabilities; formulation of methods 
and approaches for preventive therapy in case of delayed formation of praxis func-
tions. Some of these tasks we try to solve in the presented analysis of our own research.

3. Description of the research

3.1 Research objectives

The main goal of the study is to analyze the state of two types of praxis with 
similar brain mechanisms - dynamic and spatial postural praxis in children of 
preschool age (4–6 years) with typical development. The additional comparative 
analysis of the results aims to outline the state of the fronto-parietal neural connec-
tivity and the developmental tendencies of the complex practical functions in the 
indicated age period.

3.2 Research methods

Two neuropsychological samples adapted for childhood were used to study the 
praxis functions - a sample for dynamic praxis and a sample for spatial postural 
praxis. The samples are included in the Neuropsychological Diagnostic Battery for 
Children [34] and are described below.

3.2.1 Test for dynamic (kinetic) praxis

It is from the group of samples for serial (successive) organization of move-
ments. The application of the sample allows studying the following praxis com-
ponents: mastering of a motor program according to a sample and automation of 
the program (model) with switching of the movements. Given the early age of the 
children, the sample includes two consecutive programs with increasing difficulty: 
the first alternates two elements (fist - “side”), and the second alternating elements 
are three (fist - “side” - palm). The movements are demonstrated by the researcher 
three times at a moderate pace. The instruction requires the child to memorize and 
repeat them six times as quickly as possible. In case of incorrect implementation, 
three levels of assistance are offered: first degree - re-demonstration; second degree 
- simultaneous performance (together with the child); third degree - simultaneous 
performance with verbal comment (naming the movements).

The evaluation of the performance of the two series is similar and is based on the 
following criteria:

• After the first demonstration - 4 points;

• After first aid (re-demonstration) - 3 points;

• After the second level of assistance (joint implementation) - 2 points;

• After the third degree of assistance (with verbal comment) - 1 point;

• Failure and after all levels of assistance - 0 points.
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The analysis of the mechanisms of the dynamic praxis sample outlines its 
complex nature, based on the involvement of different cortical areas. Performance 
depends on both the development of executive functions and the acquisition of 
consciously controlled movements (frontal cortex) and the ability to mimic move-
ments (lower frontal, anterior lower parietal and upper temporal lobes), deficits 
in which are the leading symptom in cases of developmental dyspraxia [31, 32]. 
Experimental data show qualitative changes in executive functions during pre-
school and early school age, associated with progressive growth of posterior and 
anterior associative fields and increased density of neural groups in the regions of 
the forehead [35, 36]. This defines the study of dynamic praxis as a way to assess the 
condition and development of the fronto-parietal nerve connections. At the same 
time, the heterochronous nature of neuropsychic ontogenesis hypothesizes differ-
ences in the ability to learn motor programs among typically developing children. 
This has great prognostic value, as it allows separating the cases of low normative 
performances related to the risk of learning difficulties.

3.2.2 Spatial postural praxis sample (head test)

The sample was proposed by H. Head in the early 20th century to evalu-
ate ideomotor practice for new movements in cases of local brain damage. The 
variant we use was modified by Luria and defined by him as a “spatial practice of 
posture.” Like the first, the Head test is also complex. What is specific about it is a 
more pronounced emphasis on the visual–spatial organization of the movements 
of the hand in the coordinate space of the face (horizontal, frontal, sagittal). The 
defining role in its implementation is played by the ideas about one’s own body 
(body scheme) and the processes of spatial synthesis (spatial recoding), directly 
related to the work of the lower parietal areas. At the same time, the gestural-
imitative nature of the tasks connects its neurophysiological mechanisms with 
bilateral fronto-parietal activity, more pronounced in the area of the left parietal 
cortex [28, 31].

In order to evaluate as objectively as possible, we used the sensitized version of 
the sample. In it, the researcher sits opposite the child and demonstrates different 
poses with both hands. The child should repeat them, focusing on the parts of his 
own body. The instruction pays special attention to the requirement that what the 
adult does with his right or left hand, the child must do with his right or left hand. 
Before the beginning of the demonstration, the child’s right and left orientation on 
his own body and on the person sitting opposite is checked.

The demonstrated movements are divided into two groups on the principle of 
increasing difficulty. The first group includes 10 movements with one hand, and 
the second group includes 3 movements with both hands simultaneously. Bimanual 
movements are demonstrated only if the child completes the last three tasks of the 
first part (8, 9 and 10).

First group of movements:

1. The palm of the right hand on the right cheek;

2. The nape of the left hand on the left cheek;

3. The palm of the left hand on the right cheek;

4. Right hand (palm forward) rests right cheek;

5. The dorsal part of the right hand rests the chin (fingers forward);
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praxis functions - a sample for dynamic praxis and a sample for spatial postural 
praxis. The samples are included in the Neuropsychological Diagnostic Battery for 
Children [34] and are described below.

3.2.1 Test for dynamic (kinetic) praxis

It is from the group of samples for serial (successive) organization of move-
ments. The application of the sample allows studying the following praxis com-
ponents: mastering of a motor program according to a sample and automation of 
the program (model) with switching of the movements. Given the early age of the 
children, the sample includes two consecutive programs with increasing difficulty: 
the first alternates two elements (fist - “side”), and the second alternating elements 
are three (fist - “side” - palm). The movements are demonstrated by the researcher 
three times at a moderate pace. The instruction requires the child to memorize and 
repeat them six times as quickly as possible. In case of incorrect implementation, 
three levels of assistance are offered: first degree - re-demonstration; second degree 
- simultaneous performance (together with the child); third degree - simultaneous 
performance with verbal comment (naming the movements).

The evaluation of the performance of the two series is similar and is based on the 
following criteria:

• After the first demonstration - 4 points;
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The analysis of the mechanisms of the dynamic praxis sample outlines its 
complex nature, based on the involvement of different cortical areas. Performance 
depends on both the development of executive functions and the acquisition of 
consciously controlled movements (frontal cortex) and the ability to mimic move-
ments (lower frontal, anterior lower parietal and upper temporal lobes), deficits 
in which are the leading symptom in cases of developmental dyspraxia [31, 32]. 
Experimental data show qualitative changes in executive functions during pre-
school and early school age, associated with progressive growth of posterior and 
anterior associative fields and increased density of neural groups in the regions of 
the forehead [35, 36]. This defines the study of dynamic praxis as a way to assess the 
condition and development of the fronto-parietal nerve connections. At the same 
time, the heterochronous nature of neuropsychic ontogenesis hypothesizes differ-
ences in the ability to learn motor programs among typically developing children. 
This has great prognostic value, as it allows separating the cases of low normative 
performances related to the risk of learning difficulties.

3.2.2 Spatial postural praxis sample (head test)

The sample was proposed by H. Head in the early 20th century to evalu-
ate ideomotor practice for new movements in cases of local brain damage. The 
variant we use was modified by Luria and defined by him as a “spatial practice of 
posture.” Like the first, the Head test is also complex. What is specific about it is a 
more pronounced emphasis on the visual–spatial organization of the movements 
of the hand in the coordinate space of the face (horizontal, frontal, sagittal). The 
defining role in its implementation is played by the ideas about one’s own body 
(body scheme) and the processes of spatial synthesis (spatial recoding), directly 
related to the work of the lower parietal areas. At the same time, the gestural-
imitative nature of the tasks connects its neurophysiological mechanisms with 
bilateral fronto-parietal activity, more pronounced in the area of the left parietal 
cortex [28, 31].

In order to evaluate as objectively as possible, we used the sensitized version of 
the sample. In it, the researcher sits opposite the child and demonstrates different 
poses with both hands. The child should repeat them, focusing on the parts of his 
own body. The instruction pays special attention to the requirement that what the 
adult does with his right or left hand, the child must do with his right or left hand. 
Before the beginning of the demonstration, the child’s right and left orientation on 
his own body and on the person sitting opposite is checked.

The demonstrated movements are divided into two groups on the principle of 
increasing difficulty. The first group includes 10 movements with one hand, and 
the second group includes 3 movements with both hands simultaneously. Bimanual 
movements are demonstrated only if the child completes the last three tasks of the 
first part (8, 9 and 10).

First group of movements:

1. The palm of the right hand on the right cheek;

2. The nape of the left hand on the left cheek;

3. The palm of the left hand on the right cheek;

4. Right hand (palm forward) rests right cheek;

5. The dorsal part of the right hand rests the chin (fingers forward);
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6. The fingers of the left hand to the chin;

7. Right hand in front of the forehead (palm pointing down);

8. The palm of the left hand in front of the forehead (vertical position, facing  
to the right);

9. Right hand in a fist under the chin;

10. Left hand in a fist to the left cheek.

The second group of movements:

1. Left hand (palm) on the right cheek, the back of the right hand rests the left 
elbow;

2. The nape of the left hand is placed on the right, clenched into a fist;

3. The left hand holds the right ear; the back of the right hand is on the left cheek.

In both movements, the initial assessment is formed on the basis of the following 
criteria:

• Proper performance - 2 points;

• Mirror performance (spatial error type) - 1 point;

• Wrong performance (somatotopic error) - 0 points.

Despite some differences, the imitative nature of the samples for dynamic praxis 
and spatial postural praxis determines the common elements of their neurophysi-
ological mechanisms. As mentioned, they are related to the formation and dynam-
ics of complexes of the fronto-parietal nerve connections. Both samples involve 
preserving the spatio-temporal characteristics of visually perceived motor patterns 
(lower parietal divisions with more pronounced left hemispheric activity), recoding 
the representational images in appropriate motor programs (premotor divisions of 
the frontal lobe) and directing them to the motor cortex for execution. The specific-
ity and tendencies of the performance of tasks by typically developing children in 
preschool age are indirect evidence of the dynamics of maturation of the cerebral 
mechanisms of complex praxis functions.

3.3 Participants

365 typically developing children without motor impairment signs participated 
in the study. All children are 4–6 years old, attend state children’s schools and have 
Bulgarian as their mother tongue. The study considers the influence on the  
development of the praxis functions of three factors - age, demographic conditions 
(type of settlement) and gender. The following groups were formed in this con-
nection: three age groups: 4-year-olds (116 children), 5-year-olds (128 children) 
and 6-year-olds (121 children); three demographic groups: - 195 children from the 
capital (1,500,000 inhabitance), 90 children from the big city (80,000 inhabit-
ance) and 80 children from the small town (11,000 inhabitance). The proportion 
according to gender is 173 male and 192 female.
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3.4 Statistics

The following statistical methods were used to process the results: three-factor 
analysis of variance for independent variables (F-criterion) and Post-Hoc analysis 
(Duncan test) to check the differences between the compared averages in the 
dispersion complex. The use of three-factor analysis of variance is explained by the 
specifics of the sample of subjects, which requires the separation of 3 independent 
factors - age, demographic conditions (type of settlement) and gender. For the 
needs of qualitative interpretation of the data, the analysis was supplemented by the 
percentage of types of incorrect answers when performing the tasks.

4. Results

The data from the statistical processing of the results will be presented  
separately for each of the samples.

4.1 Dynamic praxis test

The results of the analysis of variance showed a statistically significant influence 
on the state of the dynamic (serial) organization of movements and of all three 
factors. Statistically strongest influence was the factor age (F = 15.62; p < 0.00000), 
followed by the influence of the demographic factors (F = 9.82; p < 0.00007) and 
gender (F = 3.89; p < 0.0493). The interaction between age and demographic factors 
was also statistically significant (F = 4.033; p < 0.003), as was the triple interaction 
between age * settlement * gender (F = 4.91; p < 0.00073).

The profile of the age factor shows a regular increase in the scores of the test 
in the observed age period. The most significant increase is in the transition from 
5 to 6 years; the differences in the average scores of children aged 4 and 5 are 
 insignificant (Figure 1).

The data from the statistical check of the influence of the age factor are also 
confirmed by the Duncan test. It shows significant differences between the results 
of 6-year-olds and those of the other two age groups (Table 1).

The graph outlining the influence of the demographic factor shows the high-
est average results for children from large cities and much lower ones for children 
from the capital and small cities (Figure 2). The fact is confirmed by Duncan’s test, 
according to which there are significant differences between the average scores 
in the big city and those in other settlements. There are no significant differences 
between the average results of the children from the capital and the small town 
(Table 2). This means that the statistically significant influence of the demographic 
factor is due to the very high results of the children from the big city.

The statistical influence of the gender factor is determined by the significant 
differences in the average results of boys and girls, where girls show better achieve-
ments in learning and performing motor programs (Figure 3).

The additional distribution of the results according to the different evaluation 
criteria outlines the trends in the development of the dynamic praxis in the period 
4–6 years and supports the qualitative interpretation of the data (Table 3).  
Note that in all tables the highest values are indicated in bold.

Naturally, the weakest development of dynamic praxis is observed in children 
at 4 years of age. It is confirmed by the fact of the lowest performance after the first 
demonstration in both programs. In the two-element program, the highest results 
of the 4-year-olds (40%) are based on re-demonstration, and the highest in the 
three-element program (33%) are based on joint implementation. More than half 
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(lower parietal divisions with more pronounced left hemispheric activity), recoding 
the representational images in appropriate motor programs (premotor divisions of 
the frontal lobe) and directing them to the motor cortex for execution. The specific-
ity and tendencies of the performance of tasks by typically developing children in 
preschool age are indirect evidence of the dynamics of maturation of the cerebral 
mechanisms of complex praxis functions.

3.3 Participants

365 typically developing children without motor impairment signs participated 
in the study. All children are 4–6 years old, attend state children’s schools and have 
Bulgarian as their mother tongue. The study considers the influence on the  
development of the praxis functions of three factors - age, demographic conditions 
(type of settlement) and gender. The following groups were formed in this con-
nection: three age groups: 4-year-olds (116 children), 5-year-olds (128 children) 
and 6-year-olds (121 children); three demographic groups: - 195 children from the 
capital (1,500,000 inhabitance), 90 children from the big city (80,000 inhabit-
ance) and 80 children from the small town (11,000 inhabitance). The proportion 
according to gender is 173 male and 192 female.
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analysis of variance for independent variables (F-criterion) and Post-Hoc analysis 
(Duncan test) to check the differences between the compared averages in the 
dispersion complex. The use of three-factor analysis of variance is explained by the 
specifics of the sample of subjects, which requires the separation of 3 independent 
factors - age, demographic conditions (type of settlement) and gender. For the 
needs of qualitative interpretation of the data, the analysis was supplemented by the 
percentage of types of incorrect answers when performing the tasks.
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The data from the statistical processing of the results will be presented  
separately for each of the samples.
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gender (F = 3.89; p < 0.0493). The interaction between age and demographic factors 
was also statistically significant (F = 4.033; p < 0.003), as was the triple interaction 
between age * settlement * gender (F = 4.91; p < 0.00073).

The profile of the age factor shows a regular increase in the scores of the test 
in the observed age period. The most significant increase is in the transition from 
5 to 6 years; the differences in the average scores of children aged 4 and 5 are 
 insignificant (Figure 1).

The data from the statistical check of the influence of the age factor are also 
confirmed by the Duncan test. It shows significant differences between the results 
of 6-year-olds and those of the other two age groups (Table 1).

The graph outlining the influence of the demographic factor shows the high-
est average results for children from large cities and much lower ones for children 
from the capital and small cities (Figure 2). The fact is confirmed by Duncan’s test, 
according to which there are significant differences between the average scores 
in the big city and those in other settlements. There are no significant differences 
between the average results of the children from the capital and the small town 
(Table 2). This means that the statistically significant influence of the demographic 
factor is due to the very high results of the children from the big city.

The statistical influence of the gender factor is determined by the significant 
differences in the average results of boys and girls, where girls show better achieve-
ments in learning and performing motor programs (Figure 3).

The additional distribution of the results according to the different evaluation 
criteria outlines the trends in the development of the dynamic praxis in the period 
4–6 years and supports the qualitative interpretation of the data (Table 3).  
Note that in all tables the highest values are indicated in bold.

Naturally, the weakest development of dynamic praxis is observed in children 
at 4 years of age. It is confirmed by the fact of the lowest performance after the first 
demonstration in both programs. In the two-element program, the highest results 
of the 4-year-olds (40%) are based on re-demonstration, and the highest in the 
three-element program (33%) are based on joint implementation. More than half 
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of the 5-year-old children (56%) master the two-element program after the first 
demonstration, and here too the largest number (27%) is those who master the 
three-element program after joint implementation. Confirmation of the positive 

Figure 2. 
Effect of demographic factor on the results of dynamic praxis.

Settlement {1} - 5.6237 {2} - 6.4667 {3} - 5.6000

the capital 0.000216 0.916957

big city 0.000216 0.000210

small town 0.916957 0.000210

Table 2. 
Significance of the differences in the average scores between the children from the different settlements on the 
sample for dynamic praxis.

Figure 1. 
Effect of age factor on the results of dynamic praxis.

Ages {1} - 5.3043 {2} - 5.5984 {3} - 6.5574

4 years 0.163378 0.000011

5 years 0.163378 0.000014

6 years 0.000011 0.000014

Table 1. 
Significance of differences in the average scores of each age group in the dynamic praxis sample.
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dynamics of this type of practice in both age groups gives the implementation of the 
program of three elements after the first demonstration: such is registered in 13% of 
children at 4 years and in 23% of children at 5 years. For comparison, in the group of 
6-year-olds the performance of the sample after the first demonstration was respec-
tively: 76% (in the two-element program) and 36% (in the three-element program).

4.2 Spatial postural praxis sample

In the sample for spatial postural (ideomotor) praxis, the values of the F-criterion 
show a statistically significant influence of the same factors: age (F = 23.44; p < 0.000),  
demographic conditions (F = 8.142; p < 0.000) and gender (F = 6640;  
p < 0.010). The double interaction age * settlement is also significant (F = 6766; 
p < 0.000). Similar to the previous one, in this sample the profile of the age factor 
has the greatest influence. It shows a gradual increase in the total score in the period 
4–6 years, with a sharp rise in values in 6-year-old children (Figure 4).

According to Duncan’s test, statistically significant differences are observed 
between the mean scores of each of the two age groups (Table 4).

In both the dynamic praxis test and the ideomotor praxis test, the statisti-
cally significant influence of the demographic factor is due to the higher scores of 
children in the big city, followed by children in the small town and children in the 
capital (Figure 5).

This explains the existence of statistically significant differences between the 
results of children from the capital and the big city and children from the capital 
and the small town (Table 5). Due to the close results, there are no significant dif-
ferences between the average scores of children from a big city and a small town.

Similarly to the first sample, the influence of the sex factor turned out to be, 
which in the sample for spatial postural praxis is again due to the higher average 
score of the girls (Figure 6).

In parallel with the cases of correct performance, in all age groups of children 
were analyzed the cases of mirror performance (echopraxic) and incorrect per-
formance of the stimuli in the sample (Table 6). The following age trend in the 
distribution of the ways of performing the sample is outlined: in children at the age 
of 4 the cases of correct, mirror and wrong performance are distributed almost 
evenly (34% - 36% - 30%), with a slight predominance of the mirror performance; 
in children aged 5 and 6, the cases of correct implementation prevail against the 

Figure 3. 
Effect of gender factor on the results of dynamic praxis.
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Figure 4. 
Effect of age factor on the total score for spatial postural praxis ((ideomotor) praxis).

Age {1} - 8.8696 {2} - 11.276 {3} - 16.000

4 ages 0.011307 0.000011

5 ages 0.011307 0.000009

6 ages 0.000011 0.000009

Table 4. 
Significance of differences in the average scores of each age group for spatial postural (ideomotor) praxis.

Figure 5. 
Effect of the demographic (settlement) factor on the total score for spatial postural praxis (ideomotor) praxis).

Settlement {1} - 15.402 {2} - 17.700 {3} - 16.912

The capital 0.001127 0.027192

Big city 0.001127 0.249477

Small town 0.027192 0.249477

Table 5. 
Significance of differences in the average scores for spatial postural praxis between children from different 
settlement.
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background of the reduction of the wrong, most typical for 6-year-olds, respec-
tively: the distribution of cases of correct, mirror and wrong performance in chil-
dren at 5 years is 44% - 35% - 21%, and in children at 6 years it is 63% - 23% - 14%.

5. Comparative data analysis (discussion)

The results of the study of the two types of praxis functions will be commented 
both sequentially and comparatively. The purpose of such a presentation is to derive 
the features and general trends in their development.

As mentioned, although they have their own specifics, dynamic and ideomotor 
practice has a similar neurophysiological organization associated with their imita-
tive nature. Their implementation implies preservation of the spatial and temporal 
characteristics of the visually perceived movements (lower parts of the parietal 
lobe), their recoding in motor programs (premotor areas of the frontal lobe) and 
subsequent reproduction (motor lobes of the frontal lobe).

Statistical analysis of the data from the dynamic praxis sample showed a sig-
nificant influence on the performance of three independent factors: age (F = 15.62; 
p < 0.00000), demographic conditions (F = 9.82; p < 0.00007) and gender 
(F = 3.89; p < 0.0493), as well as the interaction of some of them. The age factor 
has the strongest influence on the performance of the tasks, which is confirmed 
by the results of the Duncan test (Table 1). There were no significant differences 
between the groups of children aged 4 and 5, which indicates a close level of skills to 
perform consecutive movements. Significant differences in the results are registered 
between each of the indicated groups and the group of 6-year-old children, respec-
tively: 4- and 5-year-olds (p ≤ 0.163378), 4- and 6-year-olds (p ≤ 0.000011) and 
5- and 6-year-olds (p ≤ 0.000014).

Figure 6. 
Effect of the gender factor on the total score for spatial postural praxis (ideomotor) praxis).

Age Proper performance Mirror performance Wrong performance

4 ages 34% 36% 30%

5 ages 44% 35% 21%

6 ages 63% 23% 14%

Table 6. 
Distribution of the types of performance of the sample for spatial postural practice in all groups of children.
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The data objectify the conclusion that in children with typical development the 
period of 4–6 years coincides with the beginning of the formation of the manual 
dynamic praxis. Due to the sharp improvement in praxis skills, the age of 6 years 
should be considered critical for the development and control of successive motor 
programs and the brain departments responsible for them.

Information about the dynamics in the mechanisms and stages of formation 
of the dynamic praxis is presented by the data from Table 3. They reflect the 
quantitative distribution of the ways of performing the tasks and the age changes 
in them. The conclusion that dynamic praxis is least developed in 4-year-old 
children is confirmed, most of whom (39%) perform the two-component program 
after the second demonstration, and one third (33%) master the program of three 
movements only in conditions of joint implementation. The positive changes in 
5-year-olds are mainly related to the improved implementation of the two-element 
program, as more than half of the children (56%) implement this program after the 
first demonstration. At the same time, the three-element program continues to be 
dominated by the joint implementation criterion (27%). Despite the fact that at the 
age of 5 the number of children who mastered the three-element program after the 
first demonstration increased, the results of the criterion for joint implementation 
still prevailed. Significant changes in the state of dynamic praxis are registered after 
the age of 6, which is confirmed by the growing number of performances after the 
first demonstration: 76% implementation of the two-element program and 36% 
implementation of the three-element program. There is also a significant reduction 
in cases of joint implementation (5%) and especially the performance with verbal 
comment (3%).

The presented data provide indirect information about the stage of formation 
of the functional system of dynamic praxis. They show that at the age of 4 years 
the brain structures associated with the realization of motor series are organized on 
a generalized principle, which after the age of 5 begins to be replaced by a process 
of gradual specialization. The significant change in the results during the period 
6–7 years is a reason to consider this age as sensitive for the development of the 
dynamic praxis and the formation of the bilateral fronto-parietal neural complexes.

According to the influence of the demographic factor, the best development of 
the dynamic praxis is shown by the children from a big city, significantly ahead of 
those from the capital and the small town (Table 2). To some extent, this did not 
confirm the expectation of a leading place for children from the capital in terms 
of neuropsychological development. Although the facts need further study, it can 
be assumed that in contrast to the moderately populated, places with a very high 
concentration of population do not have the necessary stimulating effect on the 
cerebral ontogenesis of motor and executive functions of children. In our opinion, 
the causes are complex, including a variety of factors with different effects on early 
cerebral ontogenesis. This corresponds to the cited theories of the specific interac-
tion of biological and social factors and the impact of the environment on the 
exposure to genetically determined heterochrony, leading to a variety of individual 
variants of development.

Although less pronounced, the statistically significant influence of the gender 
factor is due to the higher results of girls, and their presence indicates the connec-
tion of this factor with the development of complex praxis functions. This conclu-
sion is complemented by the similar influence of gender on the performance of the 
sample for spatial postural praxis. Therefore, the fronto-parietal nerve connections 
and the mirror nervous system of girls undergo faster development, the effect of 
which may have preferences for various manual activities.

Qualitative analysis of the results leads to the following conclusions: available 
for children at 4 years is the shortened version of the sample for dynamic practice, 
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while the implementation of the three-element version is associated with many 
gaps and motor perseverations; 5-year-olds do better with the complex version of 
the test, but the transcoding of spatio-temporal representations in motor programs 
is slow, movements are stiff and require maximum concentration; in children at 
the age of 6 the recoding of motor representations is significantly improved, the 
performance becomes more accurate, there is an opportunity for self-control and 
correction of errors.

Statistical analysis of the ideomotor praxis sample showed a significant influ-
ence of the same three independent factors: age (F = 23.44; p < 0.000), demo-
graphic conditions (F = 8.142; p < 0.000) and gender (F = 6640; p < 0.010). The 
leading influence of the age factor is again related to the gradual improvement of 
the results of the tasks and to the presence of statistically significant differences 
between each of the two age averages (Table 4). This is complemented by the 
quantitative distribution of data on the individual criteria for sample performance: 
Proper performance, Mirror performance and Wrong performance (Table 6).

The observed age trend is associated with a transition from a predominant 
mirror performance in children at 4 years (34%) to proper performance in children 
on 5 and 6 years. The close percentage results of the three types of performance 
at the age of 4 years speak of a generalized principle of organization of the brain 
mechanisms, characteristic in the performance of the test for dynamic praxis. 
It is replaced by processes of gradual specialization of the motor areas related to 
motor imitations (parietal and frontal) and leads to an increased number of proper 
performance in the next two age periods (44% in children at 5 years and 63% in 
children at 6 years). It can be assumed that the reduction of the cases of mirror and 
wrong execution is directly related to the active maturation of the lower parietal 
departments as responsible for the spatial synthesis and the ideas about one’s own 
body. The age dynamics in the skills of children to imitate movements gives grounds 
to consider the age of 6 years as a sensitive period for the development of spatial 
postural (ideomotor) praxis.

Valuable information about age-related changes in visual-spatial orientation and 
ideomotor practice is provided by the comparison of each of the two age groups 
according to the criteria for correct, mirror and wrong performance, conducted by 
Student’s t-test. The data show that according to the criterion for correct perfor-
mance significant differences are registered between each of the two age groups: 4- 
and 5-year-olds (p ≤ 0.001); 4- and 6-year-olds (p ≤ 0.001) and 5- and 6-year-olds 
(p ≤ 0.001), and their presence indicates a uniform and gradual formation of the 
mechanisms of spatial postural praxis in the considered age period.

According to the criterion for mirror (echopraxical) performance, the picture of 
the results is different due to the lack of significant differences between the groups 
of 4- and 5-year-olds (p ≥ 0.05). There are significant differences in the cases of 
mirror performance of tasks between children aged 4 and 6 (p ≤ 0.001), as well as 
between children aged 5 and 6 (p ≤ 0.001). This means that only after the age of 
6 do most of the children become able to perform mental spatial recoding of the 
motor image and adequate spatial synthesis of the observed movements. As the 
mirror performance is explained by underdevelopment of the spatial orientation, 
the close values according to this criterion in the first two age groups (4 and 5 years) 
confirm the sensitive nature of the 6-year-old age and for the development of the 
spatial function.

Similar to the first criterion, significant differences in the criterion for incorrect 
(wrong) performance of the sample are registered between each of the two age 
groups, respectively: between children aged 4 and 5 (p ≤ 0.001), between children 
aged 4 and 6 (p ≤ 0.001) and between children aged 5 and 6 (p ≤ 0.001). Although 
it decreases with age, the presence of these cases indicates an incomplete process of 
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formation of the scheme of the body (somatognosis), directly related to the spatial 
orientation in its parts (on oneself and on others). The presence of such somato-
topic errors is more global in nature and is a serious indicator of future learning 
difficulties.

Qualitative changes in the analyzed executive functions in the period 4–6 years 
are explained in some neuroanatomical data showing increased growth of the 
posterior and anterior associative fields and increased density of neural groups 
(ensembles) in areas of the frontal lobe, in particular in the premotor cortex [35, 
36]. Developmental changes in the bioelectrical activity of the child’s brain, related 
to the predominant alpha rhythm and improvement of its spatial organization, are 
also indicated as a sign of maturation of the cerebral departments [37]. The age 
periods 6–7 and 9–10 years are indicated as transient for the dynamics of the alpha 
rhythm, which supports the conclusion about the importance of 6 years of age in 
the development of praxis functions.

The demographic factor has a significant impact on ideomotor praxis, which 
again is due to the highest average score for children from a large city and the lowest 
for children from the capital. Statistically significant on the Duncan test are the 
differences between the averages of the children from the capital and from a big city 
(p ≤ 0.001127), as well as children from a small town and a big city (p ≤ 0.027192). 
The similar results for the influence of the demographic factor on the two types 
of praxis functions in the considered period confirm the need for more in-depth 
research on the relationship of social factors and neuropsychological development 
in childhood.

The results for the influence of gender on the spatial orientation and ideomotor 
praxis are similar to those in the dynamic praxis sample and confirm the conclu-
sion for faster maturation of the mirror nervous system and fronto-parietal neural 
ensembles in girls.

The specificity of the samples confirms the action of the heterochronous 
principle of neuropsychic development. The main evidence for this is the dif-
ferent dynamics of the formation of the studied functions, related to the faster 
development of the neurophysiological organization of the spatial postural praxis 
in comparison with that of the dynamic praxis. One of the reasons is the slower 
maturation of the structures of the frontal lobe, responsible for recoding and real-
ization of the spatio-temporal parameters of the complex serial movements. This 
is confirmed by the results for correct performance of the two groups of tasks in in 
children at 6 years: 63% for ideomotor praxis and 36% for the complicated variant 
of dynamic praxis.

The observed age trend shows the variety of individual differences in children 
with typical development, as well as the fact that a large part of them enter school 
with insufficiently developed praxis skills.

6. Conclusion

The state of praxis functions in preschool has important diagnostic and prog-
nostic significance for child development. Their implementation involves preserv-
ing the spatial parameters of visually perceived motor models with subsequent 
recoding in motor programs, which makes it an objective criterion for the formation 
and dynamics of fronto-parietal neural networks and structures of the mirror 
nervous system. The formation of complex praxis functions is influenced by three 
independent factors - age, demographic conditions and gender. The leading role 
of the age factor proves the determining effect of neurobiological changes on the 
neuropsychological development of the child. The leading role of the age factor 
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ideomotor practice is provided by the comparison of each of the two age groups 
according to the criteria for correct, mirror and wrong performance, conducted by 
Student’s t-test. The data show that according to the criterion for correct perfor-
mance significant differences are registered between each of the two age groups: 4- 
and 5-year-olds (p ≤ 0.001); 4- and 6-year-olds (p ≤ 0.001) and 5- and 6-year-olds 
(p ≤ 0.001), and their presence indicates a uniform and gradual formation of the 
mechanisms of spatial postural praxis in the considered age period.

According to the criterion for mirror (echopraxical) performance, the picture of 
the results is different due to the lack of significant differences between the groups 
of 4- and 5-year-olds (p ≥ 0.05). There are significant differences in the cases of 
mirror performance of tasks between children aged 4 and 6 (p ≤ 0.001), as well as 
between children aged 5 and 6 (p ≤ 0.001). This means that only after the age of 
6 do most of the children become able to perform mental spatial recoding of the 
motor image and adequate spatial synthesis of the observed movements. As the 
mirror performance is explained by underdevelopment of the spatial orientation, 
the close values according to this criterion in the first two age groups (4 and 5 years) 
confirm the sensitive nature of the 6-year-old age and for the development of the 
spatial function.

