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Abstract 

In recent decades, studies have provided convincing evidence indicating abnormalities in some aspects of conscious-
ness in schizophrenia patients. One of the pioneering theory, orchestrated objective reduction (OR) on the mecha-
nism of consciousness has been proposed by Hameroff and Penrose. According to OR, consciousness roots in micro-
tubules (MTs) which act as quantum computation apparatus. OR theory attribute the consciousness generation 
to MTs, while the “inception” of the events begins at synaptic level where other players regulate the signal transduc-
tion and neurotransmitters bioavailability at synaptic microenvironment. Homeostasis and geometry of synaptic 
microenvironment are actively regulated by glial cell particularly astrocytes. Experimental and post mortem studies 
have documented evidence indicating the involvement of main participants of synapse such as astrocytes and extra-
cellular matrix (ECM) in schizophrenia. This literature aims to review the role(s) of active participants of synaptic micro-
environment and disturbed state of consciousness based on OR theory in schizophrenia.
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Introduction
Schizophrenia and consciousness
The term schizophrenia is rather a new terminology in 
comparison with other psychiatric disorders such as 
mania and melancholia. Its story began during the mid-
dle of nineteenth century, when psychiatrists faced with 
a debilitating disorder with unknown etiology affect-
ing more young people [1]. Morel (French psychiatrist) 
applied the term démence précoce, Clouston referred 
“adolescent insanity” term to describe such cases, in Ger-
many Kahlbaum coined the term catatonic syndrome 

and Hecker described “Hebephrenia” [2]. Emil Kraepelin 
(1856–1926) was first who proposed to integrate such 
diverse description under the term of “dementia praecox”. 
As he stated “we meet everywhere the same fundamental 
disorders in the different forms of dementia praecox […] 
in very varied conjunctions, even though the clinical pic-
ture may appear at first sight ever so divergent” [3]. How-
ever, the term schizophrenia was coined by Eugen Bleuler 
(1857–1939). In his belief, schizophrenia was not a sim-
ple disease, but it should be considered as a complex dis-
order with various clinical manifestation [4]. Nowadays 
schizophrenia is known as a chronic debilitating psychi-
atric illness afflicting 1% of the population worldwide 
[5]. Schizophrenia is a multifaceted psychiatric disorder 
characterized clinically by positive, negative and cogni-
tive symptoms. Positive symptoms include psychosis, 
hallucination and thought disorder, negative symptoms 
are the symptoms associated with lack of functions such 
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as lack of motivation, social withdrawal and progressive 
cognitive deficits [6].

In recent decades, studies have provided compelling 
evidence that indicate abnormalities in some aspects of 
consciousness involving self-awareness and time per-
ceptions in schizophrenia patients [7, 8]. From this per-
spective, schizophrenia can be conceived as a disorder 
involving fundamental perturbations in consciousness 
[9]. The results of studies also support the time percep-
tion and self-abnormalities in schizophrenia patients 
[10–12].

There are grounds for supporting that synaptic pathol-
ogy is at the core of the pathophysiology of schizophre-
nia [13]. In recent decades, the concept of synapse has 
been fundamentally revolutionized and a new concept, 
tetrapartite synapse, has been noticed. This new notion is 
defined as a “theater scene” with more than two players. 
According to this new concept, the tetrapartite synapse 
has a plastic geometry with specific permeability which 

is controlled and monitored by astrocytes and ECM. In 
other word, the synaptic talk between pre- and post-
synaptic neurons is being processed constantly by other 
players namely astrocytes and ECM. To put it another 
way, astrocytes and ECM could be considered as mason 
and material of the synaptic architecture (Fig.  1) [14]. 
When seen in this light, any changes in the geometry, 
components and morphology of the synaptic compo-
nents would affect the performance of this micro-theater 
scene. Accumulating data suggest that at least two factors 
including astrogliopathy and extracellular matrix (ECM) 
deficit at the synaptic level may lead to aberrant develop-
mental synaptic pruning of neuronal circuits. It has been 
suggested that maturation of ECM may also play a critical 
role in the termination of developmental synaptic prun-
ing [15]. Therefore, ECM deficit can directly affect the 
synaptic pruning. It would seem that these mechanisms 
may contribute to the onset of schizophrenia by com-
promising the synaptic architecture that is necessary for 

Fig. 1 Tetrapartite synapse and synaptic geometry. According to tetra or quadripartite synapse, bioavailability of neurotransmitter is controlled 
and regulated by astrocytes and ECM
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reliable and predictable information processing [16]. The 
extracellular matrix (ECM) plays a critical role in brain 
development, maturation of neural circuits, and adult 
neuroplasticity. It has been suggested that processes 
affecting composition or turnover of ECM in the brain 
could be the principle factor behind the altered brain 
function in psychiatric disorders such as schizophrenia 
[17].

Now, a question may be raised that how can we trans-
late tetrapartite synapse components to the conscious-
ness and its altered state in pathologic circumstance?

For centuries the consciousness has been the matter of 
debate among philosophers and scientists. Although clas-
sic physics has revolutionized our understanding of the 
physical world, when it comes to explaining the intrica-
cies of human consciousness, it falls short. The reduc-
tionist approach of classic physics, which look for to 
understand complex phenomena by breaking them down 
into smaller, more manageable components, seems inad-
equate in the face of consciousness. Unlike the physical 
properties of matter, consciousness cannot be measured, 
quantified, or dissected. It is an intangible entity that 
defies the confines of classical physics. Moreover, clas-
sic physics operates within a deterministic framework, 
assuming that the behavior of particles and objects can 
be predicted with certainty. However, consciousness 
introduces elements of unpredictability and free will, 
challenging this deterministic worldview. The complexi-
ties of human consciousness require a more holistic and 
multidisciplinary approach that encompasses not only 
the physical, but also the psychological, dimensions of 
human experience [18, 19]. Considering the limitations of 
the classic physics (vide supra), quantum physics which 
dealing with microscopic world of particles and their 
strange behaviors tried to enters the field by applying the 
principles of quantum mechanics to human conscious-
ness [18, 20]. Orchestrated Objective Reduction (Orch-
OR) theory, is a theory based on quantum physics which 
has been proposed by Hameroff and Penrose to explain 
the biologic mechanisms of consciousness. The Orch-OR 
theory provide a captivating perspective that bridge the 
gap between quantum physics and the mysteries of the 
human mind.

The Orch-OR theory attributes consciousness gen-
eration to quantum computations in microtubules inside 
neurons. The orchestrated oscillations entangle, com-
pute, and terminate (‘collapse of the wave function’) 
result in sequences of Orch-OR moments with orches-
trated conscious experience [21–23].

Considering the pivotal roles of astrocyte and ECM in 
synaptic processing, learning, behavioral functions and 
synaptic geometry in one hand and increasing experi-
mental and postmortem evidence on the other hand 

strongly support the involvement, at least in part, of dis-
turbance at the tetrapartite synaptic components in the 
pathogenesis of schizophrenia [24–35]. Although several 
lines of studies point toward the astrocytes and ECM 
involvement in pathogenesis of schizophrenia [36], but 
the possible role(s) of astrocytes and ECM in the per-
turbed state of consciousness in schizophrenia has been 
less discussed. In view of the fact that human conscious-
ness explanation is based on the theoretical framework, 
bridging between the theory and research findings would 
shed new light on the nature of consciousness phenome-
non and could lead to better understanding of the patho-
physiology of the mental disorders.

Therefore, this article is aimed to review the role(s) of 
astrocytes and ECM in disturbed state of consciousness 
based on Orch-OR theory in schizophrenia.

Main subjects
Astrocytes: more than inert supporting elements
Astrocytes morphology
Central nervous system is composed of two major cell 
types including neurons and glial. Astrocytes are the 
most abundant glial cells in the central nervous system 
and traditionally were considered as passive supportive 
cells in the CNS, while recent years’ studies have pro-
vided convincing evidence challenging this old notion. 
Based on the glial fibrillary acidic protein (GFAP) expres-
sion four classes of astrocytes have been characterized in 
human brain as following [37]: interlaminar astroglia with 
tangential and long vertical processes are located in the 
superficial layers of the cortex (layer I and II). The func-
tional importance of this type of astrocyte has not been 
fully understood, but it is speculated their abnormalities 
to be involved in pathologic paradigm such as Alzhei-
mer’s disease [38]. Protoplasmic astroglia resides in lay-
ers II to VI of cerebral cortex. Protoplasmic astrocytes 
end feet contact blood vessels and cover the synapses. 
Therefore, they might be involved actively in modulating 
information processing and inter-neuronal communica-
tion [35–38]. Varicose projection astroglia are third type 
of astrocytes located in layers V–VI. Their long varicose 
processes end on the walls of vessels. The exact role(s) of 
this class of astroglia has not been revealed, but given to 
their long processes it has been suggested that varicose 
projection astroglia to be involved in long-distance com-
munication across cortical layers and higher cognitive 
functions. The fourth class of astroglia, fibrous astroglia, 
are restricted to the white matter. Fibrous astroglia make 
contact with vessels and provide support for axonal fibers 
in the white matter. It seems in contrary to other astro-
glia, fibrous astrocytes play a crucial role in metabolic 
demands of neurons [38]. Functionally, astroglia involve 
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in wide spectrum of activities to ensure homeostasis for 
neurons.

Diverse functions of astroglia: from neuronal homoeostasis 
to extracellular matrix synthesis
Since Cajal our understanding and insight to the glial 
cells, particularly astrocytes, have been fully revolution-
ized. There are compelling documents that astrocytes 
are responsible for wide variety of complex functions 
in the CNS. Astroglia are known to contribute actively 
in synaptogenesis and synaptic maturation, controlling 
synapses through the secretion of multiple factors, for-
mation and regulation of brain–blood and brain–cer-
ebrospinal fluid barriers, regulation neurotransmitter 
turnover (glutamate, γ-aminobutyric acid (GABA), gly-
cine and adenosine), supplying neurons with glutamine, 
brain thermoregulation, water transport and antioxidant 
activity [35–37]. Additionally, it has been demonstrated 
that astroglia are also active participant of extracellular 
matrix (ECM) synthesize.

Moreover, studies have shown that astrocytes are 
required for  synaptogenesis, the structural maintenance 
and proper functioning of synapses. In particular, astro-
cytes appear to play a pivotal role in the organization of 
the  brain’s  extracellular matrix  (ECM)—most promi-
nently the so-called  perineuronal nets  (PNNs), complex 
macromolecular assemblies of ECM components [38].

ECM in the CNS is a highly organized complex struc-
ture around the neurons and play imminent roles in cell 
migration, neurite outgrowth and synaptogenesis, syn-
aptic plasticity and stability and cognitive flexibility [39]. 
Approximately 10–20% of the brain volume is occupied 
by the extracellular matrix (ECM). ECM participate 
actively in neuro-glial communication as well as synap-
tic plasticity [40, 41]. Brain ECM components include 
hyaluronic acid (hyaluronan, HA), thrombospondin, 
and proteoglycans, such as neurocan, aggrecan, phos-
phacan, versican, brevican, tenascin, fibronectin, elastin, 
and entactin [42, 43]. The ECM components function as 
ligands for cellular adhesion receptors, through which 
they transmit signals to the inside of cell [44]. Three 
ECM compartments can be distinguished: the basement 
membrane, the interstitial matrix, and perineuronal nets 
(PNNs) [45]. Chondroitin sulfate proteoglycans (CSPGs) 
is one of the main components of the ECM. CSPGs are 
mainly synthesized by astrocytes and organized into per-
isynaptic aggregates known as perineuronal nets (PNNs). 
It has been suggested that PNNs modulate synaptic sign-
aling and plasticity during postnatal development and 
adulthood. Notably, recent studies have documented 
marked CSPG abnormalities in several brain regions of 
people with schizophrenia [46].

PNNs tightly surround synaptic contacts on distinct 
populations of neurons. PNNs represent key players in 
the regulation of synaptic connectivity and plasticity. 
Postmortem and human genetic studies show genetic 
vulnerabilities for genes encoding several key ECM mol-
ecules. Consistent with human studies, animal models 
have provided compelling evidence that abnormalities 
affecting the ECM may contribute to the pathophysiology 
of schizophrenia. Pantazopoulos et  al. (2016) reviewed 
extensively the ECM/PNNs abnormalities in schizophre-
nia. Briefly, they discussed several key ECM molecules 
including chondroitin sulfate proteoglycans, reelin, sem-
aphorin 3A and PNNs. They showed abnormalities in all 
these molecules, particularly decrease in distribution and 
expression of PNNs in schizophrenia [47, 48]. Loss of the 
PNNs might lead to more vulnerability of neurons to glu-
tamate excitotoxicity [49].

Human consciousness entity and quantum interpretation 
of consciousness
Ongoing endeavor to unravel the human consciousness
Consciousness can be defined as inner, qualitative, 
subjective states, and processes of sentience or aware-
ness [50]. The generation of consciousness depends 
on the integration of the various sensory modalities 
from different brain areas including the paraventricular 
nucleus [50], claustrum [51], posterior brain regions and 
hindbrain [52]. It was widely accepted that most neuronal 
communication and information transmission initially 
occurred among synapses and subsequent transfer-
ring the information to various parts of the interior cell 
[53]. While tremendous progress has been achieved to 
unravel the detailed mechanisms, basic facts—how and 
where does the consciousness emerge—have not been 
fully understood. There are several theories that attempt 
to explain the nature of consciousness. One such theory 
is the Integrated Information Theory (IIT), which posits 
that consciousness arises from the integration of infor-
mation within a complex system. This theory suggests 
that the more complex a system is, the more conscious it 
is likely to be [54].

Another alternative theory is the Global Workspace 
Theory (GWT), which proposes that consciousness 
results from the brain’s ability to integrate and broadcast 
information to a global workspace. This theory suggests 
that consciousness is not a property of individual brain 
regions, but instead arises from the interactions between 
these regions [55]. There is also the Higher Order The-
ory (HOT), which argues that consciousness arises from 
the brain’s ability to recognize and reflect upon its own 
mental states. This theory suggests that consciousness is 
not simply a matter of sensory input and output, but is 
instead a reflective process that allows us to be aware of 
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our thoughts, emotions, and perceptions [56]. Another 
theory of consciousness, orchestrated objective reduc-
tion theory (ORT), suggests that consciousness is a prod-
uct of quantum mechanics, and that it emerges from the 
collapse of the quantum wave function [57].

Objective reduction (OR) theory is a relatively recent 
and fascinating theory in the field of quantum physics 
and philosophy that attempts to explain the phenomenon 
of human consciousness. Orch-OR theory is not com-
plete and has its own limitations such as the difficulty in 
testing and verifying the theory, relying heavily on the 
concept of quantum mechanics and subjectivism nature 
of consciousness. Admittedly, each theory or hypothesis 
has its own limitations and so-called ALL theory would 
be far fetching at present, but Orch-OR theory may be 
the most easily falsifiable theory of consciousness [57]. 
The ORT attributes consciousness to quantum compu-
tation in microtubules (MTs) inside the brain. The func-
tion of the MTs is thought to be necessary for cognition. 
Several line of studies have shown dysfunctions in the 
MTs system have a direct role in neurodegeneration [58]. 
Interestingly, Emerson et al. (2013) showed that anesthet-
ics may interact selectively with quantum computation in 
microtubules and thereby expunge consciousness [59].