Similar to the first criterion, significant differences in the criterion for incorrect 
(wrong) performance of the sample are registered between each of the two age 
groups, respectively: between children aged 4 and 5 (p ≤ 0.001), between children 
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topic errors is more global in nature and is a serious indicator of future learning 
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Qualitative changes in the analyzed executive functions in the period 4–6 years 
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(ensembles) in areas of the frontal lobe, in particular in the premotor cortex [35, 
36]. Developmental changes in the bioelectrical activity of the child’s brain, related 
to the predominant alpha rhythm and improvement of its spatial organization, are 
also indicated as a sign of maturation of the cerebral departments [37]. The age 
periods 6–7 and 9–10 years are indicated as transient for the dynamics of the alpha 
rhythm, which supports the conclusion about the importance of 6 years of age in 
the development of praxis functions.

The demographic factor has a significant impact on ideomotor praxis, which 
again is due to the highest average score for children from a large city and the lowest 
for children from the capital. Statistically significant on the Duncan test are the 
differences between the averages of the children from the capital and from a big city 
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The similar results for the influence of the demographic factor on the two types 
of praxis functions in the considered period confirm the need for more in-depth 
research on the relationship of social factors and neuropsychological development 
in childhood.

The results for the influence of gender on the spatial orientation and ideomotor 
praxis are similar to those in the dynamic praxis sample and confirm the conclu-
sion for faster maturation of the mirror nervous system and fronto-parietal neural 
ensembles in girls.

The specificity of the samples confirms the action of the heterochronous 
principle of neuropsychic development. The main evidence for this is the dif-
ferent dynamics of the formation of the studied functions, related to the faster 
development of the neurophysiological organization of the spatial postural praxis 
in comparison with that of the dynamic praxis. One of the reasons is the slower 
maturation of the structures of the frontal lobe, responsible for recoding and real-
ization of the spatio-temporal parameters of the complex serial movements. This 
is confirmed by the results for correct performance of the two groups of tasks in in 
children at 6 years: 63% for ideomotor praxis and 36% for the complicated variant 
of dynamic praxis.

The observed age trend shows the variety of individual differences in children 
with typical development, as well as the fact that a large part of them enter school 
with insufficiently developed praxis skills.

6. Conclusion

The state of praxis functions in preschool has important diagnostic and prog-
nostic significance for child development. Their implementation involves preserv-
ing the spatial parameters of visually perceived motor models with subsequent 
recoding in motor programs, which makes it an objective criterion for the formation 
and dynamics of fronto-parietal neural networks and structures of the mirror 
nervous system. The formation of complex praxis functions is influenced by three 
independent factors - age, demographic conditions and gender. The leading role 
of the age factor proves the determining effect of neurobiological changes on the 
neuropsychological development of the child. The leading role of the age factor 
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Recovery
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Abstract

Stroke remains global health care problem that constitutes world’s second-leading 
perpetrator of mortality and third most pronounced cause of all disabilities. The 
hallmark of cerebral stroke is the persistent loss of cerebral function consequence 
of abnormality of the blood supply. The ultimate goal of stroke care is to recover 
and maximize the cerebral functions lost due to the cerebral damage. Therefore, 
understanding the mechanism of cerebral damage after stroke is fundamental to 
comprehension of mechanisms of recovery following stroke, as well as key towards 
eliminating devastating human disability as a result of stroke. Therapeutic strate-
gies aim to harness and enhance neuroplasticity offers reasonable level of hope 
towards maximizing recovery from post stroke impairments. This paper therefore, 
highlighted the mechanism of cerebral damage after stroke as well as elucidates the 
concept of neuroplasticity as key for recovery following stroke.

Keywords: cerebral cortex, cerebral damage, stroke, neuroplasticity, stroke recovery

1. Introduction

Stroke also known as cerebrovascular accidents is the world’s second death-
perpetrating disease after cardiovascular diseases [1, 2], and it affects about 13.7 
million people annually in the globe [3]. About one third of all strokes translate into 
fatalities, and another one third constitutes stroke survivors staying with residual 
disability that accounts as foremost noticeable root of long-term neurological dis-
ability in adults [4, 5] and third most common cause of all disabilities globally [6]. 
Stroke classically depicts a syndrome with sudden onset of acute focal injury of the 
central nervous system (CNS) of vascular origin that produces focal or global neu-
rological deficit in accordance with affected area of blood supply [7]. Thus, based 
on the isolated territory of the brain involve, stroke can be cerebral stroke, brain-
stem stroke, cerebellar stroke, or thalamic stroke, while based on underline cause it 
can be ischemic stroke (thrombotic, embolic, lacunar, watershed, or cryptogenic) 
which results from brain vascular occlusion, or hemorrhagic stroke (intraparenchy-
mal or subarachnoid) which is due to blood-related aberrations [8].

Cerebral stroke results in loss of cerebral cortex related functions that manifests 
as motor impairment [9–11], sensory impairment [12–14], cognitive impair-
ment [15–17], balance impairment [18] among others. The motor function of the 
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cerebral cortex is embedded in the motor cortex (primary motor area, premotor 
cortex, supplementary motor area, cingulate motor areas) located in the frontal 
lobe anterior to central sulcus, the motor cortex is responsible for planning, initia-
tion, execution, and regulation of voluntary movement which is achieved through 
originating descending corticospinal tract and corticobulbar system to the spinal 
cord and brainstem respectively [19]. Cerebral cortex plays principal role in sen-
sory/perceptual functions by providing meaning to all sensations (except sense 
of smell) through primary somatosensory cortex in the postcentral gyrus of the 
parietal lobe, and other primary cortical sensory areas such as auditory cortex in the 
temporal lobe and visual cortex in the occipital lobe. Cognitive function involves 
multifaceted domains of cognitive processes including memory, learning, attention, 
thought, comprehension, perception, language among others [20]. Each of these 
domains of cognition requires cerebral cortex, illustration can be seen in memory 
domain where memory acquisition involves sensory cortex, memory retrieval 
involves prefrontal cortex, and memory storage is distributed throughout the cortex 
[21]. Balance and coordination of movement involve integrated functioning of 
both pyramidal and extra-pyramidal systems, and the cerebral cortex is the main 
principal origin of pyramidal system.

The mechanism of cerebral damage after stroke determines the cerebral stroke 
impairments, and the mechanism of damage is relative to whether the type of stroke 
is ischemic or hemorrhagic. Ischemic stroke consists of five distinct pathophysi-
ologic mechanism each of which has distinct time frame; these includes immediate 
(within minutes) peri-infarct depolarization and excitotoxicity, hours later by 
neuro-inflammation and oxidative stress, days later by apoptosis [8]. In addition to 
ischemia related cascade of events aforementioned, hemorrhagic stroke is associ-
ated with two additional unique pathophysiologic phases. The primary; acute phase 
which is due to physical effect of hematoma (mass effect) from the mass accumu-
lated blood, and the secondary; subacute phase termed as cytotoxicity from second-
ary metabolites of blood components [22–24].

Recovery to some extent from post stroke impairments observed among stroke 
survivors was one of the early evidences that led to move away from outdated 
dogma widely misconceived previously that; there was no possibility for repair or 
change within the CNS after it had suffered a lesion; and that once there is damage 
such as stroke that leads to neuronal demise inadvertently, the brain structures 
and functions are lost forever [25, 26]. It is now well-established fact that CNS 
repair or change itself but it just that it relatively does not do well enough, and that 
functional recovery after damage relies on neuroplasticity [27, 28]. Neuroplasticity 
is life-long natural capability of the CNS to rearrange itself in both molecular form 
and function in response to new experience or stimulus. Brain plasticity is pivotal 
to functional recovery after cerebral stroke, and this spontaneous, endogenous 
and intrinsic capacity of the brain is what restorative rehabilitation approaches 
for stroke explore, promote and remodel in the right direction to achieve optimal 
functional recovery after stroke [29, 30].

There is exploding surge among scientists to pay more attention in searching 
for various therapeutic strategies that can enhance neuroplasticity to augment 
functional recovery with rehabilitation after stroke [31–34]. Although this strat-
egy is still in developmental stage but the reasons for this shift in attention are not 
far-fetched. Firstly, the thrombolytic/thrombectomy clinical treatment available 
for acute stroke has a very restrictive time window of administration of 4–5 hours 
of lesion onset [35]. This is in contrast to restorative/rehabilitative interventions 
that has unlimited therapeutic window of lifelong applicability [36]. Secondly, 
rehabilitation interventions are still far from sufficiency for optimal and ideal 
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recovery from impairments after stroke [37], as about 50% of stroke survivors still 
leaves with residual disability and remain functionally dependent despite rehabili-
tative management [38]. Understanding the mechanisms of cerebral damage and 
their recovery after cerebral stroke is essential towards development of strategies 
that harness and enhance neuroplasticity in combination with rehabilitation 
processes [39]. This paper therefore discusses the mechanism of cerebral damage 
after stroke as well as elucidates the concept of neuroplasticity as key for recovery 
following stroke.

2. Mechanism of cerebral damage after stroke

In ischemic stroke, irreversible cascade of damage to the brain tissue ensue 
once the cerebral blood flow (CBF) reduces to less than 12 ml/100 g/min of the 
normal range of 50–60 ml/100 g/min. Within seconds of this abrupt ischemic 
insult, neuronal cells in the center of ischemic region termed as ischemic pre-
numbra undergoes anoxic depolarization due to loss of ATP-dependent ionic 
pump homeostasis, and they never repolarize [40]. This necrotic core of ischemic 
prenumbra is enclosed by a zone of relatively lesser impacted tissue termed as 
ischemic penumbra, which is abridged functionally silent by the reduced blood 
flow but maintains metabolically active and therefore can repolarize at the 
expense of further energy consumption [41]. This repetitive depolarization and 
repolarization of ischemic penumbra are termed peri-infarct depolarization and 
the important period of time during which this volume of brain tissue is salvage-
able is referred to as the window of opportunity. The energy failure in the func-
tioning of ATP dependent sodium potassium pump in the ischemic prenumbra 
results in massive uncontrolled anoxic depolarization that results in opening of 
voltage-gated calcium channels, mitochondrial dysfunction which further deplete 
energy required to maintain ion gradient, and abnormally extracellular buildup of 
excitatory amino acids [42, 43].

Consequently, excitatory glutamate and other excitatory amino acids such as 
aspartate becomes excessively released, and glutamate hyperexcitation of glutamate 
N-methyl-D-aspartate (NMDA) receptor, which is arguably the most calcium-
influx allowing ionotropic glutamate receptor; results in massive influx of calcium 
ion (Ca++) into hypoxic neuron. Calcium ion triggers series of cascading events 
that ultimately lead to neuronal demise through activation of proteolytic enzymes, 
stimulation of pathogenic genes, lipid peroxidation and free radical generation 
[44]. For this; glutamate and other excitatory amino acids are cumulatively termed 
excitotoxins, and their accompanying neuronal damage termed excitotoxicity 
[45]. Calcium activates key number of disparaging intracellular enzymes such as 
proteases, kinases, lipases, and endonuclease that not only wildly permits release 
of cytokines and other mediators that result in the loss of cellular integrity but 
also orchestrated triggering of intrinsic apoptotic pathway of neuronal death. 
Specifically, calcium through mobilizing phospholipases hydrolyses membrane 
bound glycerophospholipids to yield free fatty acids, which enable free radical per-
oxidation of other membrane bound lipids. Calcium through mobilizing proteases 
lyses integral structural proteins and activates nitric oxide synthase enzyme that 
triggers free radical machinery [46].

Prior excitotoxicity activates microglia and astrocytes which are the brain 
resident innate immunity to reacts and release cytokines, chemokines (che-
motaxis cytokines), and matrix metalloproteases (MMPs). This constitutes 
neuro-inflammation, and microglia activation institutes the initial vital 
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neuro-inflammatory response in acute stroke, which together with blood-borne 
innate immune cells and later adaptive immune cells support the course. This 
neuro-inflammatory response supposedly aims to reduce injury processes but this 
response under stroke pathology develops improperly more reactive and aggres-
sive to yield numerous inflammatory mediators that trigger apoptosis and orches-
trate lethal neuronal injury [47, 48]. Activated microglia becomes phagocytes 
that can release plethora of substances, some of which are neuroprotective such 
as neurotropic factors; nerve growth factor (NGF), brain-derived neurotrophic 
factor (BDNF), insulin-like growth factor I (IGF-I), and growth associated 
protein (GAP-43/B-50), while some are neurotoxic such as tumor necrosis alpha 
(TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6). Blood–brain barrier 
(BBB) which confers brain with protection against systemic toxins is disrupted 
by matrix metalloproteinases (MMPs) with MMP-2 (gelatinase A) and MMP-9 
(gelatinase B) being the leading concerns in cerebral ischemia [49]. MMP-2 that 
is normally expressed at low levels becomes increased during cerebral ischemia 
to galvanizes MMP-9, which abolishes components of the basement membrane in 
the vascular wall leading to BBB distraction, thus allowing further infiltration of 
inflammatory mediators and other potential toxins [50].

Oxidative stress signifies disparity in the high-level oxidants (free radicals) 
with respect to corresponding nonconforming low level of antioxidants. Long term 
cerebral hypo-perfusion produces abnormal proportions of reactive oxygen species 
(ROS) and/or reactive nitrogen species (RNS) oxidants through several mecha-
nisms of injury, such as mitochondrial inhibition, calcium ions overload, ischemia–
reperfusion injury, and neuroinflammation [51]. During cerebral ischemia, there is 
mitochondrial inhibition of oxidative phosphorylation due to the lack of sufficient 
oxygen, and the oxygen depleted cell shift to glycolytic pathway of ATP generation 
that results in lactate and hydrogen ion (H+) build-up in the mitochondria and 
the consequent reversal of the H+ uniporter on the mitochondrial membrane that 
results in superfluous cytosolic H+ buildup and acidosis [52]. Acidosis partly lead to 
oxidative stress by supplying excessive H+ for the successive progression in the gen-
eration of hydrogen peroxide (H2O2) and the final hydroxyl radicals (∙OH) either in 
the turnout of transition metal ions (Fenton reaction) or in the presence of super-
oxide radical (Haber-Weiss reaction), with this effect more pronounced in neurons 
due to inherently low anti-oxidant defense. In addition, the compelling protein and 
lipid oxidant peroxynitrite (OONO_) of RNS is favorably generated in the oxygen 
depleted cell by the reaction of nitric oxide (NO) and superoxide (O2∙−), thereby 
also contributing to oxidative stress.

Calcium overloads, as a result of glutamate mediated NMDA receptor excito-
toxicity, also contributes in neuronal oxidative stress at cytosolic and mitochon-
drial level. At cytosolic level, excessive calcium ion activation of key intracellular 
enzymes such as neuronal nitric oxide synthase (nNOS) via Ca2+ binds calmodulin 
to induce subsequent downstream effect, as nNOS catalysis results in generation of 
nitric oxide (NO) free radical from L-arginine [53, 54]. At the mitochondrial level, 
excessive calcium ion influx into mitochondrial matrix leads to the inner mitochon-
drial accumulation of momentous level of Ca2+ via mitochondrial calcium uniporter 
(MCU) which proliferates disturbance of usual bio-energetic, mitochondrial ROS, 
and membrane permeability [55].

Apoptosis is a physiological mechanism of cell death through programmed cellu-
lar machinery of either extrinsic or intrinsic pathways [56]. Under stroke pathology, 
neuronal demise by necrosis preponderance in the ischemic prenumbra is marked 
by excitotoxicity, while additional process of neuronal demise by apoptosis which is 
more delayed and predominant in the ischemic penumbra occur in a fashion where 
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apoptosis becomes dysregulated [57]. Thus, while the neurons within the core 
infarct die by immediate necrosis due to insufficient ATP, the penumbra die by ATP 
requiring process of apoptosis, supporting the established evidence that cellular 
demise after cerebral ischemia transpires through both necrosis and apoptosis [58]. 
Multiple pre-existing pathophysiologic mechanisms that can induce apoptosis after 
cerebral ischemia includes pro- calcium influx, pro-inflammatory cytokines and 
oxidative stress [59]. Apoptosis can be caspase-dependent or caspase-independent, 
and the most common is caspase-dependent which is initiated and triggered 
through distinctively intrinsic (or mitochondrial) pathway or extrinsic (or death 
receptor) pathway. Both intrinsic and extrinsic pathways share similar terminal 
phase termed execution phase where caspase 3 leads to the destruction of cellular 
components and cell death [60].

In hemorrhagic stroke, the mechanism of damage begins with additional process 
of mass effect from the mass accumulated blood, and cytotoxicity from the second-
ary metabolites of blood components, in addition to shared common damaging 
caused by ischemia such as excitotoxicity, neuroinflammation, oxidative/nitrosative 
stress, and apoptosis. The initial bleed from the cerebral hemorrhage causes imme-
diate physical disruption of the cellular cytoarchitecture of the brain and increases 
local pressure which can cause compressions, hypothetically disrupting blood flow 
and principally causing brain herniation [61]. The subsequent expansion of hema-
toma causes mass effect of hematoma growth leading to further rise in intracranial 
pressure, brain herniation, and impacted blood flow that is correlated with neu-
rologic deterioration and degraded clinical outcomes. Depending on the dynamic 
of hematoma expansion (growth), the primary damage ensues within minutes to 
hours subsequent to the onset of bleeding and is basically due to mechanical dam-
age associated with the mass effect [62].

Secondary injury after cerebral hemorrhage termed as cytotoxicity occurs due 
to series of events initiated by the prior primary injury mechanism (mass effect), 
that is specifically due to body response to the hematoma for instance inflamma-
tory response, and from the multiple blood components released from hematoma 
[61]. The extravasated blood components released from hematoma being impli-
cated to cumulatively imposed cellular toxicity includes; majorly the erythrocytes 
and plasma proteins, and the damage-associated molecular patterns (DAMPs) 
which are nucleic acids, extracellular matrix components, proteins, lipid media-
tors, ATP and uric acid released from necrotic tissues [63]. At the early stage 
of cytotoxicity, the toxicity of extravasated blood plasma components such as 
coagulation factors, complement components, and immunoglobulins are known 
to be the main contributing factor of cellular damage. Subsequently, erythrocytes 
lysis leads to release of its major intracellular component hemoglobin (Hb), 
which when metabolize via hemoglobin metabolic pathway release degradation 
products; heme and iron (Fe). Both Hb and its degradation products are potent 
cytotoxic chemicals capable of causing death to many brain cells through mecha-
nism of free radical generation with substantial increase oxidative stress and 
subsequent damage to DNA [62].

3. Concept of recovery after post stroke cerebral damage

The ultimate goal of stroke management is to promote optimal recovery of 
lost functions and reduce further injury. This recovery depends majorly on brain 
plasticity; a spontaneous regeneration process that encompasses neural plastic 
changes in the lesioned hemisphere to reestablish its structural and functional 
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neuro-inflammatory response in acute stroke, which together with blood-borne 
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reorganization. Brain plasticity under pathological condition completely differs 
from plasticity under properly functioning brain. For instance, plasticity in nor-
mally functioning brain is a prerequisite basis of learning and memory that involves 
plastic adaptation such as long-term potentiation (LTP). This is opposed to plastic 
changes observed using MRI in cerebral stroke pathology, that involves modifica-
tion in intracortical myelin, augmented neurogenesis, improved spine density in 
neuronal dendrites and alterations in astrocyte volume [64].

Stroke recovery to certain extent also depends on severity extent of the initial 
injury deficit as the severity of the damage is inversely related to the prognosis 
for recovery [65]. But it was also observed that recovery differs even among 
post stroke patients with similar clinically assessed severity. This apparently 
stress the recovery role of other brain endogenous survival mechanism such as 
extent to which collateral circulation bypass to supply blood to the perilesional 
neurons, angiogenesis, inhibitory neurotransmitters that counteract excitotox-
icity, and multiple representations of the same function in different cortical 
areas [66]. Appropriate rehabilitation and drug treatment that target underline 
cause of stroke are also critical to recovery after post stroke cerebral damage. 
Rehabilitation aims to maximize optimum recovery of lost functions as a result 
of impairments deficit after stroke but overall, brain plasticity underlies recovery 
promoted by rehabilitation [67–69].

Recovery from stroke has also been attributed to be dependent on resolution of 
early local processes in the brain that includes resolve of perilesional edema, re-
emergence of circulation within the ischemic penumbra, resolution of remote func-
tional depression of neurological function induced by process of diaschisis [70]. As 
previously stated stroke recovery majorly depends on brain reorganization process 
of plasticity which in turn dictates recovery promoted by rehabilitation. Mechanism 
through which rehabilitation mediates brain plasticity to promote recovery has been 
studied and explained. Rehabilitation such as physical therapists stroke interven-
tions modifies neurotrophic factor expression in the CNS especially brain derived 
neurotrophic factor (BDNF), which in turn upon binding with its tyrosine kinase 
B (TrkB) cognate receptor recruits a cascade of signaling pathways that ultimately 
mediates activity-associated plasticity of neurons [71, 72]. Activity-associated 
plasticity signifies a means of functional and structural neuroplasticity that is 
tailored by the depolarizing behavior of neurons, and the mechanisms governing 
activity-associated plasticity includes LTP and activity-associated development 
of corticospinal circuitry among others [72]. Therefore, through brain plasticity 
after cerebral stroke, reorganization by recruiting cortical or subcortical structures 
to adopt the function of the injured tissue, reinforcement of remaining synaptic 
pathways and then creating new connections, recruitment of other pathways that 
are functionally alike the damaged tissue but anatomically distinct, strengthening 
of existing but weaker and functionally silent connections, can all be achieved to 
recover lost cerebral functions [73].

4. Neuroplasticity and its basic physiology

Neuroplasticity is a general term that covers all available processes of neuronal 
reorganization possible [66], such as neurogenesis, synaptogenesis, dendritic arbo-
rization, axonal sprouting, LTP, recruitment of other pathways, reinforcement of 
functionally silent synapses. Neurogenesis is the process of generating of neurons 
of neural cell types from precursors neural stem cells and/or neural progenitor cells 
(NPCs) [74]. Synaptogenesis is a broad term that encompasses the complex process 
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of synaptic contacts formation, maturation and maintenance which form the basis 
for establishing neural circuits [75]. Dendritic arborization describes a process 
of neuronal dendrites tree-like branching out to make new synaptic connection 
through mechanisms of dendrite morphogenesis [76]. Sprouting is a form of plastic 
changes in the synapses in which there is axonal synaptic reorganization to modify 
the efficacy of synapses [77]. LTP is the fundamental form of synaptic plasticity 
where synapses become strengthened and this forms the cellular basis of learning 
and memory [78].

Neuroplasticity is regulated by the corresponding cascade of intracellular 
events that translates into plastic changes. However, the plastic changes may 
either be adaptive, where it is related with an upsurge in function or maladap-
tive where it is linked with adverse consequences such as loss of function or 
augmented damage [79, 80]. This brings about the concept that not all plasticity 
effect positively on clinical status, that maladaptive plastic changes from dys-
regulated neuroplasticity result in an aberrant neural organization [79]. Typical 
example of situation where neuroplasticity becomes maladaptive can be seen 
in new onset of seizures after long period of cerebral trauma, where aberrant 
progressive plastic changes in the brain in the form of inappropriate synapto-
genesis and axonal sprouting accounts for this late development. Neuroplasticity 
can also be seen as structural where the plastic changes involves the organization 
and number of synapses such as synaptogenesis, axonal sprouting and dendritic 
arborization, or functional where the plastic changes involves the efficacy and 
strength of synaptic connections such as LTP.

The basis of plastic changes that allows for neuroplasticity to become realistic 
depend upon factors such as neuronal excitability, which define the ability of a 
nerve to produce an action potential and in turn depends on the permeability, 
electrical and chemical state of the neuron [81]. This is then followed by adaptive 
changes termed plasticity, in which there are stable functional transformations 
that occur in specific neuronal systems as a result of specific stimuli or the 
combination of stimuli [82]. Furthermore, it has been revealed that effective and 
repeated action potentials are required from the presynaptic neuron to stimulate 
the postsynaptic to cause a change in the strength of an interneuron connection 
[83]. Cumulatively, the aforementioned process leads to biochemical changes, 
and anatomical adaptations which reinforce the connections between neighbor-
ing neurons, thus accounting for molecular, cellular, systems, and behavioral 
perspectives of explaining neuroplasticity [84].

The strength of the excitation impulse must exceed the threshold value to 
increase the synaptic efficacy and the stability of the connections between neu-
rons. Nevertheless, when neurons are stimulated only with subthreshold stimuli, 
the overall activity of the synapse may decrease [85]. Studies conducted on unilat-
eral lesion of the hippocampus results in the formation of new synapses (synapto-
genesis) by the axons from the remaining contra-lateral hippocampal system [86]. 
Thus, the postsynaptic portion of a synapse continues to function properly despite 
the degeneration of the presynaptic region, and the surviving axons form new 
synapses. The fibers that form the (new) synapses are homologous to the damaged 
synapses, which may significantly facilitate the restoration of normal function.

5. Strategies that enhances neuroplasticity

Table 1 summarized various strategies that were found to enhance neuroplasticity 
and the mechanism through which modulate neuroplasticity.
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of neuronal dendrites tree-like branching out to make new synaptic connection 
through mechanisms of dendrite morphogenesis [76]. Sprouting is a form of plastic 
changes in the synapses in which there is axonal synaptic reorganization to modify 
the efficacy of synapses [77]. LTP is the fundamental form of synaptic plasticity 
where synapses become strengthened and this forms the cellular basis of learning 
and memory [78].

Neuroplasticity is regulated by the corresponding cascade of intracellular 
events that translates into plastic changes. However, the plastic changes may 
either be adaptive, where it is related with an upsurge in function or maladap-
tive where it is linked with adverse consequences such as loss of function or 
augmented damage [79, 80]. This brings about the concept that not all plasticity 
effect positively on clinical status, that maladaptive plastic changes from dys-
regulated neuroplasticity result in an aberrant neural organization [79]. Typical 
example of situation where neuroplasticity becomes maladaptive can be seen 
in new onset of seizures after long period of cerebral trauma, where aberrant 
progressive plastic changes in the brain in the form of inappropriate synapto-
genesis and axonal sprouting accounts for this late development. Neuroplasticity 
can also be seen as structural where the plastic changes involves the organization 
and number of synapses such as synaptogenesis, axonal sprouting and dendritic 
arborization, or functional where the plastic changes involves the efficacy and 
strength of synaptic connections such as LTP.

The basis of plastic changes that allows for neuroplasticity to become realistic 
depend upon factors such as neuronal excitability, which define the ability of a 
nerve to produce an action potential and in turn depends on the permeability, 
electrical and chemical state of the neuron [81]. This is then followed by adaptive 
changes termed plasticity, in which there are stable functional transformations 
that occur in specific neuronal systems as a result of specific stimuli or the 
combination of stimuli [82]. Furthermore, it has been revealed that effective and 
repeated action potentials are required from the presynaptic neuron to stimulate 
the postsynaptic to cause a change in the strength of an interneuron connection 
[83]. Cumulatively, the aforementioned process leads to biochemical changes, 
and anatomical adaptations which reinforce the connections between neighbor-
ing neurons, thus accounting for molecular, cellular, systems, and behavioral 
perspectives of explaining neuroplasticity [84].

The strength of the excitation impulse must exceed the threshold value to 
increase the synaptic efficacy and the stability of the connections between neu-
rons. Nevertheless, when neurons are stimulated only with subthreshold stimuli, 
the overall activity of the synapse may decrease [85]. Studies conducted on unilat-
eral lesion of the hippocampus results in the formation of new synapses (synapto-
genesis) by the axons from the remaining contra-lateral hippocampal system [86]. 
Thus, the postsynaptic portion of a synapse continues to function properly despite 
the degeneration of the presynaptic region, and the surviving axons form new 
synapses. The fibers that form the (new) synapses are homologous to the damaged 
synapses, which may significantly facilitate the restoration of normal function.

5. Strategies that enhances neuroplasticity

Table 1 summarized various strategies that were found to enhance neuroplasticity 
and the mechanism through which modulate neuroplasticity.
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Strategy Proposed mechanism reported to modulate  
and promote neuroplasticity

References

Transcranial direct current 
stimulation (noninvasive)

Modification of neuronal membrane potentials, 
consequently persuading neuronal excitability 
which form part of the basis of neuroplasticity.

[87, 88]

Deep brain stimulation 
(invasive)

This by stimulating neuronal network connected 
to the stimulated region, the pathological neuronal 
network becomes altered by changes in the 
neurochemical components thereby inducing 
morphological changes in both the dendrites 
(dendritic arborization) and axons (axonal 
sprouting).

[89]

Functional Electrical 
Stimulation (FES 
noninvasive)

Hypothesized to modulate neuroplasticity through 
repeated generation of neurons synaptic activity 
that might facilitate synaptic remodeling, leading 
to neural reorganization.

[90]

Aerobic Exercise Aerobic exercise is linked with surge in 
neurogenesis and angiogenesis, together with 
rise in neurotrophic molecules especially BDNF 
and other growth factors implicated in neurite 
outgrowth and synaptic plasticity

[91, 92]

Brain-derived neurotropic 
factor (BDNF) therapy

By binding of BDNF to its TrkB cognate receptor, 
two distinctive intracellular signaling pathways 
namely phosphatidylinositol 3-kinase (PI3K)/
Akt and mitogen-activated protein kinase/
extracellular-signal-regulated kinase (MAPK/
ERK) becomes initiated, thereby regulating 
transcriptional gene activity of neurite outgrowth 
and neurogenesis.

[93, 94]

Statins Proposed mechanism by which statins modulates 
neuroplasticity involves indirect effect through 
statin-mediated increase in proteins such as 
endothelial nitric oxide synthase (eNOS), 
vascular endothelial growth factor (VEGF), tissue 
plasminogen activator (tPA), and brain-derived 
neurotropic factor (BDNF) among others.

[95]

Erythropoietin (EPO) 
therapy

EPO and EPO receptor (EPOR) that both becomes 
upregulated in response to cerebral ischemia, 
when supplemented act to indirectly augment 
neurogenesis through EPO-mediated increase in 
the expression vascular endothelial growth factor 
(VEGF) and brain-derived neurotropic factor 
(BDNF).

[96]

Phosphodiesterase type 
5 inhibitors (PDE-5 
inhibitors)

PDE-5 inhibitors competitively inhibit 
phosphodiesterase enzymes responsible for 
converting cyclic guanylyl monophosphate 
(cGMP) back to GMP, thus fostering cGMP 
accumulation which has diverse cellular effect in 
the brain including angiogenesis, and neurogenesis 
which are requirements of neuroplasticity

[97]

Vascular endothelial 
growth factor (VEGF) 
therapy.

Proposed mechanism through which VEGF 
modulates neuroplasticity involves mediating 
the PI3K–AKT–nuclear factor kappa B signaling 
pathway; an intracellular pathway that regulate 
transcriptional factors involves in neurogenesis

[98, 99]

Table 1. 
Various strategies that were found to enhance neuroplasticity.
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Chapter 4

Movement-Related Cortical 
Potential Associated with  
Jaw-Biting Movement in the 
Patients with Oral Cancer after  
the Surgery
Ichiro Nakajima, Mitsuyo Shinohara and Hiroiku Ohba

Abstract

Oral cancer is first treated with surgery for the patients. In most cases, it becomes 
difficult for these patients to perform smooth jaw movements postoperatively, causing 
masticatory dysfunctions, due to the mandible excision including muscles and periph-
eral nerves. However, it is still unknown whether the surgery affects the brain function 
for jaw movement in the patients. In this study, therefore, we investigated a signifi-
cance of the movement-related cortical potential (MRCP) for jaw movements in the 
patients after the cancer surgery, to clarify the motor preparation process in the brain, 
as compared with healthy subjects. Eight normal subjects and seven patients with oral 
cancers were enrolled in the study. Experiment 1: The normal subjects were instructed 
to perform jaw-biting movement and hand movement, respectively. The MRCPs 
appeared bilaterally over the scalp approximately 1 to 2 s before the onset of muscle 
discharge in both movements. Experiment 2: The MRCPs appeared preoperatively 
in the jaw biting movement in all patients. However, the amplitudes of the MRCP 
decreased significantly after than before the surgery (p < 0.05). Our data indicated the 
dysfunction of the motor preparation process for jaw movements in the patient after 
the surgery, suggesting impairment of feed-forward system in the maxillofacial area.