Orch‑OR theory and microtubules
Orchestrate-Objective Reduction (Orch-OR) theory sug-
gests consciousness to consist of distinct moments, an 
action rooted in quantum aspects of the fine structure of 
space–time geometry, this being coupled to brain neu-
ronal processes via microtubules (MTs) [53]. According 
to this theory, MTs composed of protein polymers (alpha 
and beta tubulins), playing a central role in conscious-
ness (Fig.  2) [60]. Proper microtubule function is regu-
lated by microtubule-associated proteins (MAPs), actin, 
and intermediate filaments. MTs are interconnected by 
MAPs; thus, their physiological activities are modulated 
by MAPs in different phosphorylation states [61]. Tau 
protein is one of the MAPs that is thought to be involved 
in neurodegenerative disorders like Alzheimer [18]. It has 
been argued that MTs possess structural and functional 
characteristics that are consistent with quantum coher-
ent excitations in the aromatic groups of their tryptophan 
residues [62]. Accordingly, it has been proposed there is 
a quantum biology in neurons underlies the emergence 
of the consciousness. Ergo, MTs have been considered 
as the quantum apparatus of consciousness genera-
tion [63]. Binding the neurotransmitters like glutamate 
to the receptor on the post-synaptic membrane leads to 

Fig. 2 Orch-OR and microtubules. Each neuron receives and integrates synaptic inputs as membrane potentials. Subsequently, actin 
filaments connect to cytoskeletal microtubules in main dendrite. Dendritic microtubules (right) are arranged in local networks, interconnected 
by microtubule-associated proteins (MAPs). Adjacent dendrites are connected by gap junction electrical synapses in “dendritic web”, showing 
internal cytoskeletal microtubules connected by microtubule-associated proteins (Hameroff S, Penrose R. Consciousness in the universe: a review 
of the ’Orch OR’ theory. Phys Life Rev. 2014 Mar;11(1):39–78)
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increases the intracellular calcium ion concentration. 
Subsequently conformational changes, phosphoryla-
tion and dephosphorylation occur in microtubules and 
MAPs due to changes in calcium concentration [64–68]. 
It has been suggested that MAPs are bridged by actin to 
the cytoplasmic membrane. The cascades of receptor–
ligand–second messenger lead to MAPs phosphoryla-
tion and sol to gel phase transition of cytoplasm thereby 
decoupling MTs from outside of neuron. Such transition 
between sol (classical) and gel (quantum) states occur 
every 25 ms (40 Hz) [69]. These changes could “orches-
trate” tubulin states and leads to microtubule simulation. 
Tubulin quantum coherent superposition and computa-
tions are increasingly combined to augment their super-
posed mass energy. Once the energy meets the critical 
threshold of quantum gravity, self-collapse occurs. That 
is, at this moment, the consciousness event occurs [70]. 
Quantum vibration travels through the neurons via gap 
junction or electrical synapses. Gap junctions are mem-
brane protein complexes in adjacent neurons (or glia) 
which fuse the two cells and synchronize their membrane 
polarization states, e.g., in gamma synchrony EEG [71]. 
According to the OR, ligand/receptor, MAPs, actin and 
MTs are known as the main players of the consciousness 
phenomenon that begins at chemical synapse and propa-
gate through electrical synapse. While OR theory seeks 
the consciousness generation in MTs, the other signal 
transmission players at the synaptic level have been less 
noticed. The next paragraph we will discuss the role of 
other synapse participants such as astrocyte and ECM.

What had been missed in orchestrate OR?
From neurobiological perspective consciousness, sense of 
awareness and being conscious, is resulted from the func-
tion of the neural networks at the synaptic level [72]. The 
quantum based OR theory attribute the consciousness 
generation to MTs, while the “inception” of the events 
begins at synaptic level where other players regulate the 
signal transduction and neurotransmitters bioavailability 
at synaptic microenvironment. Classically chemical syn-
apse has been defined as dipartite synapse as composed 
of two main elements, i.e., the presynaptic and post-
synaptic elements. This concept has been evolved dur-
ing the last decades to include third and fourth elements. 
Thus, tetrapartite synapse has been proposed to signify 
the importance of astrocytes and PNNs [46]. Structurally 
synaptic environment is enveloped by astrocytic process. 
Additionally, astrocytes express virtually all neurotrans-
mitter and neuromodulator receptors associated with 
higher-level consciousness and subjective emotional 
responses [73]. For instance, astrocytes express high –
affinity glutamate transporters that allow them to moni-
tor glutamate bioavailability [74]. There is convincing 

evidence that astrocytes are not silent elements because 
astrocytic calcium excitability occurs as rapidly as that of 
neurons that is compatible with the fast synaptic modu-
lation [75]. Together these findings compellingly point 
to speculation that astrocytes are instrumental in con-
sciousness and memory [43, 76–83]; besides, astrocytes 
actively participate in shaping the geometry of synapsed 
by synthesis of ECM [84]. Chondroitin sulfate proteo-
glycans (CSPGs) are the key organizer of ECM. These 
macromolecules consist of core proteins linked to vary-
ing numbers of chondroitin sulfate glycosaminoglycan 
chains. There is growing body of evidence that point to 
their complex and vital role in synaptic plasticity [48, 85]. 
PNNs are part of ECM with distinct molecular composi-
tion aggregate around the neurons. The molecular com-
position of PNNs consists of CSPGs, hyaluronan and 
glycoproteins. PNNs represent key players in the neu-
ronal protection [86], modulation of glutamate trans-
mission and regulation of synaptic connectivity and 
plasticity. Numerous lines of studies have documented 
results indicating the abnormalities in the main compo-
nents of synapse including astrocytes, ECM and PNNs in 
schizophrenia [87, 88]. These findings reflect the abnor-
mality in architecture of tetrapartite synapse microenvi-
ronment and ECS.

Geometry of synapse and signal transduction
According to the OR theory consciousness generation is 
triggered by binding ligand to receptor, leading to MAPs 
phosphorylation, decoupling MTs from outside of neu-
ron and finally quantum computation [69]. For the pur-
pose of our discussion, these cascades of events could 
be segregated into outside and inside of neuron. Inside 
or neuronal elements include receptor, MTs, MAP and 
actin filaments. The vibrational state of MTs and ultimate 
quantum computation depend on neurotransmitter bio-
availability which itself in part could be determined as 
a function of several factors including astrocytes activ-
ity, ECM, and PNNs. Specifically, geometry of synapse 
or extracellular space (ECS) contributes to clustering of 
neurotransmitters in functional synaptic microenviron-
ment [89–91]. Diffusion of neurotransmitters through 
the ECS is hindered by ECS geometry and contents [92]. 
Recent findings have shown that astrocytes morphol-
ogy and PNNs altered in ketamine-induced schizophre-
nia [93]. Ketamine, a noncompetitive NMDA receptor 
antagonist, is used in experimental model of schizophre-
nia [94]. Studies have shown neurodegenerative effects of 
ketamine on vital elements of synapse [95, 96]. Hayashi 
et  al. reported that repeated ketamine exposure corre-
lates with increased neuronal degeneration in the devel-
oping rat brain [97]. Also in another study, Jin et  al. 
showed that ketamine induces tau hyper phosphorylation 
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at serine 404, which is known as a hallmark of Alzhei-
mer [98]. It is well established that one of the fundamen-
tal functions of astrocytes is to uptake synaptic-released 
glutamate, which maintains neuronal functions and pre-
vents glutamate excitotoxicity. Ketamine is known as a 
competitive NMADA receptor antagonist, but its use is 
associated with increased glutamate in presynaptic zone, 
escalating accumulation of presynaptic glutamate. The 
main route of glutamate uptake is achieved through two 
types of glutamate transporters, Na + -independent and 
Na + -dependent transporters. Interestingly some iso-
form of Na + -dependent transporters is mainly expressed 
by astrocytes. Ergo astrocytes have the ability to main-
tain glutamate homeostasis, support normal neuronal 
function, and protect against glutamate excitotoxicity 
[99–103]. Morphological changes of astrocytes and bio-
chemically altered PNNs in schizophrenia [11, 104, 105] 
likely result into alterations in extracellular space (ECS) 
and disturbed level of neurotransmitter [92]. This may 
raise a question that how altered synaptic geometry affect 
quantum computation by MTs. In the following, we are 
discussing a specific neuronal membrane structure, gly-
cocalyx, which acts as a fine-scale transducer.

Glycocalyx quantum vibration: quantum 
transducer
Glycocalyx is the cell’s interface with ECS. Sialic acid is 
a unique constituent of the glycocalyx. Sialic acid is an 
integral structural and functional component of the nerv-
ous system. Structurally sialic acids comprise a family 
of 43 naturally occurring derivatives of the nine-carbon 
sugar neuraminic acid (5-amino-3,5-dideoxy-d-glycero-
d-galactononulsonic acid). One branch of the sialic acid 
family is N-acetylated to form N-acetylneuraminic acids 
(Neu5Ac, NANA, Sia), which are the most widespread 
form of sialic acid and almost the only form found in 
humans [106]. Neuronal cell membrane has the high-
est concentration of sialic acid compared to other cell 
membrane throughout the body [107]. Sialic acids 
play an important role in molecular interactions of gly-
cans in mammals. Interruption of sialic acid biosynthe-
sis results in variety of diseases in humans. It has been 
demonstrated that Polysialic acid is involved in a wide 
range of activity including neuronal cells migration, 
myelination, synapse formation, functional plasticity of 
the nervous system, learning and memory. Interestingly, 
dysregulation of polySia has been reported in psychiatric 
disorders such as schizophrenia [108, 109]. Frontal affin-
ity chromatography (FAG) analyses showed polysialic 
acid could bind directly to neurotransmitters and some 
ions with high affinity [110]. It is noteworthy to men-
tion that neurotransmitter binding to polysialic acid has 
been observed in physiological conditions (Fig. 3) [111]. 

Semi-empirical method bases study has also shown that 
acid sialic is of quantum vibration state and under dif-
ferent level of neurotransmitter may affects the MTs and 
actin molecule. Therefore, it would be arguable to assume 
that polysialic acid regulates sol to gel phase change 
of neuronal cytoplasm during quantum computation 
(Fig. 4) [112].

Transition from sol to gel leads to isolating MTs 
and subsequently initiate phases of quantum coher-
ent superposition in microtubules, and then the Orch 
OR mechanism, resulting in phenomenal conscious-
ness. Similar transition of cytoplasm has been proposed 
to explain the mechanism of dark neuron formation. 
An enigmatic structure with metastable form envelop 
the MTs. This structure stores noncovalent energy that 
can be released after exposure to various noxae such as 
increased level of glutamate, and so a chain of chemical 
reactions like polymerization would begin and spread 
(domino likes effect) gel–gel hypothesis [113]. Under the 
normal healthy condition, bioavailability of neurotrans-
mitter, e.g., glutamate at synaptic space is restricted and 
regulated by the components of the tetrapartite synapse 
including astrocytes processes, ECM and PNNs. Patho-
logic reactions of synaptic elements, e.g., astrocytes 
hypertrophy result in alteration in synaptic geometry and 
disturbance in the amount of neurotransmitter at syn-
aptic microenvironment [92]. Increased synaptic level 
of excitatory neurotransmitter, e.g., glutamate interferes 
with the vibrational state of polySia and thereby disturbs 
sol–gel phase transition [114]. Phase transition is essen-
tial for decoherence of MTs [115]. Similar mechanism 
has been proposed to explain dark neuron formation 
during ketamine exposure. Ketamine exposure leads to 
excitotoxicity and neurodegeneration [116]. One of the 
most striking feature of dark neurons is structural abnor-
mality in cytoskeleton and tauopathy [117]. Tau belongs 
to MAPs and its phosphorylation–dephosphorylation is 
essential for coherence–decoherence states of quantum 
computation by MTs [23, 118]. In healthy condition, the 
privacy of synapse is ensured by cooperation of all syn-
aptic components. It seems morphological rebuilding of 
astrocytes along with quantitative and qualitative altera-
tion of ECM components influence the ECS parameters, 
which in turn affect profoundly the geometry of the 
synaptic microenvironment [94]. Computational model 
study demonstrated that geometry of synapse could 
affect the receptor dynamic and synaptic strength [119]. 
Passing on now to altered state of consciousness in schiz-
ophrenia. Brain development during adolescence is a 
dynamic period, marked by profound functional and ana-
tomical changes at the synaptic level [32, 120]. It would 
be reasonable to assume altered synaptic geometry in 
schizophrenia leads to: (1) increased level of glutamate 
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and subsequently brings about decreased NMDA recep-
tors as a protective mechanism to avoid excitotoxic-
ity [121]; (2) accumulated level of glutamate increases 
oxidative stress which leads to morphological changes 
(gliosis) of astrocytes [122] and resultant secondary 
altered geometry of synapse and finally; (3)increase in 
polySia exposure time and amount to glutamate at syn-
aptic microenvironment. At normal physiologic condi-
tion, binding glutamate to sialic acid presumably leads to 
trigger spatio-temporal decoherence of vibrational state 
of polySia(s) at post-synaptic membrane and decoupling 
actin from glycocalyx which result into gel–gel phase 

change as discussed on DN formation [113]. Any distur-
bance in synaptic microenvironment such as increased 
level of glutamate or morphological and biochemically 
alterations of tetrapartite synapse components may affect 
the defined physiologic range of polySia vibrational state 
at post-synaptic membrane, hindering actin coupling–
decoupling, thus impeding orchestrated OR.

Conclusion
Homeostasis of synaptic microenvironment, private-
closed-type synapse depends on synaptic geometry. 
Astrocytes influence the geometry of synapse and by 

Fig. 3 The released neurotransmitter binds to receptor (R) and polysialic acid. Sialic acid is of quantum vibration state and under different level 
of neurotransmitter may affect the MTs and actin molecule
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this mean affect the level of neurotransmitter in synaptic 
microenvironment. Quantitative and qualitative altera-
tions of synapse geometry and its active participants 
result in disturbance of neurotransmitter bioavailability 
which in turn leads to changes in the vibrational state 
of acid sialic. These events lead to interference with the 
function of intracellular elements involved in conscious-
ness generation. Precisely any changes in the bioavailabil-
ity of neurotransmitters such as glutamate would affect 
gel–gel phase transition and subsequently the isolation 
of MTs. It seems that polySia vibrational state could be 
considered as a potential therapeutic target in the treat-
ment of schizophrenia. Finally, a semi-empirical model is 
highly recommended to examine the detailed mechanism 
and contributing factors of synaptic geometry in con-
sciousness generation.

Abbreviations
CNS  Central nervous system
CSPG  Chondroitin sulfate proteoglycans
DN  Dark neuron
ECM  Extracellular matrix
ECS  Extracellular space
FAG  Frontal affinity chromatography

GFAP  Glial fibrillary acidic protein
GABA  Gamma-aminobutyric acid
HA  Hyaluronic acid
MTs  Microtubules
MAPs  Microtubules associated proteins
NMDA  N-Methyl-d-aspartate
NANA  N-Acetylneuraminic acids
OR  Orchestrated objective reduction
PNNs  Perineuronal nets
Sia  Sialic acid

Acknowledgements
Not applicable.