Keywords: oral cancer, mandibulectomy, movement-related cortical potential,  
jaw movement, feed-forward system

1. Introduction

According to the World Health Organization, there are an estimated 657,000 
new cases of oral cavity and pharyngeal cancers each year, and more than 330,000 
death [1]. In high-risk countries such as Sri Lanka, India, Pakistan and Bangladesh, 
oral cancer is the most common cancer in men, and may contribute up to 25% of all 
new cases of cancer [2].

Oral cancers can occur on the lip or in the oral cavity, nasopharynx, and phar-
ynx. It belongs to a larger group of cancers called head and neck cancers. Usually, 
oral cancer is first treated with surgery. In most cases, surgery is followed by radia-
tion therapy and chemotherapy [3–5].
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During the jaw bone excision in oral cancer surgery, we commonly find that 
the adjacent masticatory muscle, tendon tissue, and peripheral nerves are known 
to be included in the disease field. However, oral cancer patients who underwent 
resection surgery can suffer from eating and swallowing dysfunctions, owing to 
the masticatory muscle’s excision, even when bone grafts obtain a morphological 
recovery [6].

In the postoperative period, most patients complain of immobility at the onset 
of jaw movement.

We predict that one cause is a disorder associated with the preparatory stage of 
the onset of voluntary jaw movement in the patients, leading to difficulty masticat-
ing and swallowing.

Jaw motor dysfunctions may be related either to the mandibular bone and teeth’ 
defects or some brain functions’ modulation after surgery.

Movement-related cortical potential (MRCP) is a slow negative potential in an 
electroencephalographic recording that occurs about 2 s before voluntary body 
movement production in humans [7].

In general, MRCP consists of two main components: Bereitschaftspotential 
(BP) and negative slope. From extensive studies, the current model is that BP starts 
first in the SMA, including the pre-SMA, and then shortly after that in the lateral 
premotor cortices bilaterally [8, 9]. About 400 msec before the movement onset, 
NS’ starts in M1 and the premotor cortex mainly. MRCPs are also generated from 
the cerebellum as subcortical structures [10].

This potential is well known to reflect the cortical processes involved in move-
ment planning and movement preparation preceding voluntary limb and maxillofa-
cial movements [11–16].

In this study, we observed changes in MRCP waveform components associated 
with jaw-biting movements in oral cancer patients before and after surgical excision 
of their lesions. The purpose of this study was to investigate whether brain activi-
ties, as measured by MRCP recordings, are affected by the loss of neurological tissue 
in patients with oral cancer after the surgery.

In this chapter, thus, we discuss the clinical importance of application of MRCP 
recording in the field of maxillofacial surgery.

2. Material and methods

2.1 Research design

We performed two experiments in this study, described below.
Experiment 1: The MRCP waveforms for jaw movement were compared with 

those for hand movement in healthy subjects, which served as the control, to 
confirm MRCP components’ characteristics (BP and NS’) preceding onset of jaw 
muscle activities.

Experiment 2: The MRCP waveforms for jaw movement were compared 
between the preoperative and postoperative periods in the oral cancer patients to 
confirm MRCP components’ changing (BP and NS’) preceding onset of jaw muscle 
activities.

2.2 Informed consent

We obtained informed consent was obtained from all participants after explain-
ing the procedure in detail. The Ethical Committee approved the protocol of Nihon 
University School of Dentistry.
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2.3 Experiment 1

2.3.1 Subjects

Eight unaffected subjects, four males and four females were enrolled in this 
experiment. Each had a complete set of natural maxillary teeth, instead of man-
dibular teeth. The average age was between 25 and 32 years.

2.3.2 Motor tasks

2.3.2.1 Jaw-biting task

The subjects were instructed to bite softly on a 3-cm-thick plastic block between 
their upper and lower molars on their habitual side (left or right) at their own pace.

2.3.2.2 Wrist dorsiflexion task (control movement task)

The subjects were instructed to put their hands on the chair’s arms and dorsiflex 
their right wrist.

The above movement was carried out 50 times rapidly, and three trials were 
carried out with a break between them. The MRCP waveform data obtained from 
both groups for the above movement tasks were compared with those obtained for 
the right wrist dorsiflexion movement task as the control task.

The subjects sat in an armchair with the FH plane nearly parallel to the floor in 
a relaxed manner. They were instructed not to move their jaw and tongue before 
doing each movement.

The subjects performed the movements 30–50 times rapidly and carried out 
the following two tasks with a break between them. The subjects were instructed 
to gaze at a mark positioned 1.5 m ahead at eye level lightly. The subjects were 
instructed not to blink for 6 s before beginning the specified movement and to 
relax, and then to perform the following movement tasks.

2.3.3 Recording conditions

2.3.3.1 Electroencephalographic (EEG) recording

For electroencephalographic recording, Ag/AgCl electrodes were set at three 
sites, C3, Cz, and C4, stipulated under the international 10–20 system (Figure 1). 
The right and left earlobes (A1 and A2) were selected as the reference electrodes. 

Figure 1. 
Electroencephalographic recoding areas.
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Electroencephalography was performed using a monopolar lead with a time 
constant of 5.0 s, a 100 Hz high-frequency filter, and electric resistance of 5 kΩ 
or less.

2.3.3.2 Electrooculograms (EOG) recording

Electrooculograms were recoded from electrodes above and below the right eye, 
to enable us to monitor for eye movement and blink artifacts.

2.3.3.3 Electromyogram (EMG) recording

Surface electromyograms that served as a trigger for brain wave averaging were 
recorded from agonists shown below:

Jaw-biting task: Superficial part of the right masseter muscle.
Wrist movement task: Short radial extensor muscle of the right wrist (control 

movement task).
Surface electromyograms were recorded from each muscle group using a bipolar 

lead. The ocular movement was recorded during all the movement tasks, and 
electroencephalographic data contaminated with ocular movement artifacts were 
excluded from the analysis.

2.3.4 Data analysis conditions

Signals obtained from electroencephalography, ocular movement, and muscle 
activity were amplified with an evoked potential measuring system (Neuropak-
MEB-2200, Nihon Kohden Corporation). Electroencephalographic data without 
artifacts taken 50 times with the point of muscle discharge of the suprahyoid 
muscle group exceeding 2 μV chosen as the threshold for the trigger were averaged.

2.4 Experiment 2

2.4.1 Patients

Seven oral cancer patients in whom the large area of the mandibular bone was 
excised during tumor resection were enrolled in this study (Table 1).

The patients ranged in age from 17 to 70 at the time of surgery. Additionally, 
they had upper and lower molars on the non-operative side (unaffected side). Their 
operation procedures were either segmental mandibulectomy or hemi-mandibulec-
tomy (Figure 2).

2.4.2 Motor task

The patients were instructed to carry out the jaw-biting task on the unaffected 
side. They were instructed to bite softly on a 3-cm-thick plastic block between the 
upper and lower molars on the unaffected side at their own pace before undergoing 
tumor resection. The patients carried out the same specified movement postop-
eratively. One of the patients was instructed to perform the right wrist dorsiflexion 
movement postoperatively.

2.4.3 Recording conditions

Experiment 2 was carried out according to the recording conditions of 
Experiment 1. Electroencephalography was done on five patients, according to the 
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international 10–20 method, by placing sensors over the vertex (CZ). For elec-
tromyography, recordings were made using bipolar leads placed over the left and 
right masseter muscles. Simultaneously, electrooculography was done to monitor a 
mixture of eye-blinking potential with theelectroencephalogram.

Case Age Diagnosis Surgical procedure Recorded 
month of 
MRCP before 
surgery

Recorded 
month of 
MRCP after 
operation

1 36Y Fibrosarcoma Left 
hemi-mandiblectomy

1 month within 12 month

2 60Y Squamous cell 
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Right segmental 
mandiblectomy

3 63Y Squamous cell 
carcinoma

Right segmental 
mandiblectomy

4 70Y Squamous cell 
carcinoma

Left segmental 
mandiblectomy

5 17Y Ameloblastoma Left segmental 
mandiblectomy

6 18Y Ameloblastoma Left segmental 
mandiblectomy

7 70Y Ameloblastoma Left segmental 
mandiblectomy

Table 1. 
The list of patients participated in the research.

Figure 2. 
Surgical areas of mandibulectomy in the patients. (A) Segmental mandibulectomy is a surgical procedure in 
which the mandible is partially resected continuously from the alveolus to the inferior border of the man dible, 
resulting in the disruption of its continuity. (B) Hemi-mandibulectomy is a surgical procedure involving 
resection of the hemi-mandible including its condyle. Between 1 to 3 years after the surgery, the mandibular 
bone was reconstructed with bone grafts from the ilium in these patients. The patients who participated in this 
study also complained of difficulty in jaw movement and mastication after surgery.
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2.4.4 Measurement parameters

The measurement parameters for each movement task were maximum ampli-
tude and duration determined by setting the baseline and rise time of MRCP under 
the following conditions (Figure 3). The average potential of a segment between 4 
and 3 s before the start of muscle discharge was calculated to set the baseline.

2.4.5 MRCP duration, maximum MRCP amplitude

2.4.5.1 Maximum MRCP amplitude

The difference in potential between peak MRCP amplitude before muscle dis-
charge initiation and the baseline (NS’ amplitude) was determined as the maximum 
MRCP amplitude.

2.4.5.2 MRCP duration

The difference in time between the starting point of the rise in MRCP from the 
baseline and muscle discharge initiation was determined as the MRCP duration.

2.5 Statistical analysis

Differences of the amplitudes in the two different motor tasks were analyzed 
with a two-factor (recording site - task), repeated-measures analysis of variance 
(ANOVA). Statistical significance was considered when P < 0.05. A paired t-test was 
also used to compare the measured values (amplitude/duration) of two groups.

3. Results

3.1 Experiment 1

3.1.1 MRCP waveform components in tasks

MRCP waveforms obtained in jaw-biting and wrist motor tasks were shown in 
Fi.4A and Figure 4B, respectively. Negative slow potential appeared bilaterally 

Figure 3. 
MRCP components. Bereitschaftspotential (BP): BP is a gradually increasing, bilaterally widespread surface 
negativity with the maximum over the midline vertex region regardless of the site of movement onset. Negative 
slope (NS’): NS’ is a much steeper slope starting about 400 ms before the movement onset, and is characterized 
by a more localized negativity over the central and vertex regions contralateral to the movement. Trigger point 
indicates the onet of EMG for EEG averaging.
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from electrodes at five sites on the scalp 1 or 2 s before muscle discharge initiation in 
each task. Each slow negative potential was divided into the BP component, which 
was of long duration centering on Cz, and the rapid NS’ component appearing 
approximately 500 msec before muscle discharge initiation.

3.1.2 Maximum peak amplitudes (NS’ amplitude) in each task

3.1.2.1 Mean peak amplitudes of MRCPs

Maximum amplitudes in the wrist dorsiflexion movement task were 
8.18 ± 2.46 μV, 10.48 ± 3.84 μV, 7.64 ± 2.41 μV, at C3, Cz, and C4, respectively 
(Figure 4C). On the other hand, the MRCP amplitudes in the jaw-biting task were 
12.80 ± 5.22 μV, 15.09 ± 5.98 μV, 12.91 ± 4.32 μV at C3, Cz, and C4, respectively 
(Figure 4D).

In a two-way analysis of variance with each task and each recording site as two 
factors, a significant difference in MRCP amplitude was observed when the task was 
considered as the main effect [F (1,42) = 11.8, p < 0.01]. No significant difference 
was also observed between the recording sites [F (2,42) = 1.78, p > 0.05]. No inter-
action was observed [F (2,42) = 0.07, p > 0.05]. These results indicate that MRCP 
amplitude varied with the task. The MRCP amplitude was significantly higher in the 
jaw-biting task than in the wrist dorsiflexion movement task (p < 0.01). The MRCP 
recorded at Cz tended to be a large amplitude in both tasks, and was clear to distin-
guish two main components (BP and NS’).

3.1.3 MRCP duration in tasks

The MRCP durations were 1,704.37 ± 743.03 ms in the wrist dorsiflexion 
movement task, 2,180.00 ± 196.81 ms in the jaw-biting task. No significant 
difference was observed in MRCP duration between the movement tasks (paired 
test, p > 0.05).

Figure 4. 
Comparison of cortical potentials in jaw biting and wrist extension tasks in healthy subjects. (A) The grand 
averaged MRCPs for wrist extension task over all eight subjects. (B) The grand averaged MRCPs for jaw-
biting task over all eight subjects. Both wave forms were obtained from vertex (Cz). The BP component and 
NS component can be confirmed in each waveform.“Onset” indicates onset of muscle discharge. Panel (C) 
and (D) indicate mean peak amplitudes values of the MRCPs for wrist extension and for jaw-biting tasks, 
respectively.
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Figure 6. 
Comparison of mean peak amplitude values before and after surgery. Paired t test: * indicates significant 
difference at p < 0.05.

3.2 Experiment 2

3.2.1 Changes in MRCP waveform components in oral cancer patients

Regarding MRCP waveforms associated with the preoperative jaw-biting, 
negative potential appeared bilaterally 1.5 s before muscle discharge initiation. The 
precipitous negative potential appeared 500 msec before muscle discharge initiation 
in all five patients. Preoperative negative potential waveforms consisted of BP and 
NS’ components.

However, BP and NS’ appearance became unclear in four of all seven patients 
after the surgery. In only one case, BP and NS’ components were observed at both 
pre and postoperative periods.

Figure 5 shows a typical case with reduced waveform components. In this case, 
the BP component was confirmed 1.5 seconds before the onset of masseter muscle 
discharge, as in healthy adults, before the surgery (Figure 5A).

However, after surgery, the amplitudes of MRCPs were decreased so much that 
the BP component could not be confirmed (Figure 5B). The NS’ component was 
barely confirmed in the waveforms. In addition, the BP and NS components could 
be observed in the MRCP waveforms when this patient was requested to perform 
wrist movement during the postoperative period (Figure 5C).

The MRCP amplitudes in the jaw-biting task at pre-and postoperative periods 
were 6.80 ± 1.442 μV and 4.02 ± 2.33 μV, respectively (Figure 6). The amplitudes 

Figure 5. 
A typical change in pre and postoperative MRCP waveforms in same patient. (A) Comparison between 
the MRCPs for jaw-biting in a patient at preoperative and postoperative periods. (B) The MRCPs for wrist 
extension in same patient at postoperative period.
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of the MRCP decreased significantly in the patients after than before the surgery 
(p < 0.05). Thus, it was clear that the cerebral potentials associated with jaw move-
ment were affected in the patient after surgery.

4. Discussion

4.1 Experiment 1

Recently, the epidemiological data suggest a positive correlation between masti-
catory functions and cognitive functions in the elderly people [17, 18]. Thus, we feel 
it is essential to study the relationship between masticatory muscle movement and 
brain function in humans from many points of view.

That local cerebral function is related to various movements’ execution has been 
documented recently using cerebral function imaging methods such as fMRI and 
positron-emission tomography [19–21]. These techniques have excellent spatial 
resolution and various applications, such as function localization in the cerebral 
cortex. These techniques can be used in jaw movement studies.

Because these methods’ temporal resolutions, which are on the order of tens to 
hundred milliseconds, are low, it is impossible to record brain activity on a time 
series plot: before, at the start of, and during a movement. The methods provide 
information on brain activity during a movement but cannot clarify brain activity 
during a movement’s preparation.

On the other hand, an MRCP is recorded from the scalp before voluntary move-
ments. Hence, an index reflecting changes in brain potential, but MRCP reflects the 
supplementary motor area and sensorimotor cortex’s activities appear before the 
start of voluntary movements. Its temporal resolution is on the order of 1/1000 sec-
onds, allowing very high-resolution examination and enabling continuous monitor-
ing of central nerve activity accompanying the movement.

Shibasaki (1980) divided MRCP recorded from the scalp into two components: 
the BP and the NS’ components [8]. The BP component initiates approximately 
1,000 to 2,000 ms before starting a movement with a mild gradient showing 
maximum amplitude. In contrast, the NS’ component initiates at approximately 
500 ms after the start of a movement with a steep gradient showing maximum 
amplitude on the side contralateral to the movement side. The NS’ measurement is 
used  clinically to diagnose movement disorder of central origin.

Therefore, we conducted this study by focusing on changes in the BP and NS’ 
components of MRCP waveforms associated with jaw movements.

In this study, the BP component appeared bilaterally from the scalp 1 to 1.5 s 
ahead of muscle discharge initiation in the jaw-biting task, similarly to the wrist 
dorsiflexion movement task. However, the NS’ amplitude tended to be higher in 
the jaw-biting task than in the wrist dorsiflexion movement task. Our data dem-
onstrated the difference between jaw and limb movements in the peak amplitudes 
of MRCPs.

MRCP amplitude has been shown to have a more significant increase, par-
ticularly in the movement task coordinating the bilateral upper limbs than in the 
unilateral upper-limb movement task [21, 22]. This phenomenon is considered 
attributable to increased activity in the supplementary motor area. The difference 
in MRCP amplitude between the jaw movement and wrist movement tasks was 
considered to indicate the brain’s more extensive activation in the jaw movement’s 
preparatory process involving the bilateral muscles’ coordination than for the 
unilateral wrist dorsiflexion movement.

Our results indicate that BP and NS’ components can be considered a use-
ful index for the jaw-biting movement’s motor preparation, similar to limb 
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movements. In later experiments, we will investigate the relationship between 
these components and the brain’s active sites for jaw-biting movement in patients 
with oral cancer.

4.2 Experiment 2

In Experiment 1, our data indicated that BP and NS’ were a useful index of 
MRCPs, suggesting the more complicated preparatory process for the jaw move-
ment than for the limb movement. In Experiment 2, the influence of excision of the 
unilateral masticatory muscle in oral tumor resection on the BP and NS’ compo-
nents of the MRCPs for the jaw-biting was examined in the patients.

Chewing aims to crush, triturate, and mix food with saliva so that that food can 
be transported by deglutition down the digestive canal [23]. The masticatory muscle 
is an agonist of an actual jaw movement and a sensory organ involved in sensing the 
mandible position through stretch receptors [24].

Therefore, in this experiment, we predicted that a loss of oral sensory 
receptors such as muscle spindles due to oral cancer removal might affect brain 
function.

In this study, MRCP consisting of the BP and NS’ components appeared initial 
onset of master muscle activities in all five patients at the preoperative period.

However, these MRCPs decreased in four of five subjects during the postopera-
tive period in the patients. In particular, our results indicated the BP components 
more remarkably decreased.

The cerebellum receives signals from receptors on various parts of the body and 
the cerebrum [25, 26].

The cerebellum transmits movement-controlling signals based on the above 
signals to the medulla’s vestibular nuclei oblongata and cerebellar nuclei. 
Various sensory input types are distributed fragmentarily in intracortical 
adjacent areas, and Purkinje cells, the only projection neurons, potentially 
integrate various sensory information at a single-cell level. It is considered that 
the plasticity of parallel fiber synapses determined by the interaction of two 
types of excitatory input received by Purkinje cells, climbing fiber inputs and 
parallel fiber inputs, plays an important role in sensory information processing 
and motor learning.

It is well known that the cerebellum drives MRCP generation. Ikeda et al. [27] 
have determined the cortical source of MRCPs by directly recording cortical poten-
tials through chronically implanted subdural electrodes in patients with epilepsy as 
part of the presurgical evaluation [10]. Sasaki et al. [28] reported that in monkeys 
trained to perform spontaneous hand movements, MRCPs recorded before the 
movement’s initiation disappear following cerebellum resection [28]. Ikeda et al. 
[27] reported that in cerebellar infarction patients performing an upper-limb move-
ment task, no MRCP was recorded [27].

Naito et al. demonstrated that sensorimotor inputs from muscle spindles and 
tendon receptors through afferent nerves in humans are transmitted to the primary 
sensorimotor cortices, supplementary motor area (SMA) and cingulate motor area 
(CMA), by using emission tomography (PET) [29].

In this study, therefore, our data may suggest that the marked postopera-
tive reduction in MRCP amplitude in the oral cancer patients was attributable to 
decreased activities of the cerebellum before the initiation of voluntary movements, 
leading to dysfunction of the feed-forward system of jaw movements.

As a further study, we will investigate the effect of postoperative rehabilitation 
for cancer patients using not only MRCP but f MRI analysis, in order to establish the 
effective dysphagia treatment.
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Chapter 5

Mitochondria in the Cerebral and 
Cerebellar Cortex in Alzheimer’s 
Disease, Target for a Therapeutic 
Approach
Stavros J. Baloyannis

Abstract

Alzheimer’s disease remains the main cause of dementia in advanced age 
worldwide. Among the etiopathological background of the disease mitochondrial 
alterations may play a crucial role, given that they are closely related to metabolic 
and energy deficiency in neurons, glia, and endothelial cells in Alzheimer’s disease 
and other neurodegenerative disorders. In a series of morphological and mor-
phometric studies of mitochondria in the cerebrum and the cerebellar cortex in 
Alzheimer’s disease, by electron microscopy, we described marked morphological 
and morphometric alterations. The most frequent ultrastructural alterations of 
the mitochondria consist of disruption of the cristae, accumulation of osmiophilic 
material, and marked changes of shape and size in comparison with the normal 
controls. Mitochondrial alterations were particularly prominent in dendritic profiles 
and dendritic spines. The ultrastructural study of a substantial number of neurons 
in the cerebellum revealed that mitochondrial alterations do not coexist, as a rule, 
with the typical Alzheimer’s pathology, such as cytoskeletal alterations, amyloid 
deposits, and tau pathology, though they are frequently observed coexisting with 
alterations of the cisternae of the Golgi apparatus. Therapeutical regimes targeting 
mitochondria may be beneficial in early cases of Alzheimer’s disease.

Keywords: Alzheimer’s disease, Mitochondria, Electron microscopy, Oxidative stress 
Treatment, cerebrum, cerebellum

1. Introduction

Alzheimer’s disease is the main causative factor of presenile and senile dementia 
[1] involving a large number of potential pathogenetic mechanisms, which for years 
was extinguishing the mental capacities, affecting seriously the cognition of the 
patients and leading to a tragic epilogue of the life with many social, economic and 
humanitarian consequences.

The phenomenology of familial or sporadic Alzheimer’s disease is the final act 
of a drama, which gradually was causing selective and progressive neuronal loss 
[2], extensive synaptic alterations [3, 4], progressive neurofibrillary degeneration 
[5] resulting in intracellular accumulation of hyperphosphorylated tau protein [6], 
in the form of neurofibrillary tangles, with a parallel accumulation of extracellular 
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deposits of Aβ peptide forming neuritic plaques with an obvious microglial 
involvement [7]. The accumulation of the Aβ peptide as the main causative factor 
in Alzheimer’s disease has been the core of the amyloid cascade hypothesis, which 
gained a considerable reputation, attempting to interpret all the pathological 
phenomena in the stream of the morphological and functional disintegration in 
Alzheimer’s disease [8].

However, a substantial body of evidence underlines the increasing differentia-
tion from the amyloid hypothesis [9] and emphasizes the crucial role that mito-
chondrial alterations and dysfunction may play in the pathogenesis of Alzheimer’s 
disease and other neurodegenerative disorders [10–14].

Mitochondria are double membraned organelles, which are the cardinal energy 
suppliers of the eukaryotic cells by generating ATP, via oxidative phosphoryla-
tion. Mitochondria have their circular, double-stranded DNA (mtDNA), encoding 
thirteen proteins essential for oxidative phosphorylation [15], which is continuously 
processed by five protein complexes of the respiratory chain (complexes I-V).

Mitochondrial DNA plays reasonably a crucial role in the homeostatic mecha-
nisms of the cell, by providing the essential energetic background for most of the 
cellular procedures. Moreover, mitochondrial DNA is also involved in a significant 
number of functional pathways, concerning cellular signaling by generating 
reactive oxygen species (ROS) synthesis of neurotransmitters at the presynaptic 
terminals. It is reasonable, that based on their multidimensional activity, mitochon-
dria would be versatile structures, continuously renewed by fusion and fission [16] 
and frail to degradation thru mitophagy [17, 18].

Mitochondrial morphology is mainly modulated by the neurofilaments and 
microtubules, given that mitochondria are mostly transported along the microtu-
bules [19], expressing at the same time an immediate adaptation to energetic needs 
and immune responses of the cells [20]. The fact that mitochondria have an anti-
viral signaling protein (MAVS), in connection to the outer membrane, emphasizes 
their importance in activating immune reactions [21] and participating in antiviral 
responses [22].

In Alzheimer’s disease, the mitochondrial alterations, are responsible for the 
reduced energy production, oxidative stress, and the inflammatory reactions [23], 
which are among the early phenomena of the disease [24, 25], in the broad spec-
trum of the functional and morphological alterations [26, 27], which occur affect-
ing progressively the neuronal and synaptic integrity.

Mitochondrial alterations resulting in substantial oxidative stress have been 
described in a considerable number of neurodegenerative diseases [28–30], a fact 
which emphasizes the importance of mitochondria morphological and functional 
integrity in the normal life and long survival of neurons and glial cells. Oxidative 
stress triggers also the initiation of a real cascade of pathological phenomena, 
including the modulation of innate immunity, which provokes a further mitochon-
drial dysfunction, given that mitochondria and mtDNA are very sensitive to oxida-
tive stress [31, 32]. Besides, the association of oxidative stress with the increased 
accumulation of calcium ions [33], would also be considered among the principal 
causes of apoptosis [34].

Oxidative stress in Alzheimer’s disease is mostly related to amyloid β (Αβ) accu-
mulation in the neocortex [35, 36], which is a phenomenon playing a crucial role in 
the pathogenetic process of Alzheimer’s disease [37]. The mitochondrial dysfunc-
tion has culminated with the existent beta-Amyloid toxicity in connection with 
the decreased rate of glycolysis [38] and the inhibition of the mitochondrial cyto-
chrome c oxidase by a dimeric conformer of Aβ42 [39, 40]. Besides, the increasingly 
synthesized reactive oxygen species (ROS), aggravate the mitochondrial dysfunc-
tion, increase the mitochondrial Ca load [41], initiating mitophagy eventually [42].
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However, mitochondrial ROS in low levels may play a positive role acting as 
second messengers and controlling several physiological processes [43]. Also, ROS 
are considered as being responsible for NLRP3 inflammasome activation [44, 45].

In excessive ROS synthesis the endogenous antioxidant defense system, such 
as superoxide dismutase, glutathione peroxidase, superoxide reductase, catalase, 
are unable to counteract the ROS’s vulnerability. It is also significant, that cytosolic 
mtDNA may activate the NLRP3 inflammasome increasing, even more, the inflam-
matory reactions [46].

Also, the hyperphosphorylated tau protein interacts with the voltage-dependent 
anion channel 1 (VDAC1) protein, affecting mitochondrial pores and deteriorat-
ing mitochondrial activity [47]. In a parallel way, caspase-cleaved tau impairs 
mitochondrial dynamics in Alzheimer’s disease [48]. Therefore, it seems that the 
convergence of amyloid and tau pathology on mitochondria impair synergistically 
the mitochondrial function and exacerbate oxidative stress [49].

From the morphological point of view, the shape and the size of mitochondria 
are highly variable depending upon the fusion and fission processes, which are 
regulated by mitofusins (Mfn-1 and Mfn- 2) and optic atrophy protein- 1 (OPA- 1) 
[50]. From the morphometric point of view, the number of the mitochondria varies 
in the soma and neuronal processes, according to the energy state of the cell, given 
that they are transported and accumulated to regions where energy demands and 
ATP consumption are particularly high [51].

In Alzheimer’s disease, morphological alterations of the mitochondria have been 
described [11, 52, 53] even in the early cases of the disease [11] coinciding with 
dendritic and synaptic pathology [54]. Some evidence suggests that the interaction 
of mitochondrial fission protein DRP- 1 with the Aβ peptide and the hyperphos-
phorylated tau protein results in mitochondrial fragmentation increasing therefore 
the mitochondrial damage [55].

Mitochondrial trafficking in Alzheimer’s disease plays also an important role in 
abnormal mitochondrial positioning and accumulation. Mitochondrial motility is 
controlled normally by kinesin and dynein which are powered by ATP hydrolysis, 
whereas the immobilization of mitochondria in places of high energy consumption 
is controlled by syntaphilin [56]. In Alzheimer’s disease, the hyperphosphorylated 
tau protein at AT8 sites (ROS), as by-products of the respiration chain, aggravates 
the mitochondrial dysfunction, increases the mitochondrial Ca load and the neuro-
nal oxidative stress [41], initiating mitophagy eventually [42].

However, mitochondrial ROS in low levels may play a positive role acting as 
second messengers and controlling several physiological processes [43]. I addition, 
ROS are considered as being responsible for NLRP3 inflammasome activation 
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Besides the hyperphosphorylated tau protein interacts with the voltage-depen-
dent anion channel 1 (VDAC1) protein, affecting mitochondrial pores and deterio-
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convergence of amyloid and tau pathology on mitochondria impair synergistically 
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are highly variable depending upon the fusion and fission processes, which are 
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in the soma and neuronal processes, according to the energy state of the cell, given 
that they are transported and accumulated to regions where energy demands and 
ATP consumption are particularly high [51].

In Alzheimer’s disease, morphological alterations of the mitochondria have 
been described [11, 52, 53] even in the early case of the disease [11] coinciding with 
dendritic and synaptic pathology [54]. Some evidence suggests that the interaction 
of mitochondrial fission protein DRP- 1 with the Aβ peptide and the hyperphos-
phorylated tau protein results in mitochondrial fragmentation increasing therefore 
the mitochondrial damage [55].

Mitochondrial trafficking in Alzheimer’s disease plays also an important role in 
abnormal mitochondrial positioning and accumulation. Mitochondrial motility is 
controlled normally by kinesin and dynein which are powered by ATP hydrolysis, 
whereas the immobilization of mitochondria in places of high energy consumption 
is controlled by syntaphilin [56].

In Alzheimer’s disease, the hyperphosphorylated tau protein at AT8 sites [57] 
may impede the mitochondrial transport via microtubules, leading to improper 
distribution of mitochondria in giant spines and abnormal synapses [58, 59]. 
In parallel, oligomers of Ab peptide impair mostly the anterograde movement 
of mitochondria [60], increasing the number of stationary mitochondria in the 
neuronal soma.

The observation that mitochondrial abnormalities occur as an early phenom-
enon in Alzheimer’s disease [11], supports the hypothesis that mitochondrial 
degeneration plays a primal role in Alzheimer’s disease pathogenetic procedure, 
inducing a chain of pathological alterations involving tau and amyloid pathology. 
Morphological alteration of mitochondria, as well as abnormal interconnections of 
mitochondria with neurofilaments and microtubules, have been described at the 
level of electron microscopy in dendrites, axons, and synaptic components, a fact 
which emphasizes the close association of mitochondrial pathology with the broad 
pattern of the morphological changes in Alzheimer’s disease [61, 62].

In this study, which is an extensive observation on electron microscopy, we 
attempted to describe the morphological alterations of mitochondria in early cases 
of Alzheimer’s disease in neurons from various areas of the cerebral and cerebellar 
cortex, proposing also therapeutic approaches in the initial stages of Alzheimer’s 
disease, based on the existing mitochondrial pathology.

2. Material and methods

2.1 Material

For describing the morphological alterations of neuron’s organelles in early cases 
of Alzheimer’s disease by electron microscopy we focused our observation mostly 
on the mitochondria in twenty-two cases, fourteen men and eight women, aged 
52–87 years, who fulfilled all the clinical, neuropsychological [63] and laboratory 
diagnostic criteria of Alzheimer’s disease.

The brains were derived from patients, who died accidentally 24 to 46 months 
following the clinical diagnosis of Alzheimer’s disease. Additional 15 brains, mac-
roscopically intact derived from apparently healthy persons of parallel age with the 
patients, were used as normal controls.

Multiple samples from many areas of the brain, namely from the prefrontal 
area of the frontal lobe, the frontal pole, the acoustic cortex, the visual cortex, the 
parietal lobe, the insula, the vermis of the cerebellum, and the cerebellar hemi-
spheres were taken in a room temperature of 40 C., 4 to 5 hours after death. Samples 
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also from the hippocampus, the hypothalamus, the mammillary bodies, the locus 
coeruleus, the red nucleus, the globus pallidus were excised under the same condi-
tions, processed for electron microscopy, and the findings were described and in 
previous reports.