Author contributions
I confirmed that all parts of the submitted MS have been done by the author.

Funding
Not applicable.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Fig. 4 Microtubules isolation and quantum computation. At healthy condition binding the ligand (glutamate) to polySia leads to spatio-temporal 
decoherence state of polySia(s) at post-synaptic membrane which result into trigger release of noncovalent energy by gel like structure 
and decoupling of Actin and MAP. These events lead to MTs isolation from outside of neuron and spin currents interact and compute along spiral 
lattice pathways. Geometric alteration of synapse may affect the defined physiologic range of polySia vibrational state at post-synaptic membrane, 
hindering actin coupling–decoupling, thus impeding orchestrated OR



Page 10 of 12Ahmadpour  Egypt J Neurol Psychiatry Neurosurg          (2023) 59:117 

Consent for publication
I give my consent for the publication of identifiable details, which can include 
photograph(s) and/or videos and/or case history and/or details within the text 
(“Material”) to be published in the Egyptian Journal of Neurology, Psychiatry and 
Neurosurgery.

Competing interests
The author declares that there are no competing interests.

Received: 19 November 2021   Accepted: 4 August 2023

References
 1. Harvey PD, Bellack AS. Toward a terminology for functional recovery in 

schizophrenia: is functional remission a viable concept? Schizophr Bull. 
2009;35(2):300–6.

 2. Kraam A, Phillips P. Hebephrenia: a conceptual history. Hist Psychiatry. 
2012;23(4):387–403.

 3. Weinberger DR. Implications of normal brain development for the 
pathogenesis of schizophrenia. Arch Gen Psychiatry. 1987;44(7):660–9.

 4. Maatz A, Hoff P, Angst J. Eugen Bleuler’s schizophrenia–a modern 
perspective. Dialogues Clin Neurosci. 2015;17(1):43–9.

 5. Smyth AM, Lawrie SM. The neuroimmunology of schizophrenia. Clin 
Psychopharmacol Neurosci. 2013;11(3):107–17. https:// doi. org/ 10. 9758/ 
cpn. 2013. 11.3. 107.

 6. Patel KR, Cherian J, Gohil K, Atkinson D. Schizophrenia: overview and 
treatment options. P T. 2014;39(9):638–45. 

 7. Sass LA, Parnas J. Schizophrenia, consciousness, and the self. Schizophr 
Bull. 2003;29:427–44.

 8. Taylor JG. A neural model of the loss of self in schizophrenia. Schizophr 
Bull. 2011;37:1229–47.

 9. Venkatasubramanian G. Understanding schizophrenia as a disorder 
of consciousness: biological correlates and translational implications 
from quantum theory perspectives. Clin sychopharmacol Neurosci. 
2015;13(1):36–47. https:// doi. org/ 10. 9758/ cpn. 2015. 13.1. 36.

 10. Bonnot O, de Montalembert M, Kermarrec S, Botbol M, Walter M, 
Coulon N. Are impairments of time perception in schizophrenia a 
neglected phenomenon? J Physiol Paris. 2011;105:164–9.

 11. Gómez J, Jesús Marín-Méndez J, Molero P, Atakan Z, Ortuño F. Time 
perception networks and cognition in schizophrenia: a review and a 
proposal. Psychiatry Res. 2014;220:737–44.

 12. Buhusi CV, Meck WH. What makes us tick? Functional and neural 
mechanisms of interval timing. Nat Rev Neurosci. 2005;6:755–65.

 13. Forsyth JK, Lewis DA. Mapping the consequences of impaired synaptic 
plasticity in schizophrenia through development: an integrative model 
for diverse clinical features. Trends Cogn Sci. 2017;21(10):760–78. 
https:// doi. org/ 10. 1016/j. tics. 2017. 06. 006.

 14. Cope EC, Gould E. Adult neurogenesis, glia, and the extracellular matrix. 
Cell Stem Cell. 2019;24(5):690–705. https:// doi. org/ 10. 1016/j. stem. 2019. 
03. 023.

 15. Verkhratsky A, Parpura V. Astrogliopathology in neurological, neurode-
velopmental and psychiatric disorders. Neurobiol Dis. 2016;85:254–61. 
https:// doi. org/ 10. 1016/j. nbd. 2015. 03. 025.

 16. Woo TU. Neurobiology of schizophrenia onset. Curr Top Behav Neuro-
sci. 2014;16:267–95. https:// doi. org/ 10. 1007/ 7854_ 2013_ 243.

 17. Lubbers BR, Smit AB, Spijker S, van den Oever MC. Neural ECM in addic-
tion, schizophrenia, and mood disorder. Prog Brain Res. 2014;214:263–
84. https:// doi. org/ 10. 1016/ B978-0- 444- 63486-3. 00012-8.

 18. Li T, Tang H, Zhu J, Zhang JH. The finer scale of consciousness: quantum 
theory. Ann Transl Med. 2019;7(20):585.

 19. Why Classical Mechanics Cannot Naturally Accommodate Conscious-
ness but Quantum Mechanics Can Henry P. Stapp Theoretical Physics 
Group Lawrence Berkeley Laboratory University of California Berkeley, 
California 94720 U.S.A. hpstapp@lbl.gov Copyright (c) Henry P. Stapp 
1995 PSYCHE, 2(5), May 1995 http:// psyche. cs. monash. edu. au/ v2/ 
psyche- 2- 05- stapp. html.

 20. Torday JS. The Singularity of nature. Prog Biophys Mol Biol. 2019;142:23–
31. https:// doi. org/ 10. 1016/j. pbiom olbio. 2018. 07. 013.

 21. Waters F, Jablensky A. Time discrimination deficits in schizophre-
nia patients with first-rank (passivity) symptoms. Psychiatry Res. 
2009;167:12–20.

 22. Papageorgiou C, Karanasiou IS, Kapsali F, Stachtea X, Kyprianou M, 
Tsianaka EI, et al. Temporal processing dysfunction in schizophrenia 
as measured by time interval discrimination and tempo reproduction 
tasks. Prog europsychopharmacol Biol Psychiatry. 2013;40:173–9.

 23. Hameroff S, Nip A, Porter M, Tuszynski J. Conduction pathways in 
microtubules, biological quantum computation, and consciousness. 
Biosystems. 2002;64(1–3):149–68. https:// doi. org/ 10. 1016/ s0303- 
2647(01) 00183-6.

 24. Wang DD, Bordey A. The astrocyte odyssey. Prog Neurobiol. 
2008;86(4):342–67. https:// doi. org/ 10. 1016/j. pneur obio. 2008. 09. 015.

 25. Perea G, Navarrete M, Araque A. Tripartite synapses: astrocytes process 
and control synaptic information. Trends Neurosci. 2009;32(8):421–31. 
https:// doi. org/ 10. 1016/j. tins. 2009. 05. 001.

 26. Verkhratsky A, Parpura V, Rodríguez JJ. Where the thoughts dwell: 
the physiology of neuronal-glial ‘“diffuse neural net.”’ Brain Res Rev. 
2011;66(1–2):133–51. https:// doi. org/ 10. 1016/j. brain resrev. 2010. 05. 002.

 27. Parpura V, Heneka MT, Montana V, et al. Glial cells in (patho)physiology. 
J Neurochem. 2012;121(1):4–27. https:// doi. org/ 10. 1111/j. 1471- 4159. 
2012. 07664.

 28. Sofroniew MV, Vinters HV. Astrocytes: biology and pathology. Acta Neu-
ropathol. 2010;119(1):7–35. https:// doi. org/ 10. 1007/ s00401- 009- 0619-8.