2.2 Method

All the specimens were immediately immersed in Sotelo [64] fixing solution, 
for three hours, then post-fixed in osmium tetroxide for 30 min. and dehydrated in 
graded alcohol solutions and propylene oxide. Thin sections were cut in a Reichert 
ultratome, contrasted, with uranyl acetate and lead citrate, and studied in electron 
microscopes Elmiscope 1 and Zeiss 9As. All the methodological and technical details 
of the preparation of the specimens for electron microscopy have been described 
extensively in our previous reports [65, 66].

Following the morphological description of the mitochondria, we proceeded 
also to morphometric estimations on micrographs of a standard magnification of 
56.000X.

The methodology of the morphometric estimation of the mitochondria and 
the statistical analysis of the data have been extensively described in our previous 
reports [11, 65].

3. Results

The mitochondria in cases of Alzheimer’s disease demonstrate a wide variation 
of size and shape in comparison with the mitochondria of normal control brains 
(Figure 1). We noticed that numerous mitochondria were small round or elongated, 
particularly those which were inside the dendritic profiles or the synaptic terminals 
(Figure 2).

Figure 1. 
Mitochondrion of a Purkinje cell of the cerebellum of 75 years old man unremarkable neurologically.  
(Mag. 72,000 X).
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Figure 2. 
Mitochondrial alterations in synaptic terminals and dendritic profiles in the molecular layer of the cerebellum 
of a male patient aged 75 years, suffered from Alzheimer’s disease. The disruption of the mitochondrial cristae 
is obvious. Electron micrograph (Mag.68,000 X).

Figure 3. 
In the majority of the synaptic profiles the mitochondria are elongated demonstrating an impressive 
polymorphism, concerning the arrangement of the cristae. Mitochondria in a synaptic profile in the molecular 
layer of the cerebellum of a male patient aged 68, who suffered from Alzheimer’s disease. Electron micrograph 
(Mag. 68,000X).
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A substantial number of mitochondria show disruption of the cristae, though 
others include osmiophilic material [10, 11, 13]. In the majority of the synaptic 
profiles, the mitochondria showed an impressive polymorphism, concerning the 
pattern and the arrangement of the cristae (Figure 3). That polymorphism was 
particularly obvious in dendritic profiles in acoustic and visual cortices, where mor-
phological alterations of the mitochondria coexisted frequently with the fragmenta-
tion of the Golgi apparatus (Figure 4).

The ultrastructural study of the cerebellar cortex, in the vermis and the hemi-
spheres, revealed impressive mitochondrial polymorphism in the soma of the 
neurons, the dendritic profiles (Figure 5), as well as in the axons and the synaptic 
terminals (Figure 6) [66, 67].

Besides, the electron microscopy study revealed that morphological alterations 
are frequently seen in neurons of the prefrontal cortex, which included mostly 
small round mitochondria, with an abnormal arrangement of the cristae (Figure 7). 
Abnormal polymorphic mitochondria in association with the fragmentation of the 
Golgi apparatus were also observed in the Purkinje cells of the cerebellar cortex in 
the vermis and the hemispheres [68], in the stellate cells of the molecular layer of 
the cerebellar cortex (Figure 8), as well as in a substantial number of neurons of the 
prefrontal cortex [69].

By the morphological analysis of the mitochondria in the cortex of the brain 
hemispheres in Alzheimer’s disease, it was realized that mitochondrial pathology 
was associated as a rule with dendritic and spinal pathology [70].

From the morphometric point of view, the ellipsoid mitochondria in normal 
controls appear to have an average diameter of 650 ± 250 nm and a mean axial ratio 
of 1.9 ± 0.2. The round or global mitochondria in normal controls appeared to have 
a mean mitochondrial radius of 350 nm.

Figure 4. 
Mitochondrial polymorphism is obvious in neurons of the acoustic cortex, where morphological alterations 
of the mitochondria coexist frequently with the fragmentation of the Golgi apparatus. Electron micrograph 
of a neuron from the acoustic cortex of a female patient, who suffered from Alzheimer’s disease at the age of 
73 years, (Mag. 28, 000 X).
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In the brains of patients who suffered from Alzheimer’s disease, the ellipsoid 
mitochondria of the neurons appeared to have an average diameter of 510 ± 250 nm 
and a mean axial ratio of 1.7 ± 0.2. The round mitochondria have had a mean 
radius of 280 nm. Also, the round mitochondria appeared to have a mean radius 
of 350 nm.

Figure 5. 
Very elongated mitochondrion in a dendritic profile in the mocelular layer of the vermis of a male patient aged 
63 years, who suffered from Alzheimer’s disease in the early stages. Electron micrograph (Mag. 128,000 X).

Figure 6. 
Fragmentation of the cristae and impressive polymorphism of mitochondria in dendritic spines in the cortex 
of the cerebellar hemispheres of a male patient who suffered from Alzheimer’s disease at the age of 75 years. 
Electron micrograph. Mag.135.000X).
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Figure 7. 
Small mitochondria with abnormal arrangement of the cristae in a neuron from the prefrontal cortex of a 
male patient aged 75 years, who suffered from Alzheimer’s disease in the early stages. Electron microgram  
(Mag. 28,000 X).

Figure 8. 
Morphological alterations of mitochondria, coexist frequently with fragmentation of Golgi apparatus. Small 
compact mitochondria and fragmented cisternae of Golgi apparatus in the soma of an interneuron (stellate 
cell) of the molecular layer of the cerebellum of a male patient aged 63 years, who suffered from Alzheimer’s 
disease in the early stages. Electron micrograph (Mag. 28,000 X).
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4. Discussion

The morphological alteration of the mitochondria, which was extensively 
observed in the cortex of the brain hemispheres, the vermis and the hemispheres 
of the cerebellum pleads in favor of a generalized mitochondrial dysfunction in 
Alzheimer’s disease, which would be associated with wide neuronal loss, impaired 
axoplasmic flow, dendritic pathology, and marked synaptic and spinal alterations, 
which would be seriously affecting the mental faculties of the patients [71].

The defective mitochondria in Alzheimer’s neurons may not supply adequate 
levels of Adenosine Triphosphate (ATP), which is very important at the synaptic 
level for normal neural communication. It is expectable that the low levels of cellu-
lar ATP at nerve terminals may lead to extensive loss of synapses or cause defective 
function in the majority of them [72]. Besides, oxidative stress decreases the rate of 
choline recycling at the synapses, leading to Ach deficiency [73].

Many morphological alterations of AD could be linked to mitochondria changes 
since blockage of mitochondrial energy production shifts amyloid-protein precur-
sor metabolism to the production of more amyloidogenic forms of amyloid [74]. 
Thus it induces the production of A68 antigen [75, 76], and activates the mitogen-
activated protein kinase pathway [77–79].

Also, inadequate energy production impairs the mitochondrial motility in the 
soma, the axons, and the dendritic branches of neurons, resulting in trafficking 
jams aggravating even farther the mitochondrial function [80].

Accumulation also of transmembrane-arrested AβPP may block protein 
translocation, affecting, even more, the mitochondrial function. In a parallel way, 
the accumulated Aβ peptide in the mitochondrial membrane may be transported 
from the cytosol via mitochondrial translocases, which are located either in the 
outer or the inner mitochondrial membranes. Moreover, the Aβ peptide interacts 
with an Aβ-binding dehydrogenase (ABAD) in the mitochondria of patients 
suffering from Alzheimer’s disease as well as in transgenic mice, suggesting that 
ABAD is closely related, to mitochondrial toxicity [81]. Overexpression of ABAD 
can increase oxidative stress, accelerating, therefore, neuronal death. However, 
ABAD may play an important role in the oxidation of alcohols, facilitating the 
reduction of aldehydes and ketones, and decreasing subsequently the metabolic 
stress [82].

The Aβ-peptide may interact with cyclophilin D (CypD), a component of the 
mitochondrial transition pore, inducing cytotoxicity [83]. Moreover, morphological 
alterations of mitochondria in AD may be related to the increased mitophagy, which 
is proved by the accumulation of mitochondrial autophagic elements in neurons 
of AD patients [84]. In AD the PINK1-Parkin-dependent mitophagy pathway may 
also be involved in mitochondrial pathology [85]. The prompt clearance of dam-
aged mitochondria may result in increasing the density of normal mitochondria 
in dendrites and synaptic terminals, which is a fact ameliorating the synaptic 
function [86].

5.  Suggestions on the treatment of Alzheimer’s disease on the basis  
of mitochondrial pathology

Concerning the treatment of Alzheimer’s disease, we would underline that the 
preclinical stage is frequently overlooked, because it might be characterized as mild 
cognitive impairment, with considerable consequences on the course and the treat-
ment of the disease.
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Following the clinical manifestation of the disease and the diagnostic docu-
mentation, many therapeutic regimes have been applied without any substantial 
beneficial effect. In the decade 2002–2012 more than 240 drugs, mostly cholinester-
ase inhibitors, and NMDA receptor antagonists, have been tried for the treatment 
or even the amelioration of the quality of life in patients suffered from AD [87, 88], 
without any obvious effectiveness. Besides, any strategy attempting to reduce the 
amyloid aggregations in the brain, despite the numerous trials, was not fruitful [89].

Based on mitochondrial pathology, in the limits of the broad pathogenetic spec-
trum of Alzheimer’s disease, the mitochondria may be considered as the potential 
therapeutic targets, which might inhibit the stream of the neuropathological altera-
tions and impede the clinical deterioration of the patients.

Strategists protecting the mitochondria in Alzheimer’s disease would include the 
administration of efficient antioxidant factors, which might counteract the oxida-
tive stress, and decrease ROS production [90].

Natural antioxidants that could penetrate the blood–brain barrier may be 
effective in the initial stage of Alzheimer’s disease. The administration of  
Vitamins C, E, beta carotene, glutathione, Coenzyme Q10, epigallocatechin 
gallate, curcumin, lipoic acid, Ginkgo biloba, resveratrol, pramipexole, 
N-acetylcysteine, latrepirdine, idebenone, ubiquinone may reduce the production 
of ROS, suppressing the oxidative stress.

The tetracyclin Minocycline prevents also oxidative stress and controls the 
release of cytochrome c from mitochondria, inhibiting the activation of caspase-3 
and the subsequent apoptosis [91], being therefore quite effective in the treatment 
of AD [92].

In a parallel way, the adaptation of the Cretic or Mediterranean diet, combined 
with frequent proper physical exercise, in the early stages of the disease, may 
stabilize the mental capacities of the patients for a non-limited period and postpone 
the tragic epilogue of the disease. Besides, prolonged administration of pyruvate 
may improve the working memory in the preclinical stage AD [93].

We have realized, by a detailed clinical and neuropsychological evaluation of 
a considerable number of patients, who suffered from Alzheimer’s disease in the 
initial stages, that the quotidian administration of Riboflavin (Vit.B2) in a dose 
of 100–200 mg per day would play a positive role in inhibiting the course of the 
disease and stabilizing the mental faculties of the patients (Baloyannis, unpublished 
data). It is known that riboflavin serves as a flavoprotein precursor in the synthesis 
of flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN) [94, 95], 
which are electrochemically-active factors involved in regulatory pathways of mito-
chondria. Riboflavin serves also as a cofactor in fatty acid β-oxidation. Riboflavin 
deficiency may be involved in the pathogenetic mechanism of several neurode-
generative disorders [96, 97]. Thus, riboflavin supplementation may be enriching 
the therapeutical regime in some non-uncommon neurological conditions [98, 99] 
including Alzheimer’s disease [100].

At the experimental level, mitochondrial-targeted molecules, such as MitoQ 
and Szeto- Schiller (SS) peptides have been used for increasing the concentration 
of antioxidants into mitochondria [101]. MitoQ exerts direct antioxidant action by 
scavenging superoxide, peroxyl, and peroxynitrite ROS. It seems also to contribute 
effectively, enhancing the mitochondrial biogenesis in a transgenic mouse model of 
Alzheimer’s disease [102, 103].

The fact that the interaction of ABAD with the Aβ peptide may increase the toxic 
effects upon the mitochondria, suggests that ABAD inhibitors such as AG18051 
[104] and RM-532-46, might be applied as therapeutic factors in the treatment of 
patients who suffer from AD.
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Also, a decrease of the CypD in AD relieves the toxic effect that Aβ imposes 
on the mitochondria and may ameliorate the mental condition of the patients 
[83] improving the synaptic function by the restoration of mitochondrial activity 
[105]. Also, Oligomycin-sensitivity conferring protein (OSCP) is a crucial subunit 
of mitochondrial F1Fo ATP synthase, essential for its structural stability [106]. 
In Alzheimer’s disease, deregulation of mitochondrial F1FO-ATP synthase was 
described [107]. It is reasonable to be hypothesized that OSCP would be a positive 
factor in the treatment of early cases of Alzheimer’s disease.

The administration of factors that may regulate mitophagy, and cardiolipin-
induced mitophagy [108] such as NAD+ precursors, actinonin (AC), spermidine, 
urolithin A (UA), rapamycin, and doxycycline may also control the mitochon-
drial unfolded protein response (UPRmt), reducing the Aβ accumulation and 
 proteotoxicity [109].

The administration of metformin can increase also the resistance of the mito-
chondria to oxidative stress [110]. The supplementation with nicotinamide may be 
beneficial in the early stages of Alzheimer’s disease improving the cognition of the 
patients [111].

The administration of mitochondrial uncoupling factors such as 2, 4-dinitrophe-
nol (DNP) may be effective too, protecting mitochondria and stabilizing neuronal 
function in animal models of AD [112, 113]. Besides, the administration of galan-
thamine hydrochloride may control autophagy [114], as was noticed by the decrease 
of autophagosome formation.

Recently it was found that vacuole membrane protein 1 (VMP1), which is 
located in the endoplasmic reticulum (ER), may play a crucial role in mediating 
autophagy [115] and controlling mitochondrial morphology, given that numerous 
mitochondria are damaged upon VMP1 deficiency [116]. It must be underlined 
that autophagy is an important mechanism for maintaining cell homeostasis by 
liberating the cell from the accumulation of misfolded proteins and other undesired 
elements [117].

Erythropoietin (EPO) [118], is a cytokine essential for erythroid development 
and maturation, playing a beneficial role in progressive degenerative diseases [119] 
exercising among others a protective effect on mitochondrial morphology, facilitat-
ing the activity of cellular bioenergetics [120].

Furthermore, the relation between mitochondria and endoplasmic reticulum 
(ER) referred to as the MAMs [121, 122], which are enriched in presenilin proteins 
[123], may play an important role in the pathogenetic cascade of Alzheimer’s 
disease, given that they are involved in the production of intracellular Aβ [124], 
and play also a substantial role in cellular Calcium homeostasis [125, 126] and lipid 
transport between the endoplasmic reticulum and the mitochondria [127]. A deep 
understanding of MAMs involvement in the pathogenesis of AD may provide new 
ways of therapeutic approach in the early stages of AD.

The protection of mitochondria by the Szeto-Schiller (SS) peptides, particularly 
the SS31 tetra-peptide [128, 129], which is targeted to the inner mitochondrial mem-
brane, revealed that it may have protective effects against mitochondrial and synaptic 
toxicities in APP transgenic mice [130], reducing also mitochondrial fragmentation 
and increasing mitochondrial transport in AD neurons [131].

Mitochondrial biogenesis is decreased in AD [132] due to the decrease of the 
rate of mitochondrial division, a fact that aggravates substantially the mitochon-
drial dysfunction [133]. Supporting mitochondrial biogenesis may contribute 
to the therapeutic confrontation of AD [134]. Therefore, the administration of 
Nicotinamide riboside [135, 136], as well as of pioglitazone or rosiglitazone may 
improve the mental condition of the patients [137, 138].
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In experimental models, the administration of melatonin contributed consider-
ably to improving the biogenesis of mitochondria [139]. Besides, melatonin inhibits 
amyloidogenesis and promotes the non-amyloidogenic pathway [140], restoring 
also the equilibrium of the Ca2+ [141]. Recent neuropathological findings revealed 
that melanin-concentrating hormone (MCH) neurons in the lateral hypothalamic 
area of patients who suffer from AD undergo degeneration, a fact that may interpret 
the frequent sleep and metabolic disorders of the patients [142].

Also, it was observed, that the Zinc ion (Zn2+) supplementation in experimental 
models, contributed to ameliorating the mitochondrial function by the restoration 
of BDNF levels and improving cognition, although it might have negative effects on 
some cells lines [143].

Α substantial body of evidence suggests that among the causative factors in the 
multifactorial labyrinth of AD, the hemodynamic disturbances resulting in chronic 
hypoperfusion of the brain [144–147] play also a crucial role in attenuating the 
mitochondrial dysfunction [148] and aggravating subsequently the mental condi-
tion of the patients [149]. The improvement of the blood supply of the brain should 
be among the principal therapeutic strategists in AD.

Mitochondrial alterations may be estimated as potential biomarkers, which 
would provide a prognostic response to treatment [150]. Mitochondria may be 
considered as a significant strategic point for therapeutical interventions in early 
cases of Alzheimer’s disease.

6. Conclusions

Mitochondrial alterations may play an important role in the pathogenesis of 
Alzheimer’s disease. In early cases of Alzheimer’s disease marked morphological 
and morphometric alterations have been described by electron microscopy in vari-
ous areas of the brain and the cerebellum.

The morphological alterations of the mitochondria seem to be independent 
of Alzheimer’s pathology, given that they are observed in areas without or with 
minimal neuritic plaques or tau pathology.

Mitochondria may be considered as a significant strategic point for therapeutical 
interventions in early cases of Alzheimer’s disease.
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Chapter 6

Reversal of Cognitive Aging 
through Enhancement of Cardiac 
Output
Kenneth J. McLeod

Abstract

Cognitive aging is a progressive condition leading to dementia, a condition 
which is now the sixth leading cause of death in the U.S., as well as being among 
the most expensive healthcare conditions to manage. With over 5 million affected 
in the U.S. alone, the annual costs to the Medicare/Medicaid system exceeds $200 
billion, and with the rising age of the population, annual costs of dementia care are 
expected to exceed $500 billion by 2040. As there is no cure for dementia, a consen-
sus has formed that a more pragmatic goal of research should be developing inter-
ventions capable of slowing or preventing cognitive aging. We propose that this is 
a readily achievable goal. Cognitive impairment is closely linked to cerebral perfu-
sion, and cerebral perfusion is a function of cardiac output. In turn, cardiac output 
is completely dependent on venous return, which in the upright human, relies on 
adequate soleus muscle activity. As modern adults rarely squat, which is necessary 
for maintaining the soleus muscle, soleus insufficiency develops early in adulthood 
in most people. However, soleus muscle insufficiency can be reversed, resulting in 
improved cardiac output, cerebral perfusion, and the prevention of cognitive aging.

Keywords: dementia prevention, cerebral perfusion, cardiac output, venous return, 
second heart, soleus muscle stimulation

1. Introduction

Dementia is a major cause of morbidity and mortality in the developed world. 
Dementia, in all of its forms, is a progressive condition, with an incidence of less 
than 5% through age 79, but reaching 40% for those over age 90 [1]. Given the aging 
demographics of the developed world, the economic impact of this condition could 
soon dominant healthcare costs in many countries.

There is currently no cure for dementia, and numerous pharmaceutical firms 
have abandoned the search for a cure. In particular, interventions based on the 
beta-amyloid hypothesis which has guided dementia drug therapy development for 
the last three decades has come under increasing scrutiny as drugs which effectively 
reduce beta-amyloid accumulation appear to exacerbate, rather than ameliorate, 
the symptoms associated with dementia [2]. It is therefore incumbent that we take a 
fresh approach to understanding dementia, in particular, we suggest it is important 
to develop a more thorough understanding of the numerous physiologic interactions 
associated with progression of cognitive impairment with age. Such understanding 
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will set the stage for innovative interventions, specifically, interventions focused 
on prevention, rather than treatment. This coupled systems, or complex systems, 
approach, is less intuitive than the more traditional scientific approach of establish-
ing proximate cause. Indeed, in complex systems, cause may not be identifiable, 
rather, outcomes arise as emergent behaviors of interdependent coupled compo-
nents of the system. Despite these challenges, it is becoming widely recognized that 
a complex systems mindset will be necessary for effectively addressing not only 
dementia, but also the wide range of functional disorders which modern medicine 
currently faces [3].

Perhaps the physiologic interactions of greatest current interest, with respect 
to dementia, are those between the cardiovascular and cerebral systems. Over the 
past three decades, numerous prospective and retrospective studies have identified 
strong associations between low cardiac output, low blood pressure, low cerebral 
perfusion, and the development of dementia. The majority of these studies have 
focused on older adults, but a review of cognitive and cardiovascular changes taking 
place from early adulthood provides important insights into why dementia may not 
have to be the scourge of old age which many people fear.

Here, we describe the development of cognitive decline starting in early adult-
hood and relate this decline to parallel changes in the cardiovascular and the 
musculo-skeletal systems, specifically, second heart function. The parallels in 
secular decline in these systems lead us to propose that inactivity based changes in 
skeletal muscle fiber structure plays a critical role in the age related decline in car-
diac output, and correspondingly decreased cerebral blood flow. We propose that 
this decreased cerebral blood flow, beginning in middle age, is a dominant factor in 
cognitive decline, cognitive impairment, and eventually dementia, in those where 
cerebral perfusion is not corrected. We introduce preliminary evidence showing 
that enhancement of cardiac output through second heart (soleus muscle) stimula-
tion is able to improve cognitive performance in those with both mild and advanced 
cognitive impairment.

2. Age related cognitive decline

Dementia is a syndrome characterized by memory loss, decline in executive 
function, behavioral changes, and ability to perform activities of daily living. The 
impact of dementia on the healthcare system is by far the highest of any health 
condition [4]. In the U.S., for example, cumulative five year care costs exceed 
$300,000 or roughly twice the cost of care for heart disease or cancer. With almost 
6 million Americans currently affected, annual costs to Medicare/Medicaid exceed 
$300 billion, and with the aging of the population, these costs are expected to 
exceed $500 billion by 2040, unless an effective intervention is developed.

While prevalence within the elderly population is based on diagnosed cases, it 
has become clear that dementia is a slowly progressive condition initiated at a far 
earlier stage of life. For example, in our laboratory, we have utilized computer aided 
assessments (Cognivue, Inc., Victor, NY) to quantify cognitive function, includ-
ing memory, motor skills, and executive function. We have observed (Figure 1) 
that by age 65, cognitive performance for more than 50% of individuals falls below 
established threshold for mild cognitive impairment. Moreover, by age 80, roughly 
one-half of the individuals we have screened in our laboratory score below the 
threshold for moderate to severe cognitive impairment.

Remarkably, we observe few individuals over the age of 55 who are able to score 
above 90 on the Cognivue scale (scores above 95 are readily attained by young 
adults). Linear regression leads to the suggestion that cognitive decline is initiated 
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while individuals are still in their 30s. This perspective is confirmed by the work of 
Hughes et al. who have investigated cognitive performance among middle-aged and 
older individuals through the use of telephone-based assessments [5]. In assessing 
over 2500 individuals using a range of validated assessments, small declines in cog-
nitive performance were observed as people progressed from their 30s into the 40s, 
however, only one assessment (backwards counting) showed a significant decline in 
performance over this decade. Starting in the 40s, dramatic declines became evident 
relative to that of individuals in their 30s (Figure 2).

The characteristics of cognitive performance decline appear to be dependent 
on cognitive task. Short-term memory skills, such as repeating a digit sequence 

Figure 1. 
Age related decline in cognitive performance (memory, motor, and executive function) in a convenience sample 
of middle aged and older subjects. By age 65, more than half of tested subject perform at a level characterized 
as mild cognitive impairment or worse. For those in their mid 80s or older, more than half perform at a 
moderate to severe cognitive impairment level.

Figure 2. 
Decline in cognitive function in middle aged adults. In phone evaluations of over 2500 middle aged and older 
adults, significant decline in backward counting capability becomes evident between 30 and 40 years of age. 
Beyond age 40, the majority of cognitive skills are found to decline, and beyond age 50, all cognitive skills 
evaluated decline with increasing age. After Hughes, et al., [5].
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backward, declined slowly with age, along with immediate recall tasks. However, 
executive function tasks were found to already show substantial decline in early 
middle age.

3. Age related decline in cardiac output and blood pressure

The question naturally arises as to whether these observed “declines” in cogni-
tive performance in middle-age individuals are, in fact, detrimental, or instead 
simply reflect more effective use of “brain power” which comes with experience. 
That is, individuals consistently show improved performance in day to day func-
tions in this age range despite the decline observed in cognitive testing [6]. A 
generally accepted explanation for this apparent paradox is that, for young people, 
most daily experiences are novel, and so they retain a high ability to deal with novel 
exposures. Alternatively, by middle age, most people have obtained a knowledge 
base of serviceable answers to the most commonly encountered mental challenges, 
which they can recover with minimal cognitive effort. Because cognitive testing, by 
design, relies on the presentation of novel challenges, this gives young individuals 
a natural advantage independent of actual levels of cognitive capability. Certainly, 
many individuals retain “normal” levels of cognitive performance as measured by 
cognitive testing well into their 80s, as seen in Figure 1, perhaps indicating that 
these individuals have retained the ability to deal with fresh challenges through 
regular exposure to novel experiences.

Nonetheless, the consensus in the healthcare community is that while dementia 
is not a normal outcome of aging, some cognitive decline is to be expected with 
aging. Age related changes in cardiovascular system performance provides a physi-
ologic basis for this consensus. Specifically, cardiac output has long been observed 
to decline with age. However, early demonstrations of this declining pattern have 
relied on invasive measurement techniques which were capable of creating a stress 
response which may have influenced these older measurements. To address this 
issue, Middlemiss, et al. [7] have recently utilized non-invasive cardiac output 
assessment techniques to evaluate changes in cardiac output across the adult age 
span (Figure 3).

These non-invasive measures confirm that cardiac output in the supine posi-
tion declines substantially with age, specifically by almost 50% over the adult life 
span in both men and women. Moreover, these investigation shows that cardiac 
output declines by a further 25% during transition from the supine to the seated 
position, and falls by 50% when transitioning from supine to a standing position. 
The implication is that cardiac output in older adults who are standing quietly can 
be expected to be reduced, on average, by 75% in comparison to that of an average 
20 year old.

Cardiac output is a key determinant of arterial blood pressure. In combination 
with peripheral vascular resistance, cardiac output establishes mean blood pres-
sure. As sufficient blood pressure must be sustained throughout the cardiac cycle in 
order to ensure adequate blood flow to the brain, which is located at the top of the 
body when in upright posture, blood pressure becomes a critical factor in regulating 
cognitive performance. In principle, the declining cardiac output associated with 
aging should not necessarily lead to declining blood pressure, as vasoconstriction 
can raise peripheral vascular resistance in order to maintain blood pressure levels. 
In fact, given the dramatic decline in cardiac output when upright, in the majority 
of older individuals the ability to vaso-constrict is insufficient to maintain normal 
blood pressure.
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In our lab, we focus on assessing resting diastolic blood pressure (DBP), as the  
lowest pressure during the diastolic phase of the heart contraction cycle represents  
the point at which cerebral blood flow is at a minimum. We obtain resting DBP with 
the subjects in a quiet, seated position for at least 10 minutes, and record the third of 
three brachial pressure measurements. We observe (Figure 4) that by age 55, average 
resting DBP is below 80 mmHg. By the 9th decade of life, average diastolic pressures 
are below 70 mmHg. Overall, we observe that among this convenience sample that 
approximately 20% are unable to maintain a resting diastolic pressure above 65 mmHg, 
a level at which symptoms of orthostatic hypotension (OH) become evident. For 
subjects over the age of 75, 30% are unable to maintain this threshold DBP level.
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Resting diastolic blood pressure (DBP) vs. age. A robust negative correlation (p < 0.0005) is observed between 
DBP and age with average DBP falling below 80 mmHg by age 55 in a convenience sample of men and women. 
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blood pressure.
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OH has been shown to occur in less than 3% of young adults, but up to 35% in 
individuals over the age of 75 [8]. Torabi, et al. [9] investigated the cardiovascular 
characteristics of individuals with both classical and delayed OH. In a study of over 
2000 patients, over the age of 15, with unexplained syncope, 27% were found to 
be unable to maintain normal blood pressure levels during upright tilt testing. In 
this population, systolic blood pressure fell, on average to 95 mmHg, while diastolic 
blood pressure fell, on average, to 60 mmHg.

These observations indicate that asymptomatic postural hypotension is remark-
ably common in the adult population. That is, vaso-constrictive ability is insuf-
ficient in at least 20% of the adult population to maintain normal blood pressure 
during quiet sitting. Moreover, among the older population, symptomatic postural 
hypotension is evident in over one-third of individuals, who are unable to maintain 
blood pressure levels in the presence of declining cardiac output. The critical ques-
tion is whether the health implications associated with chronic hypotension extend 
beyond the inconveniences of dizziness and occasional syncope. Extensive work 
on the association of hypotension with cognitive impairment suggests that hypo-
tension, and correspondingly, cerebral hypo-perfusion, may be one of the most 
consistent risk factors associated with dementia.

4. Role of cerebral perfusion in cognitive function

Numerous lines of evidence lend strong support for the hypothesis that sus-
tained cerebral hypo-perfusion as a result of chronically low blood pressure has 
significant negative effects on cognitive performance, and as well, leads to the 
development of dementia.

Recent computer aided cognitive assessments of men and women over the age of 
50, for example, demonstrate a strong correlation between resting diastolic pressure 
and cognitive performance (Figure 5). Multivariate regression analysis on these data 
show that, after adjusting for subject age, resting diastolic pressure is a significant 
(p < 0.02) predictor of cognitive performance with close to a 1% decline in perfor-
mance for each 1 mmHg drop in DBP. Notably, only for average diastolic blood pres-
sures above 80, is normal cognitive performance (assessment score > 75) observed. 
Similarly, the regression analysis indicates that for diastolic pressures below 50 mmHg, 
average cognitive performance falls into the moderate cognitive impairment range.

These results are consistent with those first reported in the Baltimore 
Longitudinal Aging Study [10] where it was found that cognitive performance in an 
older (70 ± 8 years) population was significantly degraded at diastolic blood pres-
sures below 80 mmHg. Confirmation is also obtained by comparison of age depen-
dent cardiovascular and cognitive performance measures (Figure 6). Combining 
the results of Middlemiss et al. [7] with the results of Hughes et al. [5] demonstrates 
a robust (p = 0.002) association between cognitive performance and cardiac output. 
This analysis demonstrates that for a 30% decline in cardiac output, a 40% decline 
in cardiac performance can be expected in the 40–90 year old population.

Over the past two decades, numerous studies have provided substantial evidence 
that decreased cardiac output and chronically low blood pressure are associated 
with declines in cognitive performance, and also significantly increases the risk of 
developing dementia. Among the earliest of these studies was the Kugsholmen proj-
ect undertaken in Sweden [11]. This study showed that, in an elderly population, 
those with a systolic blood pressure below 140 mmHg, or a diastolic blood pressure 
below 75 mmHg, had a 3x greater likelihood of being diagnosed with dementia. At 
that point in time it was unclear whether the lower blood pressures were a conse-
quence of dementia, or played a causal role.
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The East Boston study [12] addressed, in part, this question, by showing that 
there was an inverse correlation between risk of Alzheimer’s diagnosis and blood 
pressures taken four years before diagnosis. Verghese, et al. [13] subsequently 
directly addressed this question in the Bronx Aging Study. They observed in this 
community based, longitudinal study that sustained low diastolic blood pressure 
(<70 mmHg) was associated with a 2x increased risk of developing Alzheimer’s 

Figure 5. 
Cognitive performance vs. resting diastolic blood pressure (DBP). After adjusting for age effects on cognition, 
declining DBP is strongly associated with declining cognition levels in a convenience sample of men and 
women. The average individual with a resting DBP below 80 mmHg falls into the category of mild cognitive 
impairment as assessed using the computer aided Cognivue assessment. DPB below approximately 50 mmHg is 
associated with transition into the range of moderate to severe cognitive impairment.