 29. Robertson JM. The Gliocentric brain. Int J Mol Sci. 2018;19(10):3033. 
https:// doi. org/ 10. 3390/ ijms1 91030 33.

 30. Bosiacki M, Gąssowska-Dobrowolska M, Kojder K, Fabiańska M, Jeżewski 
D, Gutowska I, Lubkowska A. Perineuronal nets and their role in synap-
tic homeostasis. Int J Mol Sci. 2019;20(17):4108. https:// doi. org/ 10. 3390/ 
ijms2 01741 08.

 31. Hayashi-Takagi A, Sawa A. Disturbed synaptic connectivity in schizo-
phrenia: convergence of genetic risk factors during neurodevelopment. 
Brain Res Bull. 2010;83(3–4):140–6. https:// doi. org/ 10. 1016/j. brain resbu 
ll. 2010. 04. 007.

 32. Obi-Nagata K, Temma Y, Hayashi-Takagi A. Synaptic functions and 
their disruption in schizophrenia: from clinical evidence to synaptic 
optogenetics in an animal model. Proc Jpn Acad Ser B Phys Biol Sci. 
2019;95(5):179–97. https:// doi. org/ 10. 2183/ pjab. 95. 014.

 33. Woo TU, Crowell AL. Targeting synapses and myelin in the prevention of 
schizophrenia. Schizophr Res. 2005;73(2–3):193–207. https:// doi. org/ 10. 
1016/j. schres. 2004. 07. 022.

 34. Iasevoli F, Tomasetti C, Buonaguro EF, de Bartolomeis A. The glutamater-
gic aspects of schizophrenia molecular pathophysiology: role of the 
postsynaptic density, and implications for treatment. Curr Neurophar-
macol. 2014;12(3):219–38. https:// doi. org/ 10. 2174/ 15701 59X12 66614 
03241 83406.

 35. Alsabban AH, Morikawa M, Tanaka Y, Takei Y, Hirokawa N. Kinesin 
Kif3b mutation reduces NMDAR subunit NR2A trafficking and causes 
schizophrenia-like phenotypes in mice. EMBO J. 2020;39(1):e101090. 
https:// doi. org/ 10. 15252/ embj. 20181 01090.

 36. Kim R, Healey KL, Sepulveda-Orengo MT, Reissner KJ. Astroglial cor-
relates of neuropsychiatric disease: from astrocytopathy to astrogliosis. 
Prog Neuropsychopharmacol Biol Psychiatry. 2018;87(Pt A):126–46. 
https:// doi. org/ 10. 1016/j. pnpbp. 2017. 10. 002.

 37. Vasile F, Dossi E, Rouach N. Human astrocytes: structure and functions 
in the healthy brain. Brain Struct Funct. 2017;222(5):2017–29. https:// 
doi. org/ 10. 1007/ s00429- 017- 1383-5.

 38. Faissner A, Pyka M, Geissler M, Sobik T, Frischknecht R, Gundelfinger 
ED, Seidenbecher C. Contributions of astrocytes to synapse formation 
and maturation—potential functions of the perisynaptic extracellular 
matrix. Brain Res Rev. 2010;63(1–2):26–38. https:// doi. org/ 10. 1016/j. 
brain resrev. 2010. 01. 001.

 39. Colombo JA, Reisin HD. Interlaminar astroglia of the cerebral cortex: a 
marker of the primate brain. Brain Res. 2004;1006:126–31. https:// doi. 
org/ 10. 1016/j. brain res. 2004. 02. 003.

 40. Colombo JA, Gayol S, Yañez A, Marco P. Immunocytochemical 
and electron microscope observations on astroglial interlaminar 
processes in the primate neocortex. J Neurosci Res. 1997;48:352–7. 
https:// doi. org/ 10. 1002/ (SICI) 1097- 4547(19970 515) 48:4% 3c352:: AID- 
JNR7% 3e3.0. CO;2-A.

https://doi.org/10.9758/cpn.2013.11.3.107
https://doi.org/10.9758/cpn.2013.11.3.107
https://doi.org/10.9758/cpn.2015.13.1.36
https://doi.org/10.1016/j.tics.2017.06.006
https://doi.org/10.1016/j.stem.2019.03.023
https://doi.org/10.1016/j.stem.2019.03.023
https://doi.org/10.1016/j.nbd.2015.03.025
https://doi.org/10.1007/7854_2013_243
https://doi.org/10.1016/B978-0-444-63486-3.00012-8
http://psyche.cs.monash.edu.au/v2/psyche-2-05-stapp.html
http://psyche.cs.monash.edu.au/v2/psyche-2-05-stapp.html
https://doi.org/10.1016/j.pbiomolbio.2018.07.013
https://doi.org/10.1016/s0303-2647(01)00183-6
https://doi.org/10.1016/s0303-2647(01)00183-6
https://doi.org/10.1016/j.pneurobio.2008.09.015
https://doi.org/10.1016/j.tins.2009.05.001
https://doi.org/10.1016/j.brainresrev.2010.05.002
https://doi.org/10.1111/j.1471-4159.2012.07664
https://doi.org/10.1111/j.1471-4159.2012.07664
https://doi.org/10.1007/s00401-009-0619-8
https://doi.org/10.3390/ijms19103033
https://doi.org/10.3390/ijms20174108
https://doi.org/10.3390/ijms20174108
https://doi.org/10.1016/j.brainresbull.2010.04.007
https://doi.org/10.1016/j.brainresbull.2010.04.007
https://doi.org/10.2183/pjab.95.014
https://doi.org/10.1016/j.schres.2004.07.022
https://doi.org/10.1016/j.schres.2004.07.022
https://doi.org/10.2174/1570159X12666140324183406
https://doi.org/10.2174/1570159X12666140324183406
https://doi.org/10.15252/embj.2018101090
https://doi.org/10.1016/j.pnpbp.2017.10.002
https://doi.org/10.1007/s00429-017-1383-5
https://doi.org/10.1007/s00429-017-1383-5
https://doi.org/10.1016/j.brainresrev.2010.01.001
https://doi.org/10.1016/j.brainresrev.2010.01.001
https://doi.org/10.1016/j.brainres.2004.02.003
https://doi.org/10.1016/j.brainres.2004.02.003
https://doi.org/10.1002/(SICI)1097-4547(19970515)48:4%3c352::AID-JNR7%3e3.0.CO;2-A
https://doi.org/10.1002/(SICI)1097-4547(19970515)48:4%3c352::AID-JNR7%3e3.0.CO;2-A


Page 11 of 12Ahmadpour  Egypt J Neurol Psychiatry Neurosurg          (2023) 59:117  

 41. Colombo JA, Quinn B, Puissant V. Disruption of astroglial interlaminar 
processes in Alzheimer’s disease. Brain Res Bull. 2002;58:235–42. 
https:// doi. org/ 10. 1016/ S0361- 9230(02) 00785-2.

 42. Oberheim NA, Takano T, Han X, et al. Uniquely hominid features of 
adult human astrocytes. J Neurosci Off J Soc Neurosci. 2009;29:3276–
87. https:// doi. org/ 10. 1523/ JNEUR OSCI. 4707- 08. 2009.

 43. Araque A, Carmignoto G, Haydon PG, Oliet SH, Robitaille R, Volterra A. 
Gliotransmitters travel in time and space. Neuron. 2014;81(4):728–39. 
https:// doi. org/ 10. 1016/j. neuron. 2014. 02. 007.

 44. Dallérac G, Rouach N. Astrocytes as new targets to improve cognitive 
functions. Prog Neurobiol. 2016;144:48–67. https:// doi. org/ 10. 1016/j. 
pneur obio. 2016. 01. 003.