Figure 6. 
Integrated analysis of age related cognitive performance data per Hughes et al. [5] with age related cardiac 
output data per Middlemiss et al. [7]. Cardiac output robustly predicts (p = 0.002) cognitive performance, 
consistent with a causal role for decreased cerebral blood flow mediating cognitive decline.
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disease over a 20 year period. More recently, in a cross-sectional study of more than 
24,000 adults who did not have a dementia diagnosis, subjects were followed for 
up to 27 years [14]. Applying multiple linear regression to adjust for age, gender, 
education, and body mass index, significant negative correlations were observed 
between risk of developing Alzheimers, as well as all-cause dementia, across the full 
range of systolic and diastolic blood pressures.

Complementing these investigation, the established link between diabetes 
and risk of dementia [15], combined with the well-known influences of diabetes 
on vascular dysfunction, is currently leading to a broader acceptance that hypo-
metabolism, and correspondingly, hypo-perfusion, plays a more significant role in 
the development of dementia than previously considered [16].

5. Mechanism of age related decline in cardiac output

The numerous demonstrated associations between declines in cardiac output, 
blood pressure, cognitive performance, and risk of developing dementia, provides 
a physiologic explanation for the age related cognitive decline, but provides limited 
insight into how this decline could be prevented or reversed. Our research has led us 
to propose that the critical factor linking these related outcomes is the inability to 
maintain adequate venous return during orthostasis.

Venous return refers to the flow of blood from the periphery of the body back 
to the right atrium. While venous return and cardiac output levels can transiently 
deviate, under normal physiologic conditions cardiac output is strictly a function of 
venous return. In the supine position, venous resistance contributes only about 15% 
to total vascular resistance, however, in upright posture, the venous system plays a 
much larger role in influencing venous return.

The largest influence of the venous system is through its role as a capacitance 
vessel. Veins are highly distensible, having thinner walls, with larger diameters, and 
a compliance of about 30 times that of arteries. They can, therefore, expand rapidly 
to accommodate large volumes of blood. Correspondingly, a transition from supine 
to upright posture typically leads to a rapid 500 ml redistribution of blood to the 
peripheral venous system, a fluid shift which continues to increase over time. The 
ratio of venous to arterial capacitance under orthostasis has been estimated to grow 
to as large as 18:1 [17].

In addition, the influence of gravity on the hydrostatic column of blood in the 
venous system is such that venous blood pressure in the feet can exceed 90 mmHg. 
As a result of these high lower limb pressures, fluid extravasation from the vascular 
system increases. Increased extravasation can lead to an additional loss of up to 
750 ml over 30–40 minutes following the transition to upright posture. Not only 
does this cause a further decrease in circulatory system blood volume, but also 
increased interstitial fluid pressure which results in compression of the peripheral 
vasculature, and increased in vascular resistance.

The net effect of reduced circulatory volume and increased vascular resistance 
during upright posture is significantly decreased cardiac output. While vaso-con-
striction serves to partially support blood pressure during orthostasis, this addi-
tional increase in vascular resistance also serves to further reduce blood flow. In our 
lab, we have observed average sustained decreases in cardiac index, resulting from 
a transition to quiet sitting, of over 35% relative to that supported when individuals 
were supine (Figure 7).

Return of pooled blood and interstitial fluid which occurs during orthostasis 
is critically dependent on skeletal muscle pumping. While locomotion can play a 
role in this process, most adults are sedentary for 9–10 hours per day [18]. Under 
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sedentary conditions, skeletal muscle pumping activity is dominated by soleus 
muscle action. The essential role played by the soleus in ensuring venous and lym-
phatic return during orthostasis has led to these muscles commonly being referred 
to as the calf muscle pumps, or the “second hearts.”

The soleus muscles are highly specialized muscles which contain up to 18 thin 
walled sinuses, each of which are able to hold large volumes of blood. Further, as 
deep postural muscles composed primarily of slow-twitch fibers, the soleus muscles 
can sustain contractions over extended time periods. A typical soleus contraction 
cycle lasts up to one minute, followed a relaxation phase of 60–90 seconds during 
which the sinuses are able to refill. In addition, because the soleus muscles originate 
on the posterior tibia and fibula, the muscle can pump effectively when a person 
is seated. These muscles can generate venous driving forces exceeding 200 mmHg, 
more than sufficient to drive blood and interstitial fluid back to the heart during 
upright posture.

6. Soleus muscle adaptation

Like all muscle tissues, the soleus muscle demonstrate changes in both structure 
and physiology with increasing age. The most commonly observed change in vol-
untary muscle with advancing age is reduction in muscle mass, with Type II muscle 
fibers decreasing in both numbers and in volume with age [19]. However the soleus 
muscle is a deep postural muscle and principally composed of Type I fibers, and Type 
I fibers do not change substantially in size or number with advancing age. Rather, 
Type I fibers are far more affected by usage patterns.

Specifically, lack of use of the soleus muscle results in fibers converting towards 
Type II behavior. Microvascular supply to the fibers is lost and correspondingly, the 
innate fatigue resistance expected in deep postural muscle tissue. This transition 
can occur rapidly, independent of age. NASA studies characterizing muscle fiber 
type changes in astronauts found more than a 20% loss in force generating capacity 
in both Type I and Type IIa fibers taken from the soleus after a remarkably short 
(17 day) space flight [20].

Figure 7. 
Cardiac index as a function of time following transition from supine to upright sitting. A decline in CI of 
36% from a supine CI of 3.4 L/min/m2 is observed among healthy adult women with an average age of 62. 
This occurs despite an increase in metabolic rate associated with an upright posture, and arises due to gravity 
induced blood pooling in the lower exptremities.
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Type I fibers are far more affected by usage patterns.

Specifically, lack of use of the soleus muscle results in fibers converting towards 
Type II behavior. Microvascular supply to the fibers is lost and correspondingly, the 
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The postural role of the soleus muscle is plantar flexion. In fact, when an indi-
vidual is in a bent knee position, the soleus is the only active plantar flexion muscle. 
The postural activities which require the most significant plantar flexion force in 
the bent knee position are squatting activities. Squatting is the natural human rest 
position, and our ancestors squatted regularly throughout the day - while cook-
ing, eating, socializing, and of course, when defecating. Children also commonly 
squat during the day, but in the modern world, sitting has become the dominant 
resting position. While a small level of soleus activity occurs during sitting, squat-
ting results in 4–5 times as much soleus muscle activity as sitting [21]. Therefore, 
while our ancestors were typically sedentary for 9 or more hours each day, similar 
to modern individuals, their natural resting posture required up to 5x more soleus 
muscle activity, thereby persevering the fatigue resistant qualities of the slow twitch 
muscle fibers in this muscle.

7. Soleus muscle stimulation

The critical observation is that the commonly observed declines in the venous 
return of adults is not a function of age, per se, but rather is the result of the transi-
tion to sitting as a dominant resting posture, in particular as people get older. The 
transition to sitting as the dominant upright resting posture for adults has resulted 
in two significant impacts on venous return. First, the soleus muscles are activated 
for only a small fraction of the time when people are sedentary, and correspond-
ingly, muscle pump activity is limited. Second, soleus inactivity results in an 
adaptation of the soleus muscle fibers such that the muscle, even when activated, is 
unable to develop the sustained forces necessary to ensure adequate venous return.

Because the soleus fiber adaptations which occur in most people arise primarily 
from disuse and not due to aging, reconversion of the soleus muscle fibers back to 
Type I fibers should be possible through alteration of muscle activation patterns. 
The soleus muscles are activated, when in upright posture, when the center of 
gravity of the body moves too far forward; soleus contraction returns the body to 
a balanced position. This shift in the center of gravity is sensed by pressure on the 
frontal plantar surface, specifically by Meissner’s Corpuscles, which activate short, 
and long, loop reflex arcs which trigger soleus contraction.

Retraining of the soleus muscle fibers therefore should simply require a sus-
tained stimulation of the postural reflex arc in a pattern which mimics normal rest-
ing posture (i.e. squatting) activation. This can be achieved using micromechanical 
stimulation of the Meissner’s Corpuscles periodically for sustained periods of time 
(one minute bouts) for extended time periods, over the course of the day (i.e. a 
significant fraction of sedentary time).

In our lab, we have undertaken such studies utilizing the soleus muscle stimu-
lator (HeartPartner) developed by Sonostics, Inc. (Endicott, NY). We utilize 
electrical impedance plethysmography (Cheetah Medical; Wilmington, DE) 
to track cardiac output following a transition from the quiet standing position 
to quiet sitting. This represents a change in metabolic activity from about 1.74 
METS to about 1.46 METS [22] or roughly a 17% decline in metabolic demands 
and therefore cardiac output (CO). Typically, the decline observed in adults in 
far greater. Figure 8 provides an example of the observed cardiac performance 
in response to this shift in posture in an older adult. From an initial cardiac index 
(CI=CO/Body Surface Area) of 2.8 L/min/m2, cardiac output drops by almost 40% 
during 60 minutes of quiet sitting.

These results demonstrate that, when seated, the soleus muscles are commonly 
not being stimulated sufficiently to sustain the venous return necessary to maintain 
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normal cardiac output (CO). However, the soleus muscles still respond, at least 
over a relatively short duration (30 minutes), to external stimulation. The initial 
(within minutes) response to soleus stimulation is a rapid rise in cardiac output 
due to the return of blood pooled into the lower leg veins. Over tens of minutes, 
interstitial fluid return through the lower limb lymphatics serves to further increase 
cardiovascular volume resulting in a return to a cardiac output level expected for a 
sitting adult.

Importantly, just as the soleus muscle rapidly adapts to disuse, these muscles 
appear to be capable of rapidly “readapting” or more specifically, undergoing 
muscle fiber reconversion. Figure 9 (left panel) illustrates the cardiovascular 
response to the orthostatic stress of quiet sitting in a young (35 year old) woman 
with severe second heart insufficiency. Upon transitioning from a standing to a 
sitting position, venous return is inadequate to maintain resting diastolic pressure 
above a hypotensive level. Specifically, following a transition from standing to quiet 
sitting, her diastolic pressure is seen to decline from about 80 mmHg, to less than 
55 mmHg. Though sitting provides insufficient stimulation to the soleus muscles to 
maintain venous return, her soleus muscles remain capable of responding to exter-
nal stimulation. Sustained soleus stimulation over 30 minutes returns her diastolic 
pressure back close to the normal range (~75 mmHg).

Three months of daily soleus muscle stimulation, for at least one hour per day, 
resulted in a substantially improved cardiovascular response to the orthostatic 
stress of quiet sitting in this subject (Figure 9 right panel). While sitting still 
resulted in a drop in diastolic blood pressure, the decline it seen to occur at a much 
slower rate, and to a lesser extent (falling to about 65 mmHg over 90 minutes). 
These results are consistent with fiber reconversion occurring within the soleus 
muscles. The differential response is consistent with an increase in the ability of the 
soleus muscle fibers regaining their fatigue resistance, and correspondingly, their 
ability to produce the sustained contractions required to ensure adequate venous 
return to the heart while seated.

Figure 8. 
Cardiovascular system response to soleus muscle stimulation in a 60 year old woman. A change in posture 
from standing to sitting results in this individual results in a 40% decline in cardiac index (CO/BSA) whereas 
20% or less would be expected. While quiet sitting is incapable of stimulate the soleus muscles sufficiently to 
maintain the venous return necessary to sustain a normal level of cardiac output, external stimulation of the 
soleus muscles is seen to be capable of returning cardiac output to normal levels within 30 minutes. Initial 
abrupt rise in CI reflects return of blood pooled into lower limb veins, while the slower rise in CI reflects 
interstitial fluid return through the lymphatics.
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to quiet sitting. This represents a change in metabolic activity from about 1.74 
METS to about 1.46 METS [22] or roughly a 17% decline in metabolic demands 
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far greater. Figure 8 provides an example of the observed cardiac performance 
in response to this shift in posture in an older adult. From an initial cardiac index 
(CI=CO/Body Surface Area) of 2.8 L/min/m2, cardiac output drops by almost 40% 
during 60 minutes of quiet sitting.

These results demonstrate that, when seated, the soleus muscles are commonly 
not being stimulated sufficiently to sustain the venous return necessary to maintain 
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8. Influence of soleus muscle stimulation on cognitive function

The ability of soleus muscle stimulation to normalize cardiac output and blood 
pressure, raises the obvious question of the extent to which such improvements in 
cardiovascular function can influence cognitive function. Two small pilot studies we 
have undertaken lead us to believe there is substantial potential for this simple, non-
invasive, intervention to slow, and even reverse, the cognitive decline associated 
with chronic exposure to low cardiac output and the corresponding low cerebral 
perfusion.

In a three month study on individuals (average age of 82 years) residing in an 
assisted living center [23], cognitive performance was tracked weekly using the 
Incongruent Stroop Executive Function Test [24]. Five control subjects with normal 
blood pressure (resting diastolic blood pressure above 70 mmHg) and five interven-
tion subjects with below normal resting diastolic pressure were recruited into the 
study. Intervention subjects self-treated to one hour per day of soleus muscle stimu-
lation using a HeartPartner soleus muscle passive exercise device (Sonostics, Inc.). 
While at the start of the study, the intervention group required almost twice as long 
to complete the executive function test. Over the three month duration of the study, 
blood pressures and test times for the control group remained steady. However, the 
intervention group experienced improvements in both their resting diastolic pres-
sures and their ability to complete the Stroop executive function test, such that at the 
end of study, test execution times matched that of the control group (Figure 10).

Because there is the potential for learning curve effects to play a role in tra-
ditional executive function tests such as the Incongruent Stroop when they are 
given repeatedly to the same study subjects over short separation times, we have 
also observed the influence of soleus muscle stimulation on cognitive function 
as assessed by a computer aided assessment which has been shown to have high 
repeatability and low learning curve effects, and which involves motor, memory, 
and executive function skills (Cognivue, Inc.). Six subjects, over the age of 
65 years, who tested in the moderate to severe cognitive impairment range using 
the Cognivue assessment, were recruited. Each subject was provided with a soleus 
muscle stimulation device and encouraged to use the device for at least 2–3 hours 
per day. Subjects were tracked approximately every month, for six months, or until 
they cognitive performance returned to the normal range (Cognition score > 75).

Figure 9. 
Soleus muscle retraining following three months of daily, external stimulation. Left panel - In a young adult 
(35 y.o.) woman, sitting provides insufficient soleus muscle stimulation to sustain the venous return necessary 
to prevent diastolic blood pressure from falling into a severe hypotensive range. However, external stimulation 
of the soleus muscles is able to return diastolic pressure back to the normal range. Right panel – Following three 
months of daily use of soleus muscle stimulation the soleus muscles are capable of preventing severe hypotension 
even over a sitting duration of 90 minutes, but still unable to sustain a normal diastolic pressure.
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All six subjects experienced a return to normal function during the course of the 
study, though the rate of return was dependent on age of the subjects (Figure 11). 
Subjects in their 60s demonstrated cognitive improvement rates of over 10%/week, 
while those in their 80s demonstrated improvement rates in the range of only 1–2% 
per week. Nonetheless, extrapolating over time, even these low rateswould mean 

Figure 10. 
Long term effects of daily soleus muscle stimulation on cognitive performance in an elderly (average age of 82) 
population residing in an assisted living center. Cognitive assessment relied on the incongruent Stroop executive 
function test. Control (normotensive) group test completion times did not vary significantly over three months. 
The intervention group (DBP < 70 mmHg at start of the study) received one hour per day of soleus muscle 
stimulation. While test completion times for the intervention group were initially almost twice that of the 
control group, over three months of daily soleus stimulation test times recovered to a level similar to that of the 
control group.

Figure 11. 
Cognitive recovery rates as a function of age. Subjects with cognitive performance in the moderate to severe 
cognitive performance range undertook soleus muscle stimulation for 2–3 hours per day until cognitive 
performance reached a normal level (cognition score > 75). Individuals in their 60s experienced cognitive 
performance improvement at a relatively remarkable rate of 10% per week. Individuals in their 8th or 9th 
decades experience cognitive improvement, but at much lower rates (1–2%/week). A 2%/week cognitive 
improvement rate indicates that approximately 6 months of intervention would be required to move an 
individual from the moderate cognitive impairment level to the normal cognitive function level.
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that an older individual starting out with severe cognitive impairment (Cognition 
score < 50) would still be able to return to normal cognitive function within a one 
year period of time.

9. Conclusions

The impact of dementia on both the healthcare system and society is already 
large and has the potential to become overwhelming in the near future. Alzheimer’s 
Disease is the most prevalent form of dementia and the strong association between 
beta-amyloid accumulation in the brain and Alzheimer’s provided some hope that 
if beta-amyloid production could be slowed, or its removal accelerated, dementia 
could be cured. To date, this strategy has failed to develop, and it is unclear if this 
strategy will be successful anytime in the near future.

As a result, the current consensus is that we need to identify a means of prevent-
ing the development of the cognitive aging which commonly progresses to demen-
tia. Because this will require that any intervention will need to be implemented 
before there are indications of significant cognitive decline, successful interventions 
will have to be simple, inexpensive, non-invasive, and well accepted by older adults. 
Compliance is always challenging for healthcare interventions when the health 
condition is symptomless, and so it is always beneficial if the intervention produces 
benefits beyond the primary goal.

What has become clear over the past three decades is that reduced cardiac 
output, leading to reduced cerebral perfusion, is a robust predictor of cognitive 
aging and all cause dementia. Though cardiac output commonly declines with 
age, declining cardiac cardiovascular performance is not, per se, an age dependent 
outcome, but rather is a function of venous return. Venous return, correspondingly, 
is primarily dependent on the ability to maintain sufficient soleus muscle pump 
function whenever a person is in upright posture. The key, therefore, to maintain-
ing cardiac output over a lifetime, is to maintain soleus function over an individual’s 
lifetime.

Soleus muscles lose their ability to maintain adequate venous return, in large 
part, due to modern society’s transition to chair sitting as the normal upright 
resting mode. Fortunately, like all muscles, the soleus muscles can be retrained and 
preliminary studies utilizing non-invasive soleus muscle stimulation technology 
has demonstrated that the improved cardiac output and normalization of blood 
pressure which results from soleus retraining leads to a reversal of cognitive decline 
even for those in their 9th decade of life. These preliminary results indicate that 
simple, well accepted, intervention techniques for the prevention, and even rever-
sal, of cognitive aging, are a viable option for eliminating the devastating economic 
and social consequences of dementia.
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Chapter 7

Lipid Rafts and Development 
of Alzheimer’s Disease
Mario Díaz and Raquel Marin

Abstract

A wealth of evidence accumulated over the last two decades has unambiguously 
linked lipid rafts to neurodegenerative diseases, in particular to Alzheimer’s disease 
(AD). These microdomains are highly dynamic membrane platforms with differ-
entiated physicochemical and molecular properties compared to the surrounding 
membrane microenvironment, and are the locus for a number of central processes in 
neuronal physiology. Most recent evidence pinpoint to lipid rafts as main players in 
AD neuropathology. It is now widely accepted that lipid rafts actively participate 
in the processing of amyloid precursor protein to generate amyloid beta peptides, a 
main component of amyloid plaques. Current evidence have highlighted the exis-
tence of severe alterations in the molecular structure and functionality of lipid rafts 
in the frontal cortex of human brains affected by Alzheimer’s disease. An exception-
ally interesting observation is that lipid raft destabilization can be demonstrated 
even at the earliest stages of AD neuropathology. In the present review, we will first 
elaborate on the structure and function of these multifaceted subcellular structures 
and second to focus on the impact of their alterations in neuronal pathophysiology 
along the onset and progression of AD continuum.

Keywords: membrane microdomains, lipid rafts, membrane neurochemistry, 
lipid-protein interactions, lipid raft biophysics, lipid raft aging, neurodegeneration, 
Alzheimer’s disease (AD)

1. Introduction

1.1 Lipid rafts: definition and significance

Our current view of cell membranes is far from the historical view of a being 
floating mixture of lipids and proteins mixed uniformly in the form of bilayers. 
Instead, evidence accumulated in the last three decades has revealed that membrane 
constituents can segregate to form discrete domains. The heterogeneous structures 
of membrane lipids provide them the ability to mix non-randomly in the bilayer and 
to form specific lipid microdomains. The best characterized class of these structural 
entities has been termed ‘lipid rafts’ which are featured by their higher contents of 
cholesterol and sphingolipids compared to their surroundings. Despite some contro-
versies on a proper definition for lipid rafts, in 2006, at the Keystone Symposium on 
Lipid Rafts and Cell Function, it was agreed that “membrane rafts are small (10–200 
nm), heterogeneous, highly dynamic, sterol, and sphingolipid-enriched domains 
that compartmentalize cellular processes. Small rafts can sometimes be stabilized to 
form larger platforms through protein–protein and protein-lipid interactions” [1].
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Lipid rafts have been found in most cell types, from epithelial cells to neurons, 
and share essential chemical and physical properties, but differ in specific compo-
nents, mainly proteins, which are responsible for functional heterogeneity of cell 
types, populations or even developmental stages.

The importance of lipid rafts in nerve cells lays in the fact that they behave as 
functional platforms which participate in a number of physiological processes 
involved in signal transduction, such modulation of receptor activities, protein 
interactions in transduction cascades, and the function of ion channels, but also in 
dendritic and axonal protein trafficking and sorting, regulation of neurotransmitter 
receptors and in the exocytotic neurotransmitter release, posttranslational modifi-
cations of proteins and lipids, and in many aspects related to cell-to-cell communi-
cation, including multifaceted synaptic physiology [2–4].

The agreement exist that these microdomains are highly dynamic structures 
providing transient and fluid architectural scaffolding platforms, which by under-
going structural and functional changes they accomplish a variety of functions in a 
coordinated intracellular and extracellular context. Remarkably, current evidence 
demonstrate they lipid rafts may also play significant roles in different pathological 
conditions. Thus, lipid rafts and raft components are key players in a variety of 
pathological events, i.e. by facilitating conversion of prion protein (PrPc) to its 
infectious scrapie form (PrPsc) [5], by regulation of Amyloid Precursor Protein 
processing in Alzheimer’s disease [6], by expressing binding sites for toxins inter-
nalization such cholera toxin [7] or by providing specific entry pathways for various 
types of viruses and budding of mature virions from infected cells [8, 9] including 
the HIV-1 or the SARS-CoV-2 which is driving us mad, towards an unprecedented 
global chaos (by providing attachment of S-protein to ACE2 and other auxiliary 
proteins clustered in lipid rafts) [9], amongst other pathological processes. During 
the last decade, investigation on lipid rafts biology has received enormous atten-
tion due to the demonstration of its involvement in neurodegenerative diseases, in 
particular in Alzheimer’s disease, as we will discuss later.

2. Biochemical and biophysical structure of lipid rafts

Besides being enriched in cholesterol and sphingolipids, lipid rafts are also 
endowed with a particular lipid signature, which makes them different from 
other domains in the non-raft membrane plane. Such differences are illustrated 
in Figure 1 for membrane raft and non-raft fractions in the gray matter of human 
frontal cortex. As can be observed, compared to bulk non-raft membranes, lipid 
rafts contain higher contents of saturated fatty acids, lower levels of mono- and 
polyunsaturated fatty acids, and nearly all of the cellular contents of sphingomyelin, 
cerebrosides and sulfatides.

According to the polar head group, sphingolipids are divided in two major 
phosphosphingolipids such sphingomyelin, and glycosphingolipids which includes 
gangliosides, cerebrosides and sulfatides. Ceramide serves as the backbone to generate 
sphingolipids to produce sphingomyelin or more complex glycosphingolipids after 
incorporation of phosphocholine or sugars at the hydroxyl group. Both classes of 
sphingolipids, phosphosphingolipids and glycosphingolipids, are major components 
of lipid rafts and display pleiotropic behaviors affecting a number of essential func-
tions associated with normal and pathological states, particularly in AD [10–12].

Gangliosides are acidic glycosphingolipids containing one or more sialic acid 
residues, representing about 6% of total lipids, and particularly abundant in 
raft-like lipid microdomains of neuronal cells [12, 13]. They are concentrated in the 
outer leaflet of the plasma membrane (Figure 2), where they are anchored by the 
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Figure 1. 
Comparative analyses of lipid rafts and non-raft domain in the gray matter of human frontal cortex. 
(A) Lipid classes. LPC: Lysophosphatidylcholine, SM: Sphingomyelin, PC: Phosphatidylcholine, PS: 
Phosphatidylserine, PI: Phosphatidylinositol, PG: Phosphatidylglycerol, PE: Phosphatidylethanolamine, 
DAG: Diacylgycerides, CHO: Cholesterol, FFA: Free fatty acids, TG: Triacylglycerides, SE: Sterol esters. 
(B) Main fatty acid groups. DMA: Dimethylacetals, LCPUFA: Long-chain polyunsaturated fatty acids, PI: 
Peroxidability index, UI: Unsaturation index. (C) Distribution of protein markers in fractional separation 
of cell membranes. Fractions 1 and 2 correspond to lipid rafts while fraction 6 is mainly composed by non-raft 
membranes. (D) Score plots of lipids (fatty acids) resulting from multivariate analyses on membrane domains 
from mouse cortex illustrating the lipid fingerprints of raft and non-raft domains.

Figure 2. 
Schematic representation of the lipid raft membrane structure. For details see the text.
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hydrophobic ceramide part of their molecule while the oligosaccharide chain pro-
trudes into the extracellular medium. Main gangliosides in the brain are GM1 and 
GDs (GD1a in a-series, and GD1b and GT1b in b-series) [11]. They participate in 
the two-dimensional and transverse structuration of the membrane, lipid– protein 
interactions and organization of lipid rafts [13, 14]. The high heterogeneity of oli-
gosaccharide structures in gangliosides allows specific interactions with a diversity 
of molecules at the surface of cell membrane [10, 13, 14]. “Cis” and “trans” interac-
tions of gangliosides play multiple roles in infectious diseases [15] where they act 
as cellular receptors and coreceptors for viruses, bacteria, and microbial toxins. 
Prominent examples are GM1 as the receptor for Vibrio cholerae toxin ( cholera 
toxin), for Clostridium botulinum toxin (botulinum toxin), and for the SabA adhesin 
of Helicobacter pylori [15, 16]. Further, as we will discuss later, gangliosides are 
important regulators of amyloid β toxicity in Alzheimer’s disease by modulation of 
polymerization of peptide species [17].

Lipid rafts biogenesis occurs in the trans-Golgi network, where their composi-
tion is set and the resulting vesicles fused to the plasma membrane. One remarkable 
characteristic lipid profile of lipid rafts in nerve cells is that, with the exception 
of gangliosides, sulfatides and sphingolipids, most lipid classes and fatty acids 
are present in significant amounts in raft and non-raft domains, but they differ 
substantially in their relative contents (Figure 1A). Triglycerides and free fatty 
acids are totally excluded from either domain. As a general rule, sphingolipids are 
more abundant in lipid rafts fraction and glycerophospholipids (or phospholipids) 
are more abundant in non-rafts fractions (Figure 1A). Amongst phospholipids, 
neutral phospholipids, phosphatidylethanolamine (PE) is the most abundant 
phospholipids in lipid rafts, while phosphatidylcholine (PC) and anionic phos-
pholipids phosphatidylserine (PS) and phosphatidylinositol (PI) are present in 
significant proportion though less abundant than in non-raft domains. The pres-
ence of anionic phospholipids is paramount for neuronal physiology as they serve 
as sources for intracellular messengers and bioactive lipid mediators, i.e. inositol 
phosphates, diacylglycerol, eicosanoids (such prostaglandins and leukotrienes) and 
docosanoids (such Neuroprotectin D1) [17–22]. Fatty acids are also heterogeneously 
distributed between rafts and non-rafts, with saturates containing acyl chains of 16 
or more carbon atoms being particularly abundant in lipid rafts. Monounsaturated 
(monoenes) and polyunsaturated fatty acids of the n-3 (mainly docosahexae-
noic acid, DHA) and n-6 (mainly arachidonic acid, AA) series, are present at 
 significantly lower amounts compared to non-rafts (Figure 1B).

DHA and AA are essential components of nerve cells membranes which esterify 
the sn-2 position of glycerophospholipids (mainly phosphatidylethanolamine and 
phosphatidylserine, the most abundant phospholipids in nerve cells). In cerebral 
gray and white matter, phosphoglyceride classes PE, PC, PS, PG and PI have 
distinctive LCPUFA profiles. Thus, ARA greatly exceeds DHA in phosphatidylino-
sitol, whereas DHA exceeds ARA in phosphatidylserine. Brain phospholipids also 
include plasmalogens, which contain a vinyl-ether and an ester bond at the sn-1 and 
sn-2 positions, respectively [23]. As with conventional phospholipids, plasmalogens 
are classified according to their head group in the sn-3 position, the most abundant 
plasmalogens being plasmenyl-ethanolamine (PlsEtn) and plasmenyl-choline 
(PlsCho). The sn-2 position of PlsEtn and PlsCho display preferential esterification 
by LCPUFAs, a fact whereby plasmalogens are considered important LCPUFAs 
reservoirs of in nerve membranes.

Overall, differences in the lipid fingerprint of raft and non-raft domains 
(Figure 1A and B) are sufficiently different as to allow the complete discrimination 
of membrane domains based on a multivariate approach (Figure 1D). It turns out 
that saturated long acyl chains of phospholipids and especially sphingolipids, allow 
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tight intermolecular packing through hydrophobic interactions within the bilayer, 
providing differentiated lipid complexes in juxtaposition with kinked unsaturated 
acyl chains of bulk membrane phospholipids. Raft lipids are held together by 
relatively weak non-covalent bonds, establishing a dynamic equilibrium of raft 
and non-raft regions in the plasma membrane. In the case of sphingolipids, these 
molecules interact laterally through van der Waals interactions and hydrogen bonds 
between their sphingosine backbones. Further, as the majority of sphingolipids 
contain long saturated acyl chains, their tighter intramembrane packing with 
associated lipids allows the formation of stable gel–liquid phase which lead to 
laterally segregation of sphingolipid-rich domains from their glycerophospholipid-
rich surroundings [24, 25]. Structurally, this degree of lateral association is further 
increased by the incorporation of cholesterol, whose planar sterol ring interacts 
with the saturated acyl chains [26].

One key difference between phospholipids and sphingolipids is the length and 
saturation of their acyl chains. These acyl chains are always saturated and longer in 
sphingolipids than in phospholipids and allow hydrophobic interactions between 
the two leaflets of the bilayer [27, 28]. These molecular attributes are directly 
implicated not only in the formation of domains enriched in sphingolipids, but also 
in the coupling between the two leaflets in the rafts by interdigitation of the very 
long chain fatty acid between exoplasmic and cytoplasmic leaflets (Figure 2) and 
by augmenting hydrogen bonding in sphingolipid-sterol rich domains [28, 29]. 
This particularity is very important because it implies that lipid rafts exist as stable 
bilayer structures [28]. Hydrophilic interactions between phospholipid head groups 
are also critical as they provide physical forces for raft stability and formation of 
lipid shelves.

In physical terms, the more dense islands of sphyngolipid-, cholesterol- and 
saturated-rich domains, representing lipid rafts, exist in a liquid-ordered state 
(‘lo’ phase). It is widely accepted that rafts exist in nerve cell membranes in the 
liquid-ordered phase display limited lateral and rotational mobility in the bilayer. 
Cholesterol molecules intercalate filling gaps in sphingolipid packing, and increases 
the rigidity and molecular density of bilayers in lipid rafts due to its ability to 
tightly pack with saturated lipids when the lo phase is formed [30, 31]. The sur-
rounding phospholipid bilayer enriched in unsaturated acyl chains exist in a 
state termed ‘liquid-crystalline’ or ‘liquid-disordered, ld’, and represent non-raft 
domains, in which the lipid acyl chains are fluid and disordered, exhibit much 
higher intermolecular mobility. The degree of disorder within this ld phase in nerve 
cells is considerable, as they contain the largest amount of polyunsaturated fatty 
acids (n-3 ad n-6 series) in the whole organism. Phospholipid-rich sphingolipid-
poor liquid-crystalline domains (non-rafts) and sphingolipid- and cholesterol-rich 
liquid-ordered phase domains (rafts) exist in dynamic equilibrium in biological 
membranes [31, 32].