 45. Dallérac G, Chever O, Rouach N. How do astrocytes shape synaptic 
transmission? Insights from electrophysiology. Front Cell Neurosci. 
2013;1(7):159. https:// doi. org/ 10. 3389/ fncel. 2013. 00159.

 46. Chelini G, Pantazopoulos H, Durning P, Berretta S. The tetrapartite 
synapse: a key concept in the pathophysiology of schizophrenia. Eur 
Psychiatry. 2018;50:60–9. https:// doi. org/ 10. 1016/j. eurpsy. 2018. 02. 
003.

 47. Pantazopoulos H, Berretta S. In sickness and in health: perineuronal 
nets and synaptic plasticity in psychiatric disorders. Neural Plast. 
2016;2016:9847696. https:// doi. org/ 10. 1155/ 2016/ 98476 96.

 48. Song I, Dityatev A. Crosstalk between glia, extracellular matrix and 
neurons. Brain Res Bull. 2018;136:101–8. https:// doi. org/ 10. 1016/j. 
brain resbu ll. 2017. 03. 003.

 49. Do KQ, Cuenod M, Hensch TK. Targeting oxidative stress and aberrant 
critical period plasticity in the developmental trajectory to schizo-
phrenia. Schizophr Bull. 2015;41(4):835–46.

 50. Shah A, Lodge DJ. A loss of hippocampal perineuronal nets produces 
deficits in dopamine system function: relevance to the positive 
symptoms of schizophrenia. Transl Psychiatry. 2013;3(1):e215. https:// 
doi. org/ 10. 1038/ tp. 2012. 145.

 51. Lagercrantz H, Changeux JP. The emergence of human conscious-
ness: from fetal to neonatal life. Pediatr Res. 2009;65:255–60. https:// 
doi. org/ 10. 1203/ PDR. 0b013 e3181 973b0d.

 52. Qin C, Li J, Tang K. The paraventricular nucleus of the hypothala-
mus: development, function, and human diseases. Endocrinology. 
2018;159(9):3458–72. https:// doi. org/ 10. 1210/ en. 2018- 00453.

 53. Kitanishi T, Matsuo N. Organization of the claustrum-to-entorhinal 
cortical connection in mice. J Neurosci. 2017;37(2):269–80.

 54. Tononi G, Boly M, Massimini M, et al. Integrated information theory: 
from consciousness to its physical substrate. Nat Rev Neurosci. 
2016;17:450–61. https:// doi. org/ 10. 1038/ nrn. 2016. 44.

 55. Prakash R, Prakash O, Prakash S, Abhishek P, Gandotra S. Global work-
space model of consciousness and its electromagnetic correlates. 
Ann Indian Acad Neurol. 2008;11(3):146–53. https:// doi. org/ 10. 4103/ 
0972- 2327. 42933.

 56. LeDoux JE, Brown R. A higher-order theory of emotional conscious-
ness. Proc Natl Acad Sci USA. 2017;114(10):E2016–25. https:// doi. org/ 
10. 1073/ pnas. 16193 16114.

 57. Hameroff S. ‘Orch OR’ is the most complete, and most easily falsifiable 
theory of consciousness. Cogn Neurosci. 2021;12(2):74–6. https:// doi. 
org/ 10. 1080/ 17588 928. 2020. 18390 37.

 58. Sferra A, Nicita F, Bertini E. Microtubule dysfunction: a common fea-
ture of neurodegenerative diseases. Int J Mol Sci. 2020;21(19):7354. 
https:// doi. org/ 10. 3390/ ijms2 11973 54.

 59. Emerson DJ, Weiser BP, Psonis J, Liao Z, Taratula O, Fiamengo A, Wang 
X, Sugasawa K, Smith AB 3rd, Eckenhoff RG, Dmochowski IJ. Direct 
modulation of microtubule stability contributes to anthracene gen-
eral anesthesia. J Am Chem Soc. 2013;135(14):5389–98. https:// doi. 
org/ 10. 1021/ ja311 171u.

 60. Boly M, Massimini M, Tsuchiya N, Postle BR, Koch C, Tononi G. Are 
the neural correlates of consciousness in the front or in the back of 
the cerebral cortex? Clinical and neuroimaging evidence. J Neurosci. 
2017;37(40):9603–13. https:// doi. org/ 10. 1523/ JNEUR OSCI. 3218- 16. 
2017.

 61. Aru J, Suzuki M, Larkum ME. Cellular mechanisms of conscious process-
ing. Trends Cogn Sci. 2020;24(10):814–25. https:// doi. org/ 10. 1016/j. tics. 
2020. 07. 006.

 62. Hameroff S, Penrose R. Consciousness in the universe: a review of the 
‘Orch OR’ theory. Phys Life Rev. 2014;11(1):39–78. https:// doi. org/ 10. 
1016/j. plrev. 2013. 08. 002.

 63. Penrose BR. Shadows of the Mind. Oxford: Oxford Univ Press; 1996. p. 
17–24.

 64. Tuszyński JA, Hameroff S, Satarić MV, et al. Ferroelectric behavior in 
microtubule dipole lattices: implications for information processing, 
signaling and assembly/disassembly. J Theor Biol. 2015;174:371–80. 
https:// doi. org/ 10. 1006/ jtbi. 1995. 0105.

 65. Brunden KR, Yao Y, Potuzak JS, et al. The characterization of microtu-
bule-stabilizing drugs as possible therapeutic agents for Alzheimer’s 
disease and related tauopathies. Pharmacol Res. 2011;63:341–51. 
https:// doi. org/ 10. 1016/j. phrs. 2010. 12. 002.

 66. Craddock TJ, Priel A, Tuszynski JA. Keeping time: could quantum beat-
ing in microtubules be the basis for the neural synchrony related to 
consciousness? J Integr Neurosci. 2014;13(2):293–311.

 67. Craddock TJ, Tuszynski JA, Hameroff S. Cytoskeletal signaling: Is memory 
encoded in microtubule lattices by CaMKII phosphorylation? PLoS 
Comput Biol. 2012;8:e1002421. https:// doi. org/ 10. 1371/ journ al. pcbi. 
10024 21.

 68. Sánchez C, Díaz-Nido J, Avila J. Phosphorylation of microtubule-
associated protein 2 (MAP2) and its relevance for the regulation of 
the neuronal cytoskeleton function. Prog Neurobiol. 2000;61:133–68. 
https:// doi. org/ 10. 1016/ S0301- 0082(99) 00046-5.

 69. Woolf NJ, Hameroff SR. A quantum approach to visual consciousness. 
Trends Cogn Sci. 2001;5(11):472–8. https:// doi. org/ 10. 1016/ s1364- 
6613(00) 01774-5.

 70. Hameroff SR, Penrose R. Orchestrated reduction of quantum coher-
ence in brain microtubules. A model conscious. Neural Netw World. 
1995;5:793–804.

 71. Fukuda T. Structural organization of the gap junction network in the 
cerebral cortex. Neuroscientist. 2007;13(3):199–207. https:// doi. org/ 10. 
1177/ 10738 58406 296760.

 72. Cerri M. Consciousness in hibernation and synthetic torpor. J Integr 
Neurosci. 2017;16(s1):S19–26. https:// doi. org/ 10. 3233/ JIN- 170063.

 73. Kettenmann H, Zorec R. Release of gliotransmitters and transmitter 
receptors in astrocytes. In: Kettenmann H, Ransom BR, editors. Neuro-
glia. New York: Oxford University Press; 2013. p. 197–211.

 74. Danbolt NC. Glutamate uptake. Prog Neurobiol. 2001;65(1):1–105.
 75. Winship IR, Plaa N, Murphy TH. Rapid astrocyte calcium signals correlate 

with neuronal activity and onset of the hemodynamic response in vivo. 
J Neurosci. 2007;27(23):6268–72.