The fact that lipid rafts are in an ordered lo phase provides them an extremely 
useful property for technical purposes: they are resistant to solubilization in the 
cold by nonionic detergents (such as Triton X-100) and therefore can be isolated by 
differential ultracentrifugation as ‘detergent-resistant membranes’ or DRM (refer-
ring to the physical structure isolated by detergent insolubility, while the term ‘raft’ 
refer to the microdomain in the intact membranes). This has allowed the identifica-
tion of proteins and lipids which display preferential (or exclusive) partitioning into 
rafts [32] (Figure 1C).

A number of proteins have been found associated to DRM and the list of candi-
dates is steadily growing [33]. The term ‘raftophilic’ has been coined to refer to the 
preferential location of these proteins in DRM or lipid rafts (Figure 1C). Recently, 
a database (RaftProt), containing more than 47,000 entries (V2.0, 2020 version) 
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GDs (GD1a in a-series, and GD1b and GT1b in b-series) [11]. They participate in 
the two-dimensional and transverse structuration of the membrane, lipid– protein 
interactions and organization of lipid rafts [13, 14]. The high heterogeneity of oli-
gosaccharide structures in gangliosides allows specific interactions with a diversity 
of molecules at the surface of cell membrane [10, 13, 14]. “Cis” and “trans” interac-
tions of gangliosides play multiple roles in infectious diseases [15] where they act 
as cellular receptors and coreceptors for viruses, bacteria, and microbial toxins. 
Prominent examples are GM1 as the receptor for Vibrio cholerae toxin ( cholera 
toxin), for Clostridium botulinum toxin (botulinum toxin), and for the SabA adhesin 
of Helicobacter pylori [15, 16]. Further, as we will discuss later, gangliosides are 
important regulators of amyloid β toxicity in Alzheimer’s disease by modulation of 
polymerization of peptide species [17].

Lipid rafts biogenesis occurs in the trans-Golgi network, where their composi-
tion is set and the resulting vesicles fused to the plasma membrane. One remarkable 
characteristic lipid profile of lipid rafts in nerve cells is that, with the exception 
of gangliosides, sulfatides and sphingolipids, most lipid classes and fatty acids 
are present in significant amounts in raft and non-raft domains, but they differ 
substantially in their relative contents (Figure 1A). Triglycerides and free fatty 
acids are totally excluded from either domain. As a general rule, sphingolipids are 
more abundant in lipid rafts fraction and glycerophospholipids (or phospholipids) 
are more abundant in non-rafts fractions (Figure 1A). Amongst phospholipids, 
neutral phospholipids, phosphatidylethanolamine (PE) is the most abundant 
phospholipids in lipid rafts, while phosphatidylcholine (PC) and anionic phos-
pholipids phosphatidylserine (PS) and phosphatidylinositol (PI) are present in 
significant proportion though less abundant than in non-raft domains. The pres-
ence of anionic phospholipids is paramount for neuronal physiology as they serve 
as sources for intracellular messengers and bioactive lipid mediators, i.e. inositol 
phosphates, diacylglycerol, eicosanoids (such prostaglandins and leukotrienes) and 
docosanoids (such Neuroprotectin D1) [17–22]. Fatty acids are also heterogeneously 
distributed between rafts and non-rafts, with saturates containing acyl chains of 16 
or more carbon atoms being particularly abundant in lipid rafts. Monounsaturated 
(monoenes) and polyunsaturated fatty acids of the n-3 (mainly docosahexae-
noic acid, DHA) and n-6 (mainly arachidonic acid, AA) series, are present at 
 significantly lower amounts compared to non-rafts (Figure 1B).

DHA and AA are essential components of nerve cells membranes which esterify 
the sn-2 position of glycerophospholipids (mainly phosphatidylethanolamine and 
phosphatidylserine, the most abundant phospholipids in nerve cells). In cerebral 
gray and white matter, phosphoglyceride classes PE, PC, PS, PG and PI have 
distinctive LCPUFA profiles. Thus, ARA greatly exceeds DHA in phosphatidylino-
sitol, whereas DHA exceeds ARA in phosphatidylserine. Brain phospholipids also 
include plasmalogens, which contain a vinyl-ether and an ester bond at the sn-1 and 
sn-2 positions, respectively [23]. As with conventional phospholipids, plasmalogens 
are classified according to their head group in the sn-3 position, the most abundant 
plasmalogens being plasmenyl-ethanolamine (PlsEtn) and plasmenyl-choline 
(PlsCho). The sn-2 position of PlsEtn and PlsCho display preferential esterification 
by LCPUFAs, a fact whereby plasmalogens are considered important LCPUFAs 
reservoirs of in nerve membranes.

Overall, differences in the lipid fingerprint of raft and non-raft domains 
(Figure 1A and B) are sufficiently different as to allow the complete discrimination 
of membrane domains based on a multivariate approach (Figure 1D). It turns out 
that saturated long acyl chains of phospholipids and especially sphingolipids, allow 
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tight intermolecular packing through hydrophobic interactions within the bilayer, 
providing differentiated lipid complexes in juxtaposition with kinked unsaturated 
acyl chains of bulk membrane phospholipids. Raft lipids are held together by 
relatively weak non-covalent bonds, establishing a dynamic equilibrium of raft 
and non-raft regions in the plasma membrane. In the case of sphingolipids, these 
molecules interact laterally through van der Waals interactions and hydrogen bonds 
between their sphingosine backbones. Further, as the majority of sphingolipids 
contain long saturated acyl chains, their tighter intramembrane packing with 
associated lipids allows the formation of stable gel–liquid phase which lead to 
laterally segregation of sphingolipid-rich domains from their glycerophospholipid-
rich surroundings [24, 25]. Structurally, this degree of lateral association is further 
increased by the incorporation of cholesterol, whose planar sterol ring interacts 
with the saturated acyl chains [26].

One key difference between phospholipids and sphingolipids is the length and 
saturation of their acyl chains. These acyl chains are always saturated and longer in 
sphingolipids than in phospholipids and allow hydrophobic interactions between 
the two leaflets of the bilayer [27, 28]. These molecular attributes are directly 
implicated not only in the formation of domains enriched in sphingolipids, but also 
in the coupling between the two leaflets in the rafts by interdigitation of the very 
long chain fatty acid between exoplasmic and cytoplasmic leaflets (Figure 2) and 
by augmenting hydrogen bonding in sphingolipid-sterol rich domains [28, 29]. 
This particularity is very important because it implies that lipid rafts exist as stable 
bilayer structures [28]. Hydrophilic interactions between phospholipid head groups 
are also critical as they provide physical forces for raft stability and formation of 
lipid shelves.

In physical terms, the more dense islands of sphyngolipid-, cholesterol- and 
saturated-rich domains, representing lipid rafts, exist in a liquid-ordered state 
(‘lo’ phase). It is widely accepted that rafts exist in nerve cell membranes in the 
liquid-ordered phase display limited lateral and rotational mobility in the bilayer. 
Cholesterol molecules intercalate filling gaps in sphingolipid packing, and increases 
the rigidity and molecular density of bilayers in lipid rafts due to its ability to 
tightly pack with saturated lipids when the lo phase is formed [30, 31]. The sur-
rounding phospholipid bilayer enriched in unsaturated acyl chains exist in a 
state termed ‘liquid-crystalline’ or ‘liquid-disordered, ld’, and represent non-raft 
domains, in which the lipid acyl chains are fluid and disordered, exhibit much 
higher intermolecular mobility. The degree of disorder within this ld phase in nerve 
cells is considerable, as they contain the largest amount of polyunsaturated fatty 
acids (n-3 ad n-6 series) in the whole organism. Phospholipid-rich sphingolipid-
poor liquid-crystalline domains (non-rafts) and sphingolipid- and cholesterol-rich 
liquid-ordered phase domains (rafts) exist in dynamic equilibrium in biological 
membranes [31, 32].

The fact that lipid rafts are in an ordered lo phase provides them an extremely 
useful property for technical purposes: they are resistant to solubilization in the 
cold by nonionic detergents (such as Triton X-100) and therefore can be isolated by 
differential ultracentrifugation as ‘detergent-resistant membranes’ or DRM (refer-
ring to the physical structure isolated by detergent insolubility, while the term ‘raft’ 
refer to the microdomain in the intact membranes). This has allowed the identifica-
tion of proteins and lipids which display preferential (or exclusive) partitioning into 
rafts [32] (Figure 1C).

A number of proteins have been found associated to DRM and the list of candi-
dates is steadily growing [33]. The term ‘raftophilic’ has been coined to refer to the 
preferential location of these proteins in DRM or lipid rafts (Figure 1C). Recently, 
a database (RaftProt), containing more than 47,000 entries (V2.0, 2020 version) 
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of putative raftophilic proteins identified in mass spectrometry studies of isolated 
DRMs has been published [34]. Many of these proteins are not prototypical trans-
membrane proteins but display post-translational modifications aimed at favoring 
their targeting to lipid rafts (Figure 2). The first family of proteins described is 
GPI-anchored proteins. This family of proteins is anchored to the outer leaflet of the 
membrane through covalent attachment to a special glycolipid, glycosyl phospha-
tidylinositol (GPI) [35]. Amongst the GPI-anchored proteins involved in neuronal 
physiology, one of the best characterized is the cellular prion protein (PrPc) [36]. 
PrPc is constitutively expressed in neurons and preferentially localized in lipid rafts. 
PrPc is known to play different physiological roles in nerve cells, including regula-
tion of ion channels and neurotransmitter receptors at the pre- and postsynaptic 
levels [37] and has been linked to the pathogenesis of prion disease as mentioned 
before [36]. Prion disease is characterized by the conformational modification of 
normal PrPc into a misfolded and aggregated abnormal conformer, the pathogenic 
infectious form PrPsc, [38]. Current evidence indicates that conversion into PrPsc is 
entirely dependent on the lipid raft microenvironment [38].

Other raft-associated proteins are linked to saturated acyl chains through bio-
chemical processes grouped as lipidation [39] (Figure 2). Lipidation is particularly 
important for membrane binding of peripheral membrane proteins (though it may 
also occur in transmembrane proteins). Often these proteins are directly acylated in 
specific residues with two or more palmitate chains, or a palmitate and a myristate 
chain. These lipid modifications, named S-palmitoylation and N-myristoylation, 
are finely regulated and determine not only the fate of modified proteins to target 
lipid rafts, but also contribute to their stabilization within the domain and modulate 
protein interactions occurring within rafts. Such post-translational modifications 
are commonly found in Src family of tyrosine kinases (STKs) [40] and scaffold-
ing proteins [41]. Prenylation of proteins is also a lipidation mode for membrane 
association, consisting on a covalent attachment of an isoprenoid chain (either 
farnesyl- or geranyl-) to the C-terminus of proteins favoring their membrane 
association. This type of modification are common between members of the small 
G-proteins family, including Ras and Rab proteins involved in cellular signaling and 
oncogenicity [39, 42].

Common hallmark proteins of lipid rafts are caveolins and flotillins (Figure 2). 
These raft-resident proteins act as scaffolding structures within these microdo-
mains [43, 44]. It should be mention that caveolin family was first known for its 
participation in the formation of caveolae, membrane invaginations involved in 
endocytosis and signaling commonly observed in non-neuronal cell types such 
endothelial or epithelial cells [45]. Soon after, caveolin-1 was shown to display 
high affinity for rafts, and to be consistently extracted in DRMs. Though these 
two families of scaffold proteins are not transmembrane proteins, they undergo 
palmitoylation, allowing their anchoring to the cytoplasmic leaftet of the bilayer, 
and have the intrinsic capacity to form lipid shells around themselves [43]. Most 
evidence suggests that the lipid-modified nature of these scaffolds proteins 
integrated in lipid rafts serve not only to aid targeting them to these domains but 
also to stabilize rafts themselves. In line with this, caveolin-1 tends to form high-
molecular-weight oligomers which associate with each other in the plane of the 
membrane [44]. Further, numerous studies have concluded that these scaffold 
proteins help to compartmentalize specific signaling molecules within lipid rafts, 
and to modulate the specificity of protein interactions, with the final prospect of 
rapidly and selectively modulating cell signaling events [28, 46]. In this sense, the 
presence of caveolin-binding motifs in many raft proteins allow them to bind to the 
scaffolding domain of caveolin, which serve as a molecular filter to gather related 
signaling proteins close to each other, and to support additional protein–protein 
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interactions [47]. In the case of flotillins, an evolutionarily conserved domain 
named “prohibitin homology domain” (PHB) determines the affinity for flotillins 
and the raftophilic nature of proteins carrying it [48]. These properties are crucial 
for the formation of dynamic multimolecular platforms termed signalosomes, with 
complex functions in normal and pathological nerve cells.

3. Lipid rafts in neuronal cell signaling

Current evidence demonstrate that neuronal lipid rafts serve as docking 
platforms that bring together a number of specific proteins which determine the 
specificity of neuronal functioning and communication. They include different 
families of proteins with functions as receptors, ion channels, transporters, mem-
brane-bound enzymes, signaling proteins, interacting proteins, molecular adap-
tors, amongst others. They all share a special ability to interact with surrounding 
lipids mainly through lipid modifications, such lipidation with lipophilic anchors 
(S-palmitoylation and N-myristoylation, prenylation, GPI-anchoring) or to cho-
lesterol itself or by specific domains in their secondary structure to facilitate their 
integration in lipid rafts, such cholesterol recognition amino acid consensus (CRAC 
motifs) [49] and phospholipid binding sites [50]. In general, the integration of a 
protein in the raft membrane initiates interaction with surrounding proteins within 
multimolecular complexes or signalosomes which are dynamically recruited to lipid 
rafts in response to specific stimuli. They are believed to rearrange into large, stable 
membrane rafts, and to associate to downstream signaling molecules when bound 
to cognate ligands, activating signalosomes, and eventually triggering specific 
biochemical events involved in the many facets of neuronal physiology [2–4, 32].

One of the best studied multimolecular complexes in neurons is membrane 
rafts in postsynaptic neurons, which along with PSDs (postsynaptic densities), are 
considered major sites of synaptic signaling [3, 51]. In depth proteomics analyses 
performed by [52] in PSD have allowed identification of a number of proteins 
(>150) in PSD-included lipid rafts which are exclusive for postsynaptic membrane 
rafts, and not shared by non-raft portions of PSD. Most of these proteins could 
be classified as typical raft proteins (i.e. flotillin-1 and 2, PrPc), cell adhesion 
molecules (i.e. contactin, cadherin), ion channels (i.e. voltage-dependent calcium 
channels, inwardly rectifying potassium channels, NGF-gated Ca2+ channels), 
transporters (i.e. facilitated glucose transporter, high affinity glutamate transporter, 
GABA transporter protein, H+-ATPase), kinases/phosphodiesterases (i.e. Ca2+/
calmodulin-dependent protein kinase II, phosphodiesterase 2A, cGMP-stimulated) 
and G-proteins/small G-proteins (i.e. heterotrimeric G-protein subunits, members 
of RAS oncogene family) [52, 53].

The scenario emerges that, at least in PSD, the high protein density in raft 
membranes creates a crowded environment in which lipid–lipid packing is affected 
by proteins, probably with a stronger effect inside the more ordered raft-like 
domains [54]. Even more, it could be envisaged that this dense packing would limit 
intradomain mobility and thereby affecting protein interactions and conforma-
tional changes. To this author, this is one of the principal reasons to explain the 
evolutionary selection of significant amounts of highly unsaturated long chain fatty 
acids (LCPUFA) in nerve cells lipid rafts, which we have consistently found in brain 
raft preparations from different origins [55, 56]. Indeed, brain tissue contains the 
largest amount of LCPUFA in the whole body, well above the adipose tissue, and 
more importantly, they are contained exclusively in cell membranes. Most frequent 
LCPUFA in nerve cells are docosahexaenoic acid (DHA, 22:6n-3) and arachidonic 
acid (AA, 20:4n-6), whose acyl chains contain 6 and 4 double bonds, respectively. 



Cerebral and Cerebellar Cortex – Interaction and Dynamics in Health and Disease

140

of putative raftophilic proteins identified in mass spectrometry studies of isolated 
DRMs has been published [34]. Many of these proteins are not prototypical trans-
membrane proteins but display post-translational modifications aimed at favoring 
their targeting to lipid rafts (Figure 2). The first family of proteins described is 
GPI-anchored proteins. This family of proteins is anchored to the outer leaflet of the 
membrane through covalent attachment to a special glycolipid, glycosyl phospha-
tidylinositol (GPI) [35]. Amongst the GPI-anchored proteins involved in neuronal 
physiology, one of the best characterized is the cellular prion protein (PrPc) [36]. 
PrPc is constitutively expressed in neurons and preferentially localized in lipid rafts. 
PrPc is known to play different physiological roles in nerve cells, including regula-
tion of ion channels and neurotransmitter receptors at the pre- and postsynaptic 
levels [37] and has been linked to the pathogenesis of prion disease as mentioned 
before [36]. Prion disease is characterized by the conformational modification of 
normal PrPc into a misfolded and aggregated abnormal conformer, the pathogenic 
infectious form PrPsc, [38]. Current evidence indicates that conversion into PrPsc is 
entirely dependent on the lipid raft microenvironment [38].

Other raft-associated proteins are linked to saturated acyl chains through bio-
chemical processes grouped as lipidation [39] (Figure 2). Lipidation is particularly 
important for membrane binding of peripheral membrane proteins (though it may 
also occur in transmembrane proteins). Often these proteins are directly acylated in 
specific residues with two or more palmitate chains, or a palmitate and a myristate 
chain. These lipid modifications, named S-palmitoylation and N-myristoylation, 
are finely regulated and determine not only the fate of modified proteins to target 
lipid rafts, but also contribute to their stabilization within the domain and modulate 
protein interactions occurring within rafts. Such post-translational modifications 
are commonly found in Src family of tyrosine kinases (STKs) [40] and scaffold-
ing proteins [41]. Prenylation of proteins is also a lipidation mode for membrane 
association, consisting on a covalent attachment of an isoprenoid chain (either 
farnesyl- or geranyl-) to the C-terminus of proteins favoring their membrane 
association. This type of modification are common between members of the small 
G-proteins family, including Ras and Rab proteins involved in cellular signaling and 
oncogenicity [39, 42].

Common hallmark proteins of lipid rafts are caveolins and flotillins (Figure 2). 
These raft-resident proteins act as scaffolding structures within these microdo-
mains [43, 44]. It should be mention that caveolin family was first known for its 
participation in the formation of caveolae, membrane invaginations involved in 
endocytosis and signaling commonly observed in non-neuronal cell types such 
endothelial or epithelial cells [45]. Soon after, caveolin-1 was shown to display 
high affinity for rafts, and to be consistently extracted in DRMs. Though these 
two families of scaffold proteins are not transmembrane proteins, they undergo 
palmitoylation, allowing their anchoring to the cytoplasmic leaftet of the bilayer, 
and have the intrinsic capacity to form lipid shells around themselves [43]. Most 
evidence suggests that the lipid-modified nature of these scaffolds proteins 
integrated in lipid rafts serve not only to aid targeting them to these domains but 
also to stabilize rafts themselves. In line with this, caveolin-1 tends to form high-
molecular-weight oligomers which associate with each other in the plane of the 
membrane [44]. Further, numerous studies have concluded that these scaffold 
proteins help to compartmentalize specific signaling molecules within lipid rafts, 
and to modulate the specificity of protein interactions, with the final prospect of 
rapidly and selectively modulating cell signaling events [28, 46]. In this sense, the 
presence of caveolin-binding motifs in many raft proteins allow them to bind to the 
scaffolding domain of caveolin, which serve as a molecular filter to gather related 
signaling proteins close to each other, and to support additional protein–protein 

141

Lipid Rafts and Development of Alzheimer’s Disease
DOI: http://dx.doi.org/10.5772/intechopen.94608

interactions [47]. In the case of flotillins, an evolutionarily conserved domain 
named “prohibitin homology domain” (PHB) determines the affinity for flotillins 
and the raftophilic nature of proteins carrying it [48]. These properties are crucial 
for the formation of dynamic multimolecular platforms termed signalosomes, with 
complex functions in normal and pathological nerve cells.

3. Lipid rafts in neuronal cell signaling

Current evidence demonstrate that neuronal lipid rafts serve as docking 
platforms that bring together a number of specific proteins which determine the 
specificity of neuronal functioning and communication. They include different 
families of proteins with functions as receptors, ion channels, transporters, mem-
brane-bound enzymes, signaling proteins, interacting proteins, molecular adap-
tors, amongst others. They all share a special ability to interact with surrounding 
lipids mainly through lipid modifications, such lipidation with lipophilic anchors 
(S-palmitoylation and N-myristoylation, prenylation, GPI-anchoring) or to cho-
lesterol itself or by specific domains in their secondary structure to facilitate their 
integration in lipid rafts, such cholesterol recognition amino acid consensus (CRAC 
motifs) [49] and phospholipid binding sites [50]. In general, the integration of a 
protein in the raft membrane initiates interaction with surrounding proteins within 
multimolecular complexes or signalosomes which are dynamically recruited to lipid 
rafts in response to specific stimuli. They are believed to rearrange into large, stable 
membrane rafts, and to associate to downstream signaling molecules when bound 
to cognate ligands, activating signalosomes, and eventually triggering specific 
biochemical events involved in the many facets of neuronal physiology [2–4, 32].

One of the best studied multimolecular complexes in neurons is membrane 
rafts in postsynaptic neurons, which along with PSDs (postsynaptic densities), are 
considered major sites of synaptic signaling [3, 51]. In depth proteomics analyses 
performed by [52] in PSD have allowed identification of a number of proteins 
(>150) in PSD-included lipid rafts which are exclusive for postsynaptic membrane 
rafts, and not shared by non-raft portions of PSD. Most of these proteins could 
be classified as typical raft proteins (i.e. flotillin-1 and 2, PrPc), cell adhesion 
molecules (i.e. contactin, cadherin), ion channels (i.e. voltage-dependent calcium 
channels, inwardly rectifying potassium channels, NGF-gated Ca2+ channels), 
transporters (i.e. facilitated glucose transporter, high affinity glutamate transporter, 
GABA transporter protein, H+-ATPase), kinases/phosphodiesterases (i.e. Ca2+/
calmodulin-dependent protein kinase II, phosphodiesterase 2A, cGMP-stimulated) 
and G-proteins/small G-proteins (i.e. heterotrimeric G-protein subunits, members 
of RAS oncogene family) [52, 53].

The scenario emerges that, at least in PSD, the high protein density in raft 
membranes creates a crowded environment in which lipid–lipid packing is affected 
by proteins, probably with a stronger effect inside the more ordered raft-like 
domains [54]. Even more, it could be envisaged that this dense packing would limit 
intradomain mobility and thereby affecting protein interactions and conforma-
tional changes. To this author, this is one of the principal reasons to explain the 
evolutionary selection of significant amounts of highly unsaturated long chain fatty 
acids (LCPUFA) in nerve cells lipid rafts, which we have consistently found in brain 
raft preparations from different origins [55, 56]. Indeed, brain tissue contains the 
largest amount of LCPUFA in the whole body, well above the adipose tissue, and 
more importantly, they are contained exclusively in cell membranes. Most frequent 
LCPUFA in nerve cells are docosahexaenoic acid (DHA, 22:6n-3) and arachidonic 
acid (AA, 20:4n-6), whose acyl chains contain 6 and 4 double bonds, respectively. 
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The amounts of these fatty acids in neuronal membranes differ between rafts 
and non-rafts domains, the later containing 3-4 times more LCPUFA than raft 
membranes [57, 58]. Even so, the degree of polyunsaturation of lipid rafts provides 
a sufficient degree of fluidity in the lo domain of lipid rafts, and a physical mecha-
nism to ensure lipid and protein movements, such lateral and rotational diffusional 
rates as well as conformational displacements, required for proper intermolecular 
interactions [59, 60]. The regular bends introduced by the double bonds in the 
acyl chain of DHA and AA limit the stiffness of the packed bilayer and confer raft 
proteins a degree of motion freedom enough to accomplish molecular interactions. 
It is worth mentioning that, on a molar base, the contribution of unsaturation 
to bilayer fluidity is much higher for LCPUFA than for monounsaturated fatty 
acids, the most important in brain membranes being oleic acid (OA, 18:1n-9). In 
neural lipid rafts, this effect of LCPUFA on difussional rates is amplified by the 
unfavorable and repulsive interactions between the high cholesterol levels and 
polyunsaturated phospholipids [54, 61]. Overall, the lipid scenario in nerve cell 
lipid rafts renders them less ordered than in similar domains from non-neural cells. 
Importantly, destabilization of this physicochemical property of neural lipid rafts 
underlie dramatic consequences in lipid raft functioning in Alzheimer’s disease, as 
we will discuss in next sections.

Perhaps largest evidence demonstrating the significance of lipid rafts in nerve 
cell function is neurotrophic factor signaling. Most receptors for neurotrophic 
factors are receptor tyrosine kinases (RTKs) residing (or recruited to) lipid rafts 
which are activated upon binding to the specific trophic factor and undergo 
activation autophosphorylation of specific tyrosine residues. Activated RTKs are 
docking proteins for multimolecular complexes or signalosomes that activate 
downstream intracellular signaling cascades through molecular adaptors which 
are also raftphilic. Final effectors of RTK signaling are keys for regulation synaptic 
 transmission, differentiation, axon guidance and cell adhesion [2, 62].

Receptor tyrosine kinases observed to reside in lipid rafts include tropomyosin-
related kinase A (TrkA) receptor and the low-affinity p75 neurotrophin receptor 
(p75NTR), which are receptors for Nerve Growth Factor (NGF) [63], IGF-1R 
(insulin growth factor-1 receptor) [64], EGFR (epidermal growth factor receptor) 
[65] or PDGFR (platelet-derived growth factor receptor) [66, 67], amongst others. 
Alternatively, RTKs that are not lipid rafts resident proteins, may translocate to 
rafts after activation, as it was initially demonstrated for glial-derived neurotrophic 
factor (GDNF)-mediated activation of the Ret RTK [2].

The Src family of protein tyrosine kinases (STKs) is composed by integral raft 
proteins widely expressed in the CNS and are particularly abundant in neurons. 
Src is the best studied STK, is ubiquitous but in nerve cells are expressed as differ-
ent isoforms in a neuron-specific mode. It has been reported that at least five SFK 
members, Src, Fyn, Lck, Yes and Lyn are ubiquitously expressed in the central 
nervous system (CNS). These molecular transducers interact with, and participate 
in signaling from RTKs through different downstream pathways (MAPK, PI3-K, 
PKB/Akt, FAK) required to elicit neurotrophic responses such neurite outgrowth, 
myelination, axon guidance, proliferation and differentiation during CNS develop-
ment [68–70]. In the developed CNS, STKs are involved in a number of additional 
functions, as diverse as regulation of neuronal apoptosis [71] or upregulation of 
ionotropic NMDAR (N-methyl-D-aspartate receptor) and other ion channels [72]. 
It is worth recalling that NMDARs are the main type of glutamate receptors that 
mediate fast excitatory transmission in central synapses, and are often located 
in lipid rafts. By modulating NMDARs, Src gates NMDAR-dependent synaptic 
potentiation and plasticity, critical for processes underlying learning and memory 
[72]. Aberrantly regulated STKs antagonize cell survival signaling pathways and 
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induce neuronal apoptosis. Excitotoxicity is a major cause of neuronal death in 
acute and chronic neurodegenerative diseases [73]. This phenomenon is initiated by 
overstimulation of glutamate receptors, leading to sustained intracellular calcium 
overload and the constitutive activation of calpains, a family of calcium-activated 
proteases [74]. Calpain-mediated truncation of Src triggers excitotoxic neuronal 
death by inactivation of downstream Akt survival signaling [75]. Further to their 
effects on Src, overactivated calpains also affect different kinases GSK3β and CDK5, 
which lead to hyperphosphorylation of tau protein [76], one neuropathological 
hallmark in Alzheimer’s disease, as we will show in next sections.

Non-conventional trophic/survival factors involved in neuroprotection have 
been reported in lipid rafts, one of this factors being estrogen receptors (ER) [77]. 
The presence of ER in the plasma membrane of nerve cells was not without contro-
versy because classical ERs (alpha and beta) are cytosolic proteins with no affinity 
for hydrophobic domains. However, it is now clear that a subpopulation of ERα 
is associated to the nerve cell membranes, and that they are responsible for non-
conventional effects of estrogens [78]. The accepted model indicates that targeting 
of ERs to membranes may be achieved by palmitoylation [79] and this explains 
the presence of ERα in lipid rafts [80]. Recent evidence shows that activation of 
membrane ER trigger survival signaling pathways involving transient activation 
of Raf-1/MEK/MAPK cascade [78] in a synergistic crosstalk with c-Src-receptor 
tyrosine kinase pathways [81] are neuroprotective and prevent neuronal death in 
models of Alzheimer’s disease [77, 78, 80].

Coherent interactions of functionally related proteins have been demonstrated in 
lipid rafts. The new dimension of complex physiological processes but biochemically 
related at a nanoscale level have led to the concept of signalosomes. A pioneering 
study by Chadwick and collaborators (2010) in brain cortical lipid rafts form a trans-
genic model of Alzheimer’s disease (3xTgAD mice) have shown that synaptic and 
signaling networks are organized into multiprotein complexes in lipid rafts, enabling 
coherent clustering of synergistic signaling proteins. Remarkably, significant 
alterations in numerous receptor/cell signaling protein associations were detected 
in the transgenic AD model [82]. These finding are quite relevant for the disease in 
humans, as synaptic dysfunction is one of the hallmarks of AD [3, 83, 84].

Similar signaling platforms operate in neuronal mechanisms involved in neuro-
protection against different toxic insults (including amyloid β). The signalosome 
described by our group in lipid rafts from human frontal cortex is particularly rel-
evant because its implications in neuronal survival and death. Our recent research 
indicates that lipid rafts are the site of formation of a complex set of interactions 
between survival/growth factors ERα (described above) and IGF-1R, scaffold-
ing Cav-1, NMDA receptor regulator PrPc (physiological role), and ion channels 
pl-VDAC (a plasmalemmal form of mitochondrial voltage gated anion channel 
VDAC1) and NMDAR. This ER-signalosome likely contains signal transducers such 
heterotrimeric G-protein and STK such Raf-1 involved in neuronal ERα signaling. 
Unlike in other signalosomes, in this case, proapoptotic protein (pl-VDAC) share 
a common cluster with survival factors [80, 85, 86]. pl-VDAC has been found as 
a resident protein of lipid rafts in hippocampal and septal cell lines, mouse hip-
pocampus and frontal cortex, and human cognitive areas, such as frontal cortex, 
septum and hippocampus [85, 86], suggesting that location of VDAC in neuronal 
rafts may be a general phenomenon. Although the exact role of this mitochondrial 
channel in cell membrane lipid rafts is still under debate, pl-VDAC has been claimed 
to participate in the extrinsic apoptotic pathway [87]. The presence of pl-VDAC 
(and perhaps NMDAR) in lipid raft ER-signalosome suggest that they might be a 
critical site involved in neuronal fate decision, a fact that might be relevant in AD 
neuropathology, as discussed in the next sections.
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The amounts of these fatty acids in neuronal membranes differ between rafts 
and non-rafts domains, the later containing 3-4 times more LCPUFA than raft 
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neural lipid rafts, this effect of LCPUFA on difussional rates is amplified by the 
unfavorable and repulsive interactions between the high cholesterol levels and 
polyunsaturated phospholipids [54, 61]. Overall, the lipid scenario in nerve cell 
lipid rafts renders them less ordered than in similar domains from non-neural cells. 
Importantly, destabilization of this physicochemical property of neural lipid rafts 
underlie dramatic consequences in lipid raft functioning in Alzheimer’s disease, as 
we will discuss in next sections.

Perhaps largest evidence demonstrating the significance of lipid rafts in nerve 
cell function is neurotrophic factor signaling. Most receptors for neurotrophic 
factors are receptor tyrosine kinases (RTKs) residing (or recruited to) lipid rafts 
which are activated upon binding to the specific trophic factor and undergo 
activation autophosphorylation of specific tyrosine residues. Activated RTKs are 
docking proteins for multimolecular complexes or signalosomes that activate 
downstream intracellular signaling cascades through molecular adaptors which 
are also raftphilic. Final effectors of RTK signaling are keys for regulation synaptic 
 transmission, differentiation, axon guidance and cell adhesion [2, 62].

Receptor tyrosine kinases observed to reside in lipid rafts include tropomyosin-
related kinase A (TrkA) receptor and the low-affinity p75 neurotrophin receptor 
(p75NTR), which are receptors for Nerve Growth Factor (NGF) [63], IGF-1R 
(insulin growth factor-1 receptor) [64], EGFR (epidermal growth factor receptor) 
[65] or PDGFR (platelet-derived growth factor receptor) [66, 67], amongst others. 
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Src is the best studied STK, is ubiquitous but in nerve cells are expressed as differ-
ent isoforms in a neuron-specific mode. It has been reported that at least five SFK 
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nervous system (CNS). These molecular transducers interact with, and participate 
in signaling from RTKs through different downstream pathways (MAPK, PI3-K, 
PKB/Akt, FAK) required to elicit neurotrophic responses such neurite outgrowth, 
myelination, axon guidance, proliferation and differentiation during CNS develop-
ment [68–70]. In the developed CNS, STKs are involved in a number of additional 
functions, as diverse as regulation of neuronal apoptosis [71] or upregulation of 
ionotropic NMDAR (N-methyl-D-aspartate receptor) and other ion channels [72]. 
It is worth recalling that NMDARs are the main type of glutamate receptors that 
mediate fast excitatory transmission in central synapses, and are often located 
in lipid rafts. By modulating NMDARs, Src gates NMDAR-dependent synaptic 
potentiation and plasticity, critical for processes underlying learning and memory 
[72]. Aberrantly regulated STKs antagonize cell survival signaling pathways and 
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induce neuronal apoptosis. Excitotoxicity is a major cause of neuronal death in 
acute and chronic neurodegenerative diseases [73]. This phenomenon is initiated by 
overstimulation of glutamate receptors, leading to sustained intracellular calcium 
overload and the constitutive activation of calpains, a family of calcium-activated 
proteases [74]. Calpain-mediated truncation of Src triggers excitotoxic neuronal 
death by inactivation of downstream Akt survival signaling [75]. Further to their 
effects on Src, overactivated calpains also affect different kinases GSK3β and CDK5, 
which lead to hyperphosphorylation of tau protein [76], one neuropathological 
hallmark in Alzheimer’s disease, as we will show in next sections.

Non-conventional trophic/survival factors involved in neuroprotection have 
been reported in lipid rafts, one of this factors being estrogen receptors (ER) [77]. 
The presence of ER in the plasma membrane of nerve cells was not without contro-
versy because classical ERs (alpha and beta) are cytosolic proteins with no affinity 
for hydrophobic domains. However, it is now clear that a subpopulation of ERα 
is associated to the nerve cell membranes, and that they are responsible for non-
conventional effects of estrogens [78]. The accepted model indicates that targeting 
of ERs to membranes may be achieved by palmitoylation [79] and this explains 
the presence of ERα in lipid rafts [80]. Recent evidence shows that activation of 
membrane ER trigger survival signaling pathways involving transient activation 
of Raf-1/MEK/MAPK cascade [78] in a synergistic crosstalk with c-Src-receptor 
tyrosine kinase pathways [81] are neuroprotective and prevent neuronal death in 
models of Alzheimer’s disease [77, 78, 80].

Coherent interactions of functionally related proteins have been demonstrated in 
lipid rafts. The new dimension of complex physiological processes but biochemically 
related at a nanoscale level have led to the concept of signalosomes. A pioneering 
study by Chadwick and collaborators (2010) in brain cortical lipid rafts form a trans-
genic model of Alzheimer’s disease (3xTgAD mice) have shown that synaptic and 
signaling networks are organized into multiprotein complexes in lipid rafts, enabling 
coherent clustering of synergistic signaling proteins. Remarkably, significant 
alterations in numerous receptor/cell signaling protein associations were detected 
in the transgenic AD model [82]. These finding are quite relevant for the disease in 
humans, as synaptic dysfunction is one of the hallmarks of AD [3, 83, 84].

Similar signaling platforms operate in neuronal mechanisms involved in neuro-
protection against different toxic insults (including amyloid β). The signalosome 
described by our group in lipid rafts from human frontal cortex is particularly rel-
evant because its implications in neuronal survival and death. Our recent research 
indicates that lipid rafts are the site of formation of a complex set of interactions 
between survival/growth factors ERα (described above) and IGF-1R, scaffold-
ing Cav-1, NMDA receptor regulator PrPc (physiological role), and ion channels 
pl-VDAC (a plasmalemmal form of mitochondrial voltage gated anion channel 
VDAC1) and NMDAR. This ER-signalosome likely contains signal transducers such 
heterotrimeric G-protein and STK such Raf-1 involved in neuronal ERα signaling. 
Unlike in other signalosomes, in this case, proapoptotic protein (pl-VDAC) share 
a common cluster with survival factors [80, 85, 86]. pl-VDAC has been found as 
a resident protein of lipid rafts in hippocampal and septal cell lines, mouse hip-
pocampus and frontal cortex, and human cognitive areas, such as frontal cortex, 
septum and hippocampus [85, 86], suggesting that location of VDAC in neuronal 
rafts may be a general phenomenon. Although the exact role of this mitochondrial 
channel in cell membrane lipid rafts is still under debate, pl-VDAC has been claimed 
to participate in the extrinsic apoptotic pathway [87]. The presence of pl-VDAC 
(and perhaps NMDAR) in lipid raft ER-signalosome suggest that they might be a 
critical site involved in neuronal fate decision, a fact that might be relevant in AD 
neuropathology, as discussed in the next sections.
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The preferential location of different neurotransmitter receptors (NTR) and ion 
channels has been demonstrated steadily since the discovery of lipid rafts in nerve 
cells, and the number of candidates keeps growing and far from being definitive. 
An excellent review and overview of neurotransmitter receptors and transporters 
associated with lipid rafts in neurons and glial cells can be found in [3]. The range of 
NTR involved is all-encompassing and include ionotropic receptors, such AMPA-R 
(α-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid receptor), NMDA-R, 
GABAAR (γ-aminobutyric acid receptors) or nAChR (nicotinic acetylcholine recep-
tors), metabotropic receptors such mAChR (muscarinic acetylcholine receptors), 
5-HT-R (serotonin receptors) or mGluR (glutamate receptors), neurotransmitter 
transporters such EAAT (excitatory amino acid transporters), and many GPCR and 
G-proteins such Gα and Gβγ (See [3] and references therein).

Often, these proteins are not stable raft-resident proteins but behave dynami-
cally and may traffic into or out lipid rafts, undergoing stimuli-induced integration 
in lipid rafts, which allow them interacting with transducers and even effector 
proteins (i.e. GPCR, G-protein-coupled receptors) or multimer formation (i.e. 
ionotropic receptors) to trigger either increase or dampen signaling responses. 
Lipid rafts also participate in the formation of neurotransmitter receptor clusters 
(i.e. NMDAR and GABAAR in postsynaptic neurons) influencing synaptic func-
tion, and are sites for endocytosis and trafficking of NTR. During neurotransmitter 
signaling, many GPCRs undergo agonist-induced endocytosis, leading to recep-
tor recycling, sequestration and downregulation through clathrin-independent 
 mechanisms [88, 89].

A number of neurotransmitter-independent ion channels have been found 
either as proper residents or transiently associated to lipid rafts. These proteins 
are generally downstream effectors of neuronal signaling and include the large 
family of voltage-dependent (Kv) potassium channels, Ca2+-activated K+ channels, 
different subunits of voltage-dependent sodium (NaV) and calcium channels (CaV), 
VDAC and ClC families of voltage-gated chloride channels, G-protein-gated or 
cyclic nucleotide-gated (CNG) ion channels, transient receptor potential (TRP) 
cation channels, and water (AQP) channels [3, 52, 85, 90–92].

Structurally, ion channels are diverse in their architecture and topology, but 
generally contain several transmembrane domains, which allow integration within 
lipid rafts mainly through hydrophobic lipid-protein interactions with acyl chains 
of surrounding lipids within the lipid bilayers, and also with phospholipid head 
groups at the level of intra- and extracellular aqueous interfaces, being these lipid 
interactions absolute requirements for proper channel gating.

Further, members of all major ion channel families have been demonstrated 
to be regulated by membrane cholesterol and to partition into cholesterol-rich 
membrane domains [93]. Stability of channel proteins in lipid rafts is ensured by 
hydrophobic interactions of transmembrane domains with cholesterol within the 
core of the bilayer. Cholesterol itself not only provide channel compartmentaliza-
tion but also alters the kinetic properties and current–voltage dependence of many 
voltage-dependent channels, particularly in voltage-gated Na+ and K+ channels 
[93]. Targeting of ion channels is isoform-specific, as demonstrated for Kv channels 
Kv2.1, Kv1.4 and Kv1.3, which are present in distinct membrane compartments in 
hippocampal and cortical cells [90, 94]. Apparently, membrane domain choles-
terol levels differentially modulate the trafficking and localization of Kv channels 
[90, 95]. Overall, ion channels targeting to lipid rafts channel induces not only 
clustering to other raftphilic partners, but also modulation of ion channel gating by 
virtue of microenvironmental cholesterol.

Finally, lipid rafts are associated with cytoskeleton [96]. Interactions with 
cytoskeletal components (actin, tubulin, vinculin, filamin, and tau) contribute 
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to the regulation of lipid rafts assembly and clustering. The accepted view is that 
this depends on raft lipids, raft scaffold proteins and submembrane actin network 
[96, 97]. It has been proposed an intuitive model (“picket-fence”) whereby actin 
filaments anchored to cytofacial leaflet of lipid rafts regulate lateral diffusion of 
adjacent membrane lipids and proteins [97]. Anchoring of actin filaments with 
raftphilic proteins have been proposed to allow the transient clustering and coalesc-
ing of small rafts to form larger homo - and hetero -GPI-anchored oligomeric rafts, 
through raft-based lipid interactions that generate functional raft domains [98]. This 
spatiotemporal microdomain clustering depends upon cholesterol, sphingolipids, 
phosphoinositol lipids and the cortical actin meshwork, where actin filaments 
cross-linked by myosin motors promote energy-dependent lateral movements of 
GPI-anchored proteins [98]. Besides actin, tubulin is also associated to lipid rafts and 
co-precipitates with caveolin-1 in brain extracts. In fact some authors have suggested 
that tubulin itself might behave as a scaffolding protein in lipid rafts [3]. Recent 
studies have shown that lipid rafts lipids are important elements in the interaction 
membrane-cytoskeleton. Thus, It has been shown that phosphoinositide lipids such 
as PtdIns(4,5)P2 and PtdIns(3,4)P2, which accumulate in the inner leaflet of lipid 
rafts, bind actin and direct actin assembly into filaments, and that PtdIns (4,5)P2 
serves as a tubulin anchor on the plasma membrane [3, 96]. It is known that microtu-
bule dynamics participate in raft-associated neurotransmitter signaling [3]. Certain 
G proteins have been shown to promote the GTPase activity of tubulin and to affect 
microtubule arrangement. The association between tubulin and heterotrimeric G 
proteins has been demonstrated to potentiate adrenergic and cholinergic signaling 
neurotransmitters by directly activating their respective G proteins [3]. Further, 
cytoskeletal dynamics and its interaction with lipid rafts are demonstrated to be 
directly involved in processes such neuronal growth, axonal/dendritic guidance, 
axonal regeneration and dendritic spine formation in hippocampal neurons [3, 96].

4. Lipid rafts in established AD

4.1 AD neuropathology: linking in lipid rafts disturbances

Alzheimer’s disease is the most common neurodegenerative disease, and has 
reached pandemic proportions in developed countries. AD is characterized by 
progressive memory loss, cognitive deficits and subsequent gradual but relent-
less dementia. In the majority of cases AD occurs late in life and without a known 
cause (referred to as “sporadic” or “late-onset” Alzheimer’s disease, LOAD). Brains 
of individuals with AD exhibit massive loss of synapses and neurons, as well as 
extracellular senile plaques (SPs) and intracellular neurofibrillary tangles (NFTs). 
The most severe neuropathological changes occur in the hippocampus, followed by 
the association cortices and subcortical structures [99, 100].

The major proteinaceous component of SPs is a 40–42 amino acid polypep-
tide amyloid-β derived by proteolytic cleavage from the transmembrane protein 
APP. According to the amyloid cascade hypothesis (first proposed by Hardy and 
Higgins, 1992) [101], in the amyloidogenic pathway, the β-secretase activity of 
BACE1 (β-site APP cleavage enzyme 1), generates the amino terminus of Aβ [102] 
while γ-secretase complex (made up of four proteins: presenilin, APH-1, PEN2 and 
nicastrin) [103] cleavage at the carboxy-terminus and determines its length (Aβ40 
and Aβ42). Aβ40 is the most common species and Aβ42 the more fibrillogenic and 
prone to aggregates in SPs [104]. As discussed below, lipid rafts are the key mem-
brane domain for this sequential cleavage of APP. Conversely, in the non-amyloido-
genic pathway, the zinc metalloproteinase ADAM10 named α-secretase, cleaves APP 
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to the regulation of lipid rafts assembly and clustering. The accepted view is that 
this depends on raft lipids, raft scaffold proteins and submembrane actin network 
[96, 97]. It has been proposed an intuitive model (“picket-fence”) whereby actin 
filaments anchored to cytofacial leaflet of lipid rafts regulate lateral diffusion of 
adjacent membrane lipids and proteins [97]. Anchoring of actin filaments with 
raftphilic proteins have been proposed to allow the transient clustering and coalesc-
ing of small rafts to form larger homo - and hetero -GPI-anchored oligomeric rafts, 
through raft-based lipid interactions that generate functional raft domains [98]. This 
spatiotemporal microdomain clustering depends upon cholesterol, sphingolipids, 
phosphoinositol lipids and the cortical actin meshwork, where actin filaments 
cross-linked by myosin motors promote energy-dependent lateral movements of 
GPI-anchored proteins [98]. Besides actin, tubulin is also associated to lipid rafts and 
co-precipitates with caveolin-1 in brain extracts. In fact some authors have suggested 
that tubulin itself might behave as a scaffolding protein in lipid rafts [3]. Recent 
studies have shown that lipid rafts lipids are important elements in the interaction 
membrane-cytoskeleton. Thus, It has been shown that phosphoinositide lipids such 
as PtdIns(4,5)P2 and PtdIns(3,4)P2, which accumulate in the inner leaflet of lipid 
rafts, bind actin and direct actin assembly into filaments, and that PtdIns (4,5)P2 
serves as a tubulin anchor on the plasma membrane [3, 96]. It is known that microtu-
bule dynamics participate in raft-associated neurotransmitter signaling [3]. Certain 
G proteins have been shown to promote the GTPase activity of tubulin and to affect 
microtubule arrangement. The association between tubulin and heterotrimeric G 
proteins has been demonstrated to potentiate adrenergic and cholinergic signaling 
neurotransmitters by directly activating their respective G proteins [3]. Further, 
cytoskeletal dynamics and its interaction with lipid rafts are demonstrated to be 
directly involved in processes such neuronal growth, axonal/dendritic guidance, 
axonal regeneration and dendritic spine formation in hippocampal neurons [3, 96].

4. Lipid rafts in established AD

4.1 AD neuropathology: linking in lipid rafts disturbances

Alzheimer’s disease is the most common neurodegenerative disease, and has 
reached pandemic proportions in developed countries. AD is characterized by 
progressive memory loss, cognitive deficits and subsequent gradual but relent-
less dementia. In the majority of cases AD occurs late in life and without a known 
cause (referred to as “sporadic” or “late-onset” Alzheimer’s disease, LOAD). Brains 
of individuals with AD exhibit massive loss of synapses and neurons, as well as 
extracellular senile plaques (SPs) and intracellular neurofibrillary tangles (NFTs). 
The most severe neuropathological changes occur in the hippocampus, followed by 
the association cortices and subcortical structures [99, 100].

The major proteinaceous component of SPs is a 40–42 amino acid polypep-
tide amyloid-β derived by proteolytic cleavage from the transmembrane protein 
APP. According to the amyloid cascade hypothesis (first proposed by Hardy and 
Higgins, 1992) [101], in the amyloidogenic pathway, the β-secretase activity of 
BACE1 (β-site APP cleavage enzyme 1), generates the amino terminus of Aβ [102] 
while γ-secretase complex (made up of four proteins: presenilin, APH-1, PEN2 and 
nicastrin) [103] cleavage at the carboxy-terminus and determines its length (Aβ40 
and Aβ42). Aβ40 is the most common species and Aβ42 the more fibrillogenic and 
prone to aggregates in SPs [104]. As discussed below, lipid rafts are the key mem-
brane domain for this sequential cleavage of APP. Conversely, in the non-amyloido-
genic pathway, the zinc metalloproteinase ADAM10 named α-secretase, cleaves APP 
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within the Aβ domain [105, 106] and thus precludes Aβ formation. Of note, action 
of α-secretase occurs predominantly in non-raft domains [105, 106]. A reciprocal 
relationship exists between non-amyloidogenic and amyloidogenic APP processing 
such that impaired ADAM10-mediated proteolysis of APP serves to enhance amy-
loidogenic processing thereby elevating levels of Aβ peptides in AD-afflicted brains 
[105]. These assertions are extremely important for AD onset and progression, 
since it suggests a dynamic intramembrane and interdomain competition between 
proteolitic activities of α- and β- secretases on APP, which largely determine the bal-
ance between amyloidogenic and non-amyloidogenic patwways. Further, increasing 
evidence indicates that ADAM10 may also affect AD pathology through potential 
mechanisms including reducing tau pathology, maintaining normal synaptic func-
tions, and promoting homeostasis of neuronal networks [106].

Fibrillation of amyloid β peptides is a critical and complex process largely 
responsible for amyloid toxicity [107]. The available evidence favors a model in 
which the conversion of the normally soluble Aβ peptide into insoluble oligomeric, 
protofibrillar, and fibrillar toxic forms [104, 107].

NFTs are also a pathological hallmark of AD, though not exclusive. NFT are 
also present in other taupathies such frontotemporal dementia [108]. NFTs contain 
abnormally hyperphosphorylated forms of the microtubule-associated protein tau, 
which causes detachment of tau from microtubules and the formation of insoluble 
tau aggregates. This leads to the occurrence of paired helical filaments and NFTs 
present in cell bodies and apical dendrites as neurofibrillary tangles (NFTs), but 
also in distal dendrites as neuropil threads, or in abnormal neurites associated 
to SPs [109].

A number of studies demonstrate that AD-associated cognitive dysfunction is 
strongly correlated with the accumulation of amyloid-β and hyperphosphorylated 
tau, however, the precise relationship(s) between neurological and biochemical hall-
marks of AD remains incompletely understood, particularly in Sporadic Alzheimer’s 
disease. Likewise, potential causes for AD remain unknown, except for the familial 
form of the disease (familial AD, FAD), in which several genetic mutations on pro-
teins involved in amyloid β production have been well-identified [84, 110]. In FAD, 
which accounts for less than 1% of the total AD cases, rare autosomal dominant 
mutations have been identified in three genes, namely APP, PSEN1 and PSEN2, the 
latter two being the most common mutations found in FAD [84, 110].

Regarding the relationship between alterations amyloid-β and tau in 
AD-afflicted brains, current models suggest that amyloid oligomerization and 
aggregation drives tau hyperphosphorylation and fibrillation. By itself this modi-
fied form of tau stimulates cell dysfunction and neurodegeneration in AD both 
downstream and independently of Aβ [84, 111].

4.2 Lipid rafts and amyloid processing

Numerous studies have shown that proteins involved in amyloidogenic process-
ing pathway APP, BACE1 and the γ-secretase complex are transmembrane proteins 
associated to different extents to lipid rafts (see the excellent review by Hicks et al., 
2012) [6]. APP is localized in raft and non-raft fractions, but predominates outside 
rafts, while the β- and γ-secretases are mainly located in rafts. Noteworthy, APP and 
secretases exist in two pools, raft and non-raft, but their relative residence fraction 
vary depending on cellular signals and physicochemical microenvironmental factors 
(i.e. lipid composition of bilayer, see below). Conversely, the α-secretase involved in 
non-amyloidogenic pathway is membrane- but not raft-associated [106].

Regulation of APP raft localization involves interaction between the C-terminus 
of APP and flotillin-1 [112]. Further, another factor promoting raft localization of 
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APP is cholesterol. APP specifically binds cholesterol though a direct interaction 
with the C-terminal domain C99 (also known as β-C-terminal fragment, β-CTF) 
[113]. Apparently, binding of cholesterol to C99 would favor the amyloidogenic 
pathway in cells by promoting localization of C99 in lipid rafts [113].

Regarding secretases, raft localization of β-secretase and interaction with raft-
resident lipids is mediated by palmitoylation of BACE-1 [114]. It has been reported 
that when BACE-1 is targeted to lipid rafts via GPI-anchoring, upregulation of amy-
loidogenic APP processing occurs and production of Aβ is increased [115]. Subunits 
of the γ-secretase complex are enriched in lipid rafts by means of S-palmitoylation 
of nicastrin and Aph-1 [116, 117] but, interestingly, does not directly modulate 
γ-secretase processing of APP [117]. Further, the lipid raft scaffolding protein 
caveolin-1 influences the γ-secretase spatial distribution favoring its partitioning to 
lipid rafts but also enhances its secretase activity [118].

Another important lipid-raft associated protein which was shown to play an 
important role in APP processing is PrPc. Indeed, PrPc regulates APP processing by 
inhibiting β-secretase activity in the cell surface, and this effect requires the local-
ization of PrPc to lipid rafts [6, 119]. This led to the hypothesis that PrPc might be a 
key protective protein against AD, and that PrPc downregulation might impede the 
negative control of BACE1 activity and accumulation of Aβ peptide. However, no 
decrease of PrPc content has been reported in AD brains, therefore it is suggested 
that decreased ability of PrPc to control BACE1 might be consequence of age- and 
disease-dependent disruption of lipid rafts, at least in the case of sporadic AD [6].

The relationship of amyloid peptides and membrane components is often 
reciprocal. Several examples illustrate this bidirectional relationship. First, PrPc has 
been shown to be a receptor for Aβ oligomers (even at nanomolar concentrations). 
Binding of Aβ oligomers to PrPc results in the blockage of hippocampal LTP and 
reduction of PrP affinity for the NMDAR (through a complex allosteric modulation 
of its glycine binding site). Once out of the control by PrP, this results in steady-
state NMDAR currents and excitotoxicity [6, 120]. Together with BACE1 regulation 
by PrPc explained above, this provides an integrated toxicity mechanism explaining 
the interplay between BACE1, PrPc, NMDAR, Aβ species and hippocampal LTP, in 
the hippocampal degeneration and functional decline in AD.

A second example is brain cholesterol. Within nerve cells, the biggest reser-
voirs of cholesterol are found at the plasma membrane, myelin sheaths and in the 
endocytic recycling membranes. The majority of brain cholesterol is derived from 
de novo biosynthesis, rather than from plasma LDL [121]. Cholesterol can directly 
modulate amyloidogenic secretase activities leading to altered amyloid-β genera-
tion [10, 122–124]. Collectively, these data indicates that elevated cholesterol levels 
promote the co-clustering of APP and BACE1 in lipid raft domains, as well as their 
rapid endocytosis, and increases their activities. Conversely, experimental reduc-
tion of membrane cholesterol levels decreases the association of BACE1 with lipid 
rafts and reduces the activity of both BACE1 and γ-secretase, leading to additive 
reduction of amyloid-β production.

Cholesterol levels in the brain are regulated through a series of steps in a cross-
talk between astrocytes and neurons (see excellent reviews by [125–127]). These 
involve HMG-CoA reductase (HMG-CoA, the rate-limiting enzyme responsible for 
cholesterol synthesis in neurons and glial cells), APOE-containing HDL-like parti-
cles released from astrocytes (which mediates the uptake of lipoprotein particles via 
LRP), LDL receptor-related protein (LRP, which serves as a neuronal receptor for 
astrocyte-produced APOE-containing lipid particles), ATP-binding cassette sub-
family A member 1 (ABCA1, mediating cholesterol efflux from neurons has been 
also shown to modulate Aβ levels in neurons), and acyl CoA:cholesterol acyltrans-
ferase 1 (ACAT1, which converts free cholesterol into cholesteryl esters), amongst 
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within the Aβ domain [105, 106] and thus precludes Aβ formation. Of note, action 
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relationship exists between non-amyloidogenic and amyloidogenic APP processing 
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NFTs are also a pathological hallmark of AD, though not exclusive. NFT are 
also present in other taupathies such frontotemporal dementia [108]. NFTs contain 
abnormally hyperphosphorylated forms of the microtubule-associated protein tau, 
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APP is cholesterol. APP specifically binds cholesterol though a direct interaction 
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decrease of PrPc content has been reported in AD brains, therefore it is suggested 
that decreased ability of PrPc to control BACE1 might be consequence of age- and 
disease-dependent disruption of lipid rafts, at least in the case of sporadic AD [6].
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rapid endocytosis, and increases their activities. Conversely, experimental reduc-
tion of membrane cholesterol levels decreases the association of BACE1 with lipid 
rafts and reduces the activity of both BACE1 and γ-secretase, leading to additive 
reduction of amyloid-β production.

Cholesterol levels in the brain are regulated through a series of steps in a cross-
talk between astrocytes and neurons (see excellent reviews by [125–127]). These 
involve HMG-CoA reductase (HMG-CoA, the rate-limiting enzyme responsible for 
cholesterol synthesis in neurons and glial cells), APOE-containing HDL-like parti-
cles released from astrocytes (which mediates the uptake of lipoprotein particles via 
LRP), LDL receptor-related protein (LRP, which serves as a neuronal receptor for 
astrocyte-produced APOE-containing lipid particles), ATP-binding cassette sub-
family A member 1 (ABCA1, mediating cholesterol efflux from neurons has been 
also shown to modulate Aβ levels in neurons), and acyl CoA:cholesterol acyltrans-
ferase 1 (ACAT1, which converts free cholesterol into cholesteryl esters), amongst 
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other proteins. Excess free cholesterol in neurons is either converted to cholesteryl 
esters by ACAT1 or exported through ABCA1. Several lines of evidence indicate that 
cholesterol efflux, synthesis or esterification controls amyloid-β generation. Thus, 
stimulation of HMG-CoA or ACAT1 has been demonstrated to increase Aβ levels 
though mechanisms still poorly understood. Further, in vivo studies have shown 
that deletion of ABCA1 gene decreases the levels of APOE, a finding that correlates 
with greater amyloid-β deposits. Moreover, increased intracellular cholesterol (and 
perhaps cholesterol esters) has a considerable impact on membrane domain bio-
genesis and lipid raft formation, eventually leading to stimulation of amyloidogenic 
APP processing [128–130].

4.3 Untangling the conundrum of late-onset AD origin

Despite intense scientific research in the areas of genetics, molecular and cell 
biology, and neuroscientists throughout the world, causative factors for nerve 
cells destruction in LOAD are far from conclusive and have not been definitively 
established. Amongst factors evidencing solid links with neuronal loss and develop-
ment of sporadic Alzheimer’s disease are genetic polymorphisms, such ApoE4 [102, 
103], neuroinflammation [104–106, 131], oxidative stress [107–110], neurolipid 
deregulation [111–114, 131], environmental factors, such chronic exposure to 
neurotoxic metals, pesticides or nanoparticles [115–117], dietary habits [118–121], 
and xenoendocrine and hormonal changes such menopause [1, 122, 123]. However, 
the only factor that is unequivocally associated to the onset of AD is aging. Aging is 
an extremely complex biological process affecting whole organism. Cerebral aging 
is acknowledged to involve multiple factors which converge to reduce cognitive func-
tions such as mental speed, executive function, episodic memory, working memory, 
short-term recollection, spatial memory and capability to process new information, 
amongst other deficits [92, 124, 125]. These cognitive deficits are recognized to be 
secondary to losses in synaptic contacts, reduced neuroplasticity, dendritic branch-
ing, changes in neuronal and/or astrocyte physiology and crosstalk [126], and is 
accompanied by reductions in the volume of the hippocampus and pre-frontal, pari-
etal, temporal and entorhinal cortical parenchyma [92]. Not surprisingly, brain areas 
which are more neuroplastic throughout life, such hippocampus and entorhinal 
cortex are most vulnerable to age and more prone to undergo pathological neurode-
generation [126]. Indeed, neurons that are particularly vulnerable in AD include the 
pyramidal layers of the hippocampus, those in layer II of the entorhinal cortex, and 
from certain areas of the neocortex (frontal, parietal and temporal cortices) [92]. 
Although most vulnerable neurons use glutamate as neurotransmitter (the most 
common in the brain), there is also significant loss cholinergic and noradrenergic 
neurotransmission in subcortical neurons in the basal forebrain [127]. In particular, 
the dysfunction of cholinergic neurons has received much attention (as per involved 
in obvious deficits in attention and memory in AD) and has been the stem for the 
“cholinergic therapy” in AD [127] Current knowledge support the notion that much 
of the cognitive dysfunction in AD is not due to loss of neurons containing a par-
ticular neurotransmitter, but to disruption of the network connections between key 
brain regions within the limbic system and specific areas of the neocortex [79].

My current view, shared with most neurologists and molecular and cellular neu-
robiologists, is that LOAD onset is determined by the slow but steady deleterious 
contribution of a combinatorial concert of factors referred above, superimposed to, 
and facilitated by both genetic predisposition and the exhaustion effect of lifestyle 
and aging. For instance, it is known that the apolipoprotein E allele e4 (APOEε4) 
expressed in the brain is a genetic risk factor for LOAD, whereas the e2 allele is 
protective. One copy of APOEe4 increases the risk for AD by ~3-fold and two copies 
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by ~12-fold (http://www.alzgene.org), but its effect is magnified by aging, with a 
decrease in age at onset by ~5 years/e4 allele, in both sporadic and familial forms 
of AD [84, 132–134]. In line with this, the Society for Women’s Health Research 
Interdisciplinary Network on AD, comprised of an expert panel of scientists and 
clinicians, has reviewed ongoing and published research related to sex and gender 
differences in AD, and defined the concert Age-APOE-Gender a triad of high risk 
for AD [133].

4.4 Lipid rafts: beyond and before amyloid possessing

The involvement of lipid rafts in AD extends well beyond facilitating amy-
loidogenic processing of APP or tau hyperphosphorylation. As described above, 
numerous neurotransmitter receptors, neurotrophic factors receptors and down-
stream signaling proteins, signalosomes, membrane trafficking components, ion 
channels and pathway effectors have been demonstrated to be differentially altered 
in Alzheimer’s disease. Indeed, the number of cellular and molecular biological 
processes known to be presumably affected in AD is enormous. It is conceivable 
that not all these evidences occur in real degenerating human brains, as most 
observations have been obtained under artificial in vitro conditions, or in vivo using 
cellular and animal models, often overexpressing human proteins not normally 
expressed in experimental animals. These same arguments may also explain why 
contradictory results or fundamental controversies from different research groups 
are found in the literature. Furthermore, very relevant information from studies 
aimed at disentangling the pathological mechanisms for AD has been obtained 
from transgenic mice models expressing human components of the amyloidogenic 
pathway from well-established mutations in familial Alzheimer’s disease. Thus, 
even if overexpressing transgenic models may render a disease scenario to closely 
resemble human amyloid and/or tau pathology, results are not necessarily translat-
able to the most common form of AD, i.e. LOAD. One plausible hypothesis which 
may assemble much information on the different mechanisms reported as altered 
in Alzheimer’s disease is that they may belong to a programme of sequential set of 
events triggered at the onset of the disease, in some kind of self-destructive parallel 
domino effects, which are exacerbated during the progression of the disease.

In this sense, plentiful and compelling evidence point to lipid rafts alterations as 
a common underlying factor related to AD neurodegeneration, even at very early 
stages of the disease. Moreover, it is now clear that these structures undergo aging-
associated modifications in brain areas even in subjects without signs of the disease. 
Overall, this suggests that it might be disentangling of lipid rafts a very early event 
in the transition from normal aging to developing this neurodegenerative disease.

It may be assumed that altered function of biochemical components integrated 
within lipid rafts may be secondary to destabilization of membrane structure of lipid 
raft, in particular with neurolipids. Indeed, a considerable number of studies demon-
strate that lipid biochemical and biophysical anomalies lead to abnormal functioning 
of lipid rafts [10, 135–137]. These issues are discussed in the next section.

4.5 Lipid abnormalities and lipid rafts dyshomeostasis in AD

In the seminal description of the degenerative disease in 1932 named after him, 
Alois Alzheimer highlighted the occurrence of ‘adipose inclusions’ or ‘lipoid granules’ 
as the third pathological hallmark of AD. This finding did not receive enough atten-
tion until recently. Subsequently, biochemical alterations of lipid composition have 
been reported in post-mortem brains from individuals with AD. Perhaps, the intimate 
link between lipid metabolism and AD was only boosted when the ε4 allele of the 
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though mechanisms still poorly understood. Further, in vivo studies have shown 
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perhaps cholesterol esters) has a considerable impact on membrane domain bio-
genesis and lipid raft formation, eventually leading to stimulation of amyloidogenic 
APP processing [128–130].
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amongst other deficits [92, 124, 125]. These cognitive deficits are recognized to be 
secondary to losses in synaptic contacts, reduced neuroplasticity, dendritic branch-
ing, changes in neuronal and/or astrocyte physiology and crosstalk [126], and is 
accompanied by reductions in the volume of the hippocampus and pre-frontal, pari-
etal, temporal and entorhinal cortical parenchyma [92]. Not surprisingly, brain areas 
which are more neuroplastic throughout life, such hippocampus and entorhinal 
cortex are most vulnerable to age and more prone to undergo pathological neurode-
generation [126]. Indeed, neurons that are particularly vulnerable in AD include the 
pyramidal layers of the hippocampus, those in layer II of the entorhinal cortex, and 
from certain areas of the neocortex (frontal, parietal and temporal cortices) [92]. 
Although most vulnerable neurons use glutamate as neurotransmitter (the most 
common in the brain), there is also significant loss cholinergic and noradrenergic 
neurotransmission in subcortical neurons in the basal forebrain [127]. In particular, 
the dysfunction of cholinergic neurons has received much attention (as per involved 
in obvious deficits in attention and memory in AD) and has been the stem for the 
“cholinergic therapy” in AD [127] Current knowledge support the notion that much 
of the cognitive dysfunction in AD is not due to loss of neurons containing a par-
ticular neurotransmitter, but to disruption of the network connections between key 
brain regions within the limbic system and specific areas of the neocortex [79].

My current view, shared with most neurologists and molecular and cellular neu-
robiologists, is that LOAD onset is determined by the slow but steady deleterious 
contribution of a combinatorial concert of factors referred above, superimposed to, 
and facilitated by both genetic predisposition and the exhaustion effect of lifestyle 
and aging. For instance, it is known that the apolipoprotein E allele e4 (APOEε4) 
expressed in the brain is a genetic risk factor for LOAD, whereas the e2 allele is 
protective. One copy of APOEe4 increases the risk for AD by ~3-fold and two copies 
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by ~12-fold (http://www.alzgene.org), but its effect is magnified by aging, with a 
decrease in age at onset by ~5 years/e4 allele, in both sporadic and familial forms 
of AD [84, 132–134]. In line with this, the Society for Women’s Health Research 
Interdisciplinary Network on AD, comprised of an expert panel of scientists and 
clinicians, has reviewed ongoing and published research related to sex and gender 
differences in AD, and defined the concert Age-APOE-Gender a triad of high risk 
for AD [133].

4.4 Lipid rafts: beyond and before amyloid possessing

The involvement of lipid rafts in AD extends well beyond facilitating amy-
loidogenic processing of APP or tau hyperphosphorylation. As described above, 
numerous neurotransmitter receptors, neurotrophic factors receptors and down-
stream signaling proteins, signalosomes, membrane trafficking components, ion 
channels and pathway effectors have been demonstrated to be differentially altered 
in Alzheimer’s disease. Indeed, the number of cellular and molecular biological 
processes known to be presumably affected in AD is enormous. It is conceivable 
that not all these evidences occur in real degenerating human brains, as most 
observations have been obtained under artificial in vitro conditions, or in vivo using 
cellular and animal models, often overexpressing human proteins not normally 
expressed in experimental animals. These same arguments may also explain why 
contradictory results or fundamental controversies from different research groups 
are found in the literature. Furthermore, very relevant information from studies 
aimed at disentangling the pathological mechanisms for AD has been obtained 
from transgenic mice models expressing human components of the amyloidogenic 
pathway from well-established mutations in familial Alzheimer’s disease. Thus, 
even if overexpressing transgenic models may render a disease scenario to closely 
resemble human amyloid and/or tau pathology, results are not necessarily translat-
able to the most common form of AD, i.e. LOAD. One plausible hypothesis which 
may assemble much information on the different mechanisms reported as altered 
in Alzheimer’s disease is that they may belong to a programme of sequential set of 
events triggered at the onset of the disease, in some kind of self-destructive parallel 
domino effects, which are exacerbated during the progression of the disease.

In this sense, plentiful and compelling evidence point to lipid rafts alterations as 
a common underlying factor related to AD neurodegeneration, even at very early 
stages of the disease. Moreover, it is now clear that these structures undergo aging-
associated modifications in brain areas even in subjects without signs of the disease. 
Overall, this suggests that it might be disentangling of lipid rafts a very early event 
in the transition from normal aging to developing this neurodegenerative disease.

It may be assumed that altered function of biochemical components integrated 
within lipid rafts may be secondary to destabilization of membrane structure of lipid 
raft, in particular with neurolipids. Indeed, a considerable number of studies demon-
strate that lipid biochemical and biophysical anomalies lead to abnormal functioning 
of lipid rafts [10, 135–137]. These issues are discussed in the next section.

4.5 Lipid abnormalities and lipid rafts dyshomeostasis in AD

In the seminal description of the degenerative disease in 1932 named after him, 
Alois Alzheimer highlighted the occurrence of ‘adipose inclusions’ or ‘lipoid granules’ 
as the third pathological hallmark of AD. This finding did not receive enough atten-
tion until recently. Subsequently, biochemical alterations of lipid composition have 
been reported in post-mortem brains from individuals with AD. Perhaps, the intimate 
link between lipid metabolism and AD was only boosted when the ε4 allele of the 
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APOE gene was identified as a strongest genetic risk factor for LOAD [130, 134, 138]. 
The involvement of lipids in AD is substantiated by a number of epidemiological 
studies which support a role for cholesterol and essential fatty acids in the pathogen-
esis of AD [138, 139]. It is now well established that most, if not all, classes of lipids 
are implicated in AD pathogenesis. (recently reviewed in Chew et al., 2020) [140].

A wealth of studies have consistently demonstrated the depletion of LCFUFA 
in brain tissue from postmortem AD brains, in particular for fatty acids of the n-3 
series, mainly docosahexaenoic acid (DHA) [131–144]. As mentioned before, brain 
is the organ containing the largest amount of DHA in the whole organism, and its 
depletion, underlie many alterations occurring during AD neurodegeneration. 
Indeed, DHA is a pleiotropic molecule. It is an essential component of nerve cells 
membranes associated to glycerophospholipids (mainly phosphatidylethanolamine, 
the most abundant phospholipid in nerve cells), and is largely determinant of 
physicochemical and biophysical properties of plasma membrane, such mem-
brane viscosity, lateral mobility, phase separation and microdomain segregation, 
conformational transitions and lipid-protein and protein–protein interactions 
[60, 145, 146]. Besides, DHA is an active modulator of neurogenesis, synaptogen-
esis and neurite outgrowth and in memory consolidation processes [147, 148], but 
also in the activation of survival signaling pathways against oxidative and proin-
flammatory insults, amyloid β production [149–151], and transcriptional activation 
of neuronal antioxidant systems [152, 153]. The importance of DHA for brain 
health is highlighted by the extensive epidemiological and experimental evidence 
linking its depletion with the development of neurodegenerative diseases [154, 155].

Another evidence linking LCPUFA and AD is that LCPFA, especially DHA and 
AA are highly susceptible for oxidative stress. The high metabolic rate and elevated 
oxygen consumption in brain tissue, together with the enrichment in redox transi-
tion metals, such iron and copper, favor the free radical-induced peroxidation of 
LCPUFA in the brain parenchyma [156–158], and generation of reactive lipo- / 
endo-peroxides such isoprostanes, neuroprotanes, malondialdehyde, acrolein, 
and reactive aldehydes such HHE and HNE [159, 160]. Further, unlike other 
forms of free radical injury, lipid peroxidation is self-propagating and generated 
lipoperoxides react with membrane LCPUFA to produce additional reactive lipo- 
endoperoxides, to provoke extensive brain tissue damage [157, 159]. Obviously, one 
main outcome of lipid peroxidation is the structural damage of membranes, which 
impairs nerve cell physiology and finally causes cell death.

Pioneering studies published by our group on lipid rafts from human frontal 
cortex have demonstrated altered lipid profiles in AD brains at advanced stages 
V-VI, compared to control brains [161]. Amongst other alterations, lipid rafts 
displayed abnormally low levels of n-3 long chain polyunsaturated fatty acids 
(LCPUFA) and unsaturation and peroxidability indexes. LCPUFA, mainly docosa-
hexaenoic acid (DHA; 22:6n-3), are particularly enriched in nerve cell phospholip-
ids, and their presence is an absolute requirement for neuronal membrane function 
[125, 146, 162]. The results in this study were relevant for two main reasons. First, 
lipid rafts showed that, even in non-AD subjects, neuronal lipid rafts contain 
significant amounts of polyunsaturations in the form of n-3 and n-6 acyl chains, 
which makes them less packed and ordered than supposed. These findings are not 
surprising as fatty acids have the capacity to influence plasma membrane organiza-
tion to facilitate intermolecular mobility (in a ´crowed´ protein environment such 
neuronal lipid rafts) by modulating membrane lipid composition, which affects 
functionality of lipid raft domains [145, 162]. Second, no changes in cholesterol 
were associated to lipid rafts in advanced stages of AD, which apparently contra-
dicted the observation that AD brains contained higher cholesterol levels than 
normal brains. However, these observations are reconcilable on the basis that bulk 
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brain cholesterol may increase by affecting non-raft domains, without change in 
lipid rafts. In this case, interaction of rigid sterol ring of cholesterol with membrane 
phospholipids renders non-raft domains less fluid than normal, a notion which is 
supported by biophysical observations [59, 60, 128].

Other important rafts-associated lipids are gangliosides. These glycerospingolip-
ids have been demonstrated to play a role as assembly- and aggregation-promoting 
factors [11, 17]. Aberrant levels and significant regional differences in the distribu-
tion of specific gangliosides have been observed in AD brains [10, 149]. Gangliosides 
are primary modulators of amyloid-β aggregation in AD, and it has been demon-
strated that binding of GM1 to amyloid-β trigger conformational changes towards 
more ordered structures with increased β-sheet content, which correlates with 
higher toxicity [17, 163, 164]. A number of studies have revealed that gangliosides 
accumulate in senile plaques favoring the conversion of Aβ to a neurotoxic oligomers, 
and accelerates the formation of amyloid fibrils [152, 165, 166], these effects being 
favored in the presence of the ApoE4 genotype [167]. It has been demonstrated that 
Aβ has a high affinity for GM1 containing membranes both in vitro and in vivo, and 
that the N-terminal region of Aβ promote interactions with GM1 clusters in lipid 
rafts through hydrogen bonding and electrostatic interactions [13, 168, 169]. Further, 
the participation of gangliosides in the development of Alzheimer’s disease is further 
strengthened by that fact that GM1 content in neuronal membranes, particularly in 
raft microdomains, increases with age [6, 152, 170]. In this sense, lipid raft GM1 acts 
as a ‘seed’ for amyloid-β aggregation [10, 151].

5. Lipid rafts alterations at early stages of AD

The presence of biochemical and physicochemical alterations in lipid rafts at 
early stages of AD has been recently reported [60, 171]. It is noticeable that lipid 
rafts are profoundly altered in the cortex of AD brains from the earliest stages 
namely AD I/II [172]. These changes affects the lipid matrix of lipid rafts well before 
the overt of clinical signs, and are retained as the disease progresses towards more 
advanced stages (stages III-IV) with little modifications. The most dramatic changes 
observed were the reductions in polyunsaturated arachidonic and docosahexaenoic 
acids, cholesterol, sphingomyelin, monounsaturated oleic acid, as well as increased 
levels of phosphatidylcholine and sterol esters [152]. Other reports have also shown 
elevated ceramide levels are and reduced sulfatides at the earliest clinically recogniz-
able stage of AD [173], likely involved in oxidative stress-induced neuronal death.

Paralleling these changes, lipid rafts from AD frontal cortex displayed abnor-
mally low unsaturation and peroxidability indexes, suggesting a high impact of lipid 
changes in physicochemical conditions of lipid rafts [60]. Lipid abnormalities in 
lipid rafts likely have a profound impact on membrane physicochemical properties, 
in particular to membrane order and microviscosity. We have shown that the reduc-
tion in n-3 polyunsaturated and the increase in saturated fatty acids, results in aug-
mented density of hydrophobic interactions between saturated hydrocarbon acyl 
chains of phospholipids and sphingolipids within the membrane plane [11, 54, 55]. 
The consequences are: laterally condensed and more packed membranes, and higher 
physical order and microviscosity, in spite of the reduction in cholesterol [55]. These 
findings are in agreement with the observations in lipid rafts from the neocortex 
of aged APP/PS1 mice reported recently [54], which display a similar increase in 
membrane microviscosity secondary to reduced n-3 LCPUFA and cholesterol levels, 
as determined by steady-state fluorescence anisotropy [59]. Moreover, we have dem-
onstrated that this transition towards more ordered membranes occurs during the 
initial stages of the pathology, and that it is correlated to the alterations observed in 
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APOE gene was identified as a strongest genetic risk factor for LOAD [130, 134, 138]. 
The involvement of lipids in AD is substantiated by a number of epidemiological 
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[60, 145, 146]. Besides, DHA is an active modulator of neurogenesis, synaptogen-
esis and neurite outgrowth and in memory consolidation processes [147, 148], but 
also in the activation of survival signaling pathways against oxidative and proin-
flammatory insults, amyloid β production [149–151], and transcriptional activation 
of neuronal antioxidant systems [152, 153]. The importance of DHA for brain 
health is highlighted by the extensive epidemiological and experimental evidence 
linking its depletion with the development of neurodegenerative diseases [154, 155].
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endo-peroxides such isoprostanes, neuroprotanes, malondialdehyde, acrolein, 
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Pioneering studies published by our group on lipid rafts from human frontal 
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V-VI, compared to control brains [161]. Amongst other alterations, lipid rafts 
displayed abnormally low levels of n-3 long chain polyunsaturated fatty acids 
(LCPUFA) and unsaturation and peroxidability indexes. LCPUFA, mainly docosa-
hexaenoic acid (DHA; 22:6n-3), are particularly enriched in nerve cell phospholip-
ids, and their presence is an absolute requirement for neuronal membrane function 
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lipid rafts showed that, even in non-AD subjects, neuronal lipid rafts contain 
significant amounts of polyunsaturations in the form of n-3 and n-6 acyl chains, 
which makes them less packed and ordered than supposed. These findings are not 
surprising as fatty acids have the capacity to influence plasma membrane organiza-
tion to facilitate intermolecular mobility (in a ´crowed´ protein environment such 
neuronal lipid rafts) by modulating membrane lipid composition, which affects 
functionality of lipid raft domains [145, 162]. Second, no changes in cholesterol 
were associated to lipid rafts in advanced stages of AD, which apparently contra-
dicted the observation that AD brains contained higher cholesterol levels than 
normal brains. However, these observations are reconcilable on the basis that bulk 
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brain cholesterol may increase by affecting non-raft domains, without change in 
lipid rafts. In this case, interaction of rigid sterol ring of cholesterol with membrane 
phospholipids renders non-raft domains less fluid than normal, a notion which is 
supported by biophysical observations [59, 60, 128].

Other important rafts-associated lipids are gangliosides. These glycerospingolip-
ids have been demonstrated to play a role as assembly- and aggregation-promoting 
factors [11, 17]. Aberrant levels and significant regional differences in the distribu-
tion of specific gangliosides have been observed in AD brains [10, 149]. Gangliosides 
are primary modulators of amyloid-β aggregation in AD, and it has been demon-
strated that binding of GM1 to amyloid-β trigger conformational changes towards 
more ordered structures with increased β-sheet content, which correlates with 
higher toxicity [17, 163, 164]. A number of studies have revealed that gangliosides 
accumulate in senile plaques favoring the conversion of Aβ to a neurotoxic oligomers, 
and accelerates the formation of amyloid fibrils [152, 165, 166], these effects being 
favored in the presence of the ApoE4 genotype [167]. It has been demonstrated that 
Aβ has a high affinity for GM1 containing membranes both in vitro and in vivo, and 
that the N-terminal region of Aβ promote interactions with GM1 clusters in lipid 
rafts through hydrogen bonding and electrostatic interactions [13, 168, 169]. Further, 
the participation of gangliosides in the development of Alzheimer’s disease is further 
strengthened by that fact that GM1 content in neuronal membranes, particularly in 
raft microdomains, increases with age [6, 152, 170]. In this sense, lipid raft GM1 acts 
as a ‘seed’ for amyloid-β aggregation [10, 151].

5. Lipid rafts alterations at early stages of AD

The presence of biochemical and physicochemical alterations in lipid rafts at 
early stages of AD has been recently reported [60, 171]. It is noticeable that lipid 
rafts are profoundly altered in the cortex of AD brains from the earliest stages 
namely AD I/II [172]. These changes affects the lipid matrix of lipid rafts well before 
the overt of clinical signs, and are retained as the disease progresses towards more 
advanced stages (stages III-IV) with little modifications. The most dramatic changes 
observed were the reductions in polyunsaturated arachidonic and docosahexaenoic 
acids, cholesterol, sphingomyelin, monounsaturated oleic acid, as well as increased 
levels of phosphatidylcholine and sterol esters [152]. Other reports have also shown 
elevated ceramide levels are and reduced sulfatides at the earliest clinically recogniz-
able stage of AD [173], likely involved in oxidative stress-induced neuronal death.

Paralleling these changes, lipid rafts from AD frontal cortex displayed abnor-
mally low unsaturation and peroxidability indexes, suggesting a high impact of lipid 
changes in physicochemical conditions of lipid rafts [60]. Lipid abnormalities in 
lipid rafts likely have a profound impact on membrane physicochemical properties, 
in particular to membrane order and microviscosity. We have shown that the reduc-
tion in n-3 polyunsaturated and the increase in saturated fatty acids, results in aug-
mented density of hydrophobic interactions between saturated hydrocarbon acyl 
chains of phospholipids and sphingolipids within the membrane plane [11, 54, 55]. 
The consequences are: laterally condensed and more packed membranes, and higher 
physical order and microviscosity, in spite of the reduction in cholesterol [55]. These 
findings are in agreement with the observations in lipid rafts from the neocortex 
of aged APP/PS1 mice reported recently [54], which display a similar increase in 
membrane microviscosity secondary to reduced n-3 LCPUFA and cholesterol levels, 
as determined by steady-state fluorescence anisotropy [59]. Moreover, we have dem-
onstrated that this transition towards more ordered membranes occurs during the 
initial stages of the pathology, and that it is correlated to the alterations observed in 
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the lipid profiles. A finding that is retained in intermediate stages of AD. The impact 
of these biophysical observations are likely relevant on the dynamics of amyloid 
aggregation. Indeed, it is known that interaction of Aβ with neural membranes is 
energetically more favorable in liquid-ordered membranes than in liquid-disordered 
counterparts and also that this association accelerate fibrillation [119, 158, 159, 174]. 
The relationship between liquid ordered-membranes and amyloid peptide associa-
tion is reciprocal. Indeed, studies performed in rat synaptic membranes and in 
human brain tissue have shown that different Aβ peptides reduce membrane fluidity 
by partitioning into the hydrophobic core of membranes [119, 158, 159] thus adding 
additional membrane order to lipid rafts.

One relevant consequence of altered physicochemical properties of lipid raft 
observed in human brain cortex is that these likely modify interactions between raft 
resident proteins, in particular those involved in the differential processing of APP 
(see below).

Surprisingly, anomalies in lipid rafts from early AD stages are clearly more severe 
than those found in late stages (V/VI) [147]. It can be speculated that the neuronal 
metabolic collapse and/or disruption of neuronal lipid homeostasis [175, 176] in late 
stages of the disease, overcome membrane biosynthetic mechanisms to maintain 
lipid raft structure. In turn, this would weaken the thermodynamically unfavorable 
boundaries and tension line between raft and non-raft domains, eventually leading 
to more homogeneous membranes [11, 22, 24, 28].

Noticeably, we observed that lipid rafts alterations specifically affect frontal and 
entorhinal cortices in the same subjects, two brain areas particularly affected in AD, 
while no substantial effects are observed in the cerebellum. Further, Noteworthy, 
alteration in neurolipid levels and biophysical properties occurs in the frontal cortex at 
stages I/II, a brain region that devoid of neuropathological hallmarks of AD (neurofi-
brillary tangles and senile plaques) at such early phase [156, 157]. Moreover, It is worth 
mentioning that, at least in the frontal cortex, no astroglial proliferation is present at 
stages I/II, and very little at stages III/IV and mainly associated to senile plaques [156, 
157]. Therefore, changes in lipid composition in lipid rafts in frontal cortex at early 
stages of AD pathology reflect modifications in the lipid composition of lipid rafts in 
neurons and cannot be explained by modifications in the neuron/astroglial ratio.

We extended our lipid analyses in the frontal cortex to entorhinal cortex and 
cerebellum, two other brain areas differentially affected in AD [109, 177, 178]. The 
results showed that alterations in lipid raft found in cortex are also present, and 
to a similar extent and disease-course, in entorhinal cortex [152]. It is known that 
enthorinal cortex is one of the first brain areas affected in AD, which exhibits the 
neuropathological traits at stages I/II [156, 157]. Overall, the fact that frontal cortex 
lipid rafts exhibit altered lipid profiles at stages AD I/II but not AD neuropatho-
logical hallmarks indicates that lipid raft destabilization develops well before the 
appearance of neurofibrillary tangles [100, 156, 157].

We have further explored the pathophysiological consequences of these altera-
tions in the amyloidogenic pathway during development and progression of AD. As 
expected, we have detected main components involved in amyloidogenic pathway, 
namely APP, β-secretase and γ-secretase in lipid rafts from the three brain areas, in 
control and AD brains. We have observed that while the stage of the disease does 
not alter the level of association between APP-BACE and APP-PSEN1 in cerebel-
lum, in the entorhinal and frontal cortices, the association between APP and BACE 
was considerably augmented when compared to the same areas in control lipid 
rafts. Conversely, physical association of APP and PSEN remained nearly constant 
between brain areas irrespective of disease stage. These findings are particularly 
relevant since β-cleavage of APP by BACE1 is the rate-limiting obligatory event, in 
the amyloidogenic pathway [6, 179, 180]. From a holistic perspective, the convergence 
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of APP and BACE to lipid rafts, allows a closer interaction between the two proteins 
facilitating β-cleavage of AβPP and eventually Aβ production [6, 179–182]. These 
observations point to the existence of homeostatic mechanisms precluding their 
unabated convergence under non-pathological conditions. In agreement, in a recent 
study in cultured hippocampal neurons, specific trafficking strategies that limit APP/
BACE-1 proximity in has been demonstrated under physiologic states [162], therefore 
limiting amyloidogenesis. However, in this later study, disturbing raft architecture by 
moderate (but not severe) reduction of cholesterol levels increase Aβ production by 
enhancing BACE1 and APP interaction [161, 162, 164]. Our results in human brain 
lipid rafts, agrees with this finding that moderate reduction in cholesterol facilitates 
convergence pathways that routes APP and BACE to lipid rafts. However, the most 
important factors in triggering this convergence are the reduction in LCPUFA and 
the increased proportions of saturates/n3 and phospholipids/cholesterol in lipid rafts 
from entorhinal and frontal cortices, which, as we have showed before, gives rise to 
more liquid-ordered microdomains, likely stabilizing the interaction of AβPP and 
BACE1. In this sense, lipids can build a physical boundary between domains, circum-
scribing the β-secretase-APP complex within the lipid raft domain, where the pool of 
γ-secretase resides, thus favoring the sequential amyloidogenic cleavage of APP [183].

On the other hand, plasmalogens, membrane glycerophospholipids abundant 
neuronal lipids, have also been associated to AD. Reduced levels of these brain-
specific lipids have been reported in AD brains [12, 184]. This is relevant for three 
main reasons: first plasmalogens (particularly plasmenyl-ethanolamine, PlsEtn) act 
as neuronal depots for essential LCPUFA in the brain and structural determinants 
of acyl chains packing and membrane order [23]; Second because the oxidative 
products of plasmalogens are unable to further propagate lipid peroxidation, and 
essential factor in triggering AD, thus plasmalogens may terminate lipid oxidation 
[185] and third, because they might have direct effect on the production of Aβ by 
inhibiting activity of γ-secretase [184].

Of particular interest is the fact that the normal aging brain undergoes a set 
of lipid alterations in lipid rafts collectively termed “lipid raft aging” [53, 94, 135, 
151, 152, 168]. Changes affect levels of sphingomyelin, sulfatides and cerebrosides, 
LCPUFA, plasmalogens, phosphatidylinositol, gangliosides, and total neutral lipids 
(mainly cholesterol and sterol esters). Further, relevant relationships between main 
fatty acids and/or lipid classes detected in younger subjects, either disappeared or 
they occurred in the opposite direction [157]. Noticeably, these changes are mostly 
subtle but follow the same trend observed in early stages of AD. “Lipid raft aging” 
also involves changes in unsaturation and peroxidability indexes though they are 
significantly less severe than those reported in AD cortex [56, 57], and do not cause 
significant biophysical alterations of raft membranes. The significant reduction 
in peroxidability indexes observed in early stages of AD (reflecting the important 
reduction of LCPUFA in both raft and non-raft domains), and especially dur-
ing lipid raft aging, is strongly indicative that oxidative stress and exhaustion of 
antioxidant systems are an essential part of AD neurodegeneration.

Interestingly, “lipid raft aging” exhibits clear gender differences and appear to 
be more pronounced in women, especially in older postmenopausal women [168], 
which strengthens a role for ovarian hormones in AD development. Indeed, accord-
ing to the Alzheimer’s Association [186] women have 2-fold greater lifetime risk of 
developing AD. Though still incompletely understood, it seems clear that menopausal 
transition and decline in estrogen adversely affect brain metabolism [187, 188].

Overall, the evidence accumulated point to a complex cocktail of factors, either 
endogenous and/or environmental, affecting lipid raft physiology and stability 
as paramount events in trespassing the thin borderline that separates normal and 
pathological aging [158].
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of APP and BACE to lipid rafts, allows a closer interaction between the two proteins 
facilitating β-cleavage of AβPP and eventually Aβ production [6, 179–182]. These 
observations point to the existence of homeostatic mechanisms precluding their 
unabated convergence under non-pathological conditions. In agreement, in a recent 
study in cultured hippocampal neurons, specific trafficking strategies that limit APP/
BACE-1 proximity in has been demonstrated under physiologic states [162], therefore 
limiting amyloidogenesis. However, in this later study, disturbing raft architecture by 
moderate (but not severe) reduction of cholesterol levels increase Aβ production by 
enhancing BACE1 and APP interaction [161, 162, 164]. Our results in human brain 
lipid rafts, agrees with this finding that moderate reduction in cholesterol facilitates 
convergence pathways that routes APP and BACE to lipid rafts. However, the most 
important factors in triggering this convergence are the reduction in LCPUFA and 
the increased proportions of saturates/n3 and phospholipids/cholesterol in lipid rafts 
from entorhinal and frontal cortices, which, as we have showed before, gives rise to 
more liquid-ordered microdomains, likely stabilizing the interaction of AβPP and 
BACE1. In this sense, lipids can build a physical boundary between domains, circum-
scribing the β-secretase-APP complex within the lipid raft domain, where the pool of 
γ-secretase resides, thus favoring the sequential amyloidogenic cleavage of APP [183].

On the other hand, plasmalogens, membrane glycerophospholipids abundant 
neuronal lipids, have also been associated to AD. Reduced levels of these brain-
specific lipids have been reported in AD brains [12, 184]. This is relevant for three 
main reasons: first plasmalogens (particularly plasmenyl-ethanolamine, PlsEtn) act 
as neuronal depots for essential LCPUFA in the brain and structural determinants 
of acyl chains packing and membrane order [23]; Second because the oxidative 
products of plasmalogens are unable to further propagate lipid peroxidation, and 
essential factor in triggering AD, thus plasmalogens may terminate lipid oxidation 
[185] and third, because they might have direct effect on the production of Aβ by 
inhibiting activity of γ-secretase [184].

Of particular interest is the fact that the normal aging brain undergoes a set 
of lipid alterations in lipid rafts collectively termed “lipid raft aging” [53, 94, 135, 
151, 152, 168]. Changes affect levels of sphingomyelin, sulfatides and cerebrosides, 
LCPUFA, plasmalogens, phosphatidylinositol, gangliosides, and total neutral lipids 
(mainly cholesterol and sterol esters). Further, relevant relationships between main 
fatty acids and/or lipid classes detected in younger subjects, either disappeared or 
they occurred in the opposite direction [157]. Noticeably, these changes are mostly 
subtle but follow the same trend observed in early stages of AD. “Lipid raft aging” 
also involves changes in unsaturation and peroxidability indexes though they are 
significantly less severe than those reported in AD cortex [56, 57], and do not cause 
significant biophysical alterations of raft membranes. The significant reduction 
in peroxidability indexes observed in early stages of AD (reflecting the important 
reduction of LCPUFA in both raft and non-raft domains), and especially dur-
ing lipid raft aging, is strongly indicative that oxidative stress and exhaustion of 
antioxidant systems are an essential part of AD neurodegeneration.

Interestingly, “lipid raft aging” exhibits clear gender differences and appear to 
be more pronounced in women, especially in older postmenopausal women [168], 
which strengthens a role for ovarian hormones in AD development. Indeed, accord-
ing to the Alzheimer’s Association [186] women have 2-fold greater lifetime risk of 
developing AD. Though still incompletely understood, it seems clear that menopausal 
transition and decline in estrogen adversely affect brain metabolism [187, 188].

Overall, the evidence accumulated point to a complex cocktail of factors, either 
endogenous and/or environmental, affecting lipid raft physiology and stability 
as paramount events in trespassing the thin borderline that separates normal and 
pathological aging [158].
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6. Conclusions

In summary, we may conclude that lipid rafts are the neurobiological locus for the 
wealth of alterations involved in the molecular pathophysiology of Alzheimer’s dis-
ease. Severe changes in the lipid matrix of lipid rafts represent the seminal event in the 
pathogenesis of Alzheimer’s disease. These early changes, that selectively affect corti-
cal structures altered in AD, have a profound impact on physicochemical properties 
of lipid raft which serves a favorable environment for the abnormal neuronal physiol-
ogy, especially for the interaction of secretases and APP to trigger the amyloidogenic 
processing of APP and amyloid burden. This review argues in favor of lipid rafts 
dyshomeostasis representing a foundational effect on the onset and progression of this 
devasting disease, and opens the possibility for new pharmacological approaches and 
therapeutic windows to halt the initiation of this neurodegenerative disease.
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wealth of alterations involved in the molecular pathophysiology of Alzheimer’s dis-
ease. Severe changes in the lipid matrix of lipid rafts represent the seminal event in the 
pathogenesis of Alzheimer’s disease. These early changes, that selectively affect corti-
cal structures altered in AD, have a profound impact on physicochemical properties 
of lipid raft which serves a favorable environment for the abnormal neuronal physiol-
ogy, especially for the interaction of secretases and APP to trigger the amyloidogenic 
processing of APP and amyloid burden. This review argues in favor of lipid rafts 
dyshomeostasis representing a foundational effect on the onset and progression of this 
devasting disease, and opens the possibility for new pharmacological approaches and 
therapeutic windows to halt the initiation of this neurodegenerative disease.
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