 76. Marchaland J, Calì C, Voglmaier SM, et al. Fast subplasma membrane 
Ca2+ transients control exo-endocytosis of synaptic like microvesicles 
in astrocytes. J Neurosci. 2008;28(37):9122–32. https:// doi. org/ 10. 1523/ 
JNEUR OSCI. 0040- 08. 2008.

 77. Chuquet J, Quilichini P, Nimchinsky EA, Buzsáki G. Predominant 
enhancement of glucose uptake in astrocytes versus neurons during 
activation of the somatosensory cortex. J Neurosci. 2010;30(45):15298–
303. https:// doi. org/ 10. 1523/ JNEUR OSCI0 762- 10.

 78. Halassa MM, Haydon PG. Integrated brain circuits: astrocytic net-
works modulate neuronal activity and behavior. Annu Rev Physiol. 
2010;72:335–55.

 79. Charles AC, Merrill JE, Dirksen ER, Sanderson MJ. Intercellular signaling 
in glial cells: calcium waves and oscillations in response to mechanical 
stimulation and glutamate. Neuron. 1991;6(6):983–92.

 80. Parpura V, Zorec R. Gliotransmission: exocytotic release from astrocytes. 
Brain Res Rev. 2009;63:83.

 81. Harada K, Kamiya T, Tsuboi T. Gliotransmitter release from astrocytes: 
functional, developmental, and pathological implications in the brain. 
Front Neurosci. 2015;9:499.

 82. Rivera A, Vanzulli I, Butt AM. A central role for ATP signalling in glial 
interactions in the CNS. Curr Drug Targets. 2016;17(16):1829–33.

 83. Perea G, Araque A. Astrocytes potentiate transmitter release at single 
hippocampal synapses. Science. 2007;317(5841):1083–6.

 84. Ferrer-Ferrer M, Dityatev A. Shaping synapses by the neural extracellular 
matrix. Front Neuroanat. 2018;15(12):40. https:// doi. org/ 10. 3389/ fnana. 
2018. 00040.

 85. De Luca C, Papa M. Matrix metalloproteinases, neural extracellular 
matrix, and central nervous system pathology. Prog Mol Biol Transl Sci. 
2017;148:167–202. https:// doi. org/ 10. 1016/ bs. pmbts. 2017. 04. 002.

https://doi.org/10.1016/S0361-9230(02)00785-2
https://doi.org/10.1523/JNEUROSCI.4707-08.2009
https://doi.org/10.1016/j.neuron.2014.02.007
https://doi.org/10.1016/j.pneurobio.2016.01.003
https://doi.org/10.1016/j.pneurobio.2016.01.003
https://doi.org/10.3389/fncel.2013.00159
https://doi.org/10.1016/j.eurpsy.2018.02.003
https://doi.org/10.1016/j.eurpsy.2018.02.003
https://doi.org/10.1155/2016/9847696
https://doi.org/10.1016/j.brainresbull.2017.03.003
https://doi.org/10.1016/j.brainresbull.2017.03.003
https://doi.org/10.1038/tp.2012.145
https://doi.org/10.1038/tp.2012.145
https://doi.org/10.1203/PDR.0b013e3181973b0d
https://doi.org/10.1203/PDR.0b013e3181973b0d
https://doi.org/10.1210/en.2018-00453
https://doi.org/10.1038/nrn.2016.44
https://doi.org/10.4103/0972-2327.42933
https://doi.org/10.4103/0972-2327.42933
https://doi.org/10.1073/pnas.1619316114
https://doi.org/10.1073/pnas.1619316114
https://doi.org/10.1080/17588928.2020.1839037
https://doi.org/10.1080/17588928.2020.1839037
https://doi.org/10.3390/ijms21197354
https://doi.org/10.1021/ja311171u
https://doi.org/10.1021/ja311171u
https://doi.org/10.1523/JNEUROSCI.3218-16.2017
https://doi.org/10.1523/JNEUROSCI.3218-16.2017
https://doi.org/10.1016/j.tics.2020.07.006
https://doi.org/10.1016/j.tics.2020.07.006
https://doi.org/10.1016/j.plrev.2013.08.002
https://doi.org/10.1016/j.plrev.2013.08.002
https://doi.org/10.1006/jtbi.1995.0105
https://doi.org/10.1016/j.phrs.2010.12.002
https://doi.org/10.1371/journal.pcbi.1002421
https://doi.org/10.1371/journal.pcbi.1002421
https://doi.org/10.1016/S0301-0082(99)00046-5
https://doi.org/10.1016/s1364-6613(00)01774-5
https://doi.org/10.1016/s1364-6613(00)01774-5
https://doi.org/10.1177/1073858406296760
https://doi.org/10.1177/1073858406296760
https://doi.org/10.3233/JIN-170063
https://doi.org/10.1523/JNEUROSCI.0040-08.2008
https://doi.org/10.1523/JNEUROSCI.0040-08.2008
https://doi.org/10.1523/JNEUROSCI0762-10
https://doi.org/10.3389/fnana.2018.00040
https://doi.org/10.3389/fnana.2018.00040
https://doi.org/10.1016/bs.pmbts.2017.04.002


Page 12 of 12Ahmadpour  Egypt J Neurol Psychiatry Neurosurg          (2023) 59:117 

 86. Sorg BA, Berretta S, Blacktop JM, Fawcett JW, Kitagawa H, Kwok JC, Miquel M. 
Casting a wide net: role of perineuronal nets in neural plasticity. J Neuro-
sci. 2016;36(45):11459–68. https:// doi. org/ 10. 1523/ JNEUR OSCI. 2351- 16. 
2016.

 87. Kwok JC, Dick G, Wang D, Fawcett JW. Extracellular matrix and perineuronal 
nets in CNS repair. Dev Neurobiol. 2011;71(11):1073–89. https:// doi. org/ 10. 
1002/ dneu. 20974.

 88. Quraishe S, Forbes LH, Andrews MR. The extracellular environment of the 
CNS: influence on plasticity, sprouting, and axonal regeneration after 
spinal cord injury. Neural Plast. 2018;18(2018):2952386. https:// doi. org/ 10. 
1155/ 2018/ 29523 86.

 89. Dityatev A, Rusakov DA. Molecular signals of plasticity at the tetrapartite 
synapse. Curr Opin Neurobiol. 2011;21(2):353–9. https:// doi. org/ 10. 1016/j. 
conb. 2010. 12. 006.

 90. Dityatev A, Seidenbecher CI, Schachner M. Compartmentalization from the 
outside: the extracellular matrix and functional microdomains in the brain. 
Trends Neurosci. 2010;33:503–12. https:// doi. org/ 10. 1016/j. tins. 2010. 08. 
003.

 91. Hrabetova S, Cognet L, Rusakov DA, Nägerl UV. Unveiling the extracellular 
space of the brain: from super-resolved microstructure to in vivo function. 
J Neurosci. 2018;38(44):9355–63. https:// doi. org/ 10. 1523/ JNEUR OSCI. 
1664- 18. 2018.

 92. Vargová L, Syková E. Astrocytes and extracellular matrix in extra-
synaptic volume transmission. Philos Trans R Soc Lond B Biol Sci. 
2014;369(1654):20130608. https:// doi. org/ 10. 1098/ rstb. 2013. 0608.

 93. Matuszko G, Curreli S, Kaushik R, Becker A, Dityatev A. Extracellular matrix 
alterations in the ketamine model of schizophrenia. Neuroscience. 
2017;14(350):13–22. https:// doi. org/ 10. 1016/j. neuro scien ce. 2017. 03. 010.

 94. Ardalan M, Elfving B, Rafati AH, Mansouri M, Zarate CA Jr, Mathe AA, Wegener 
G. Rapid effects of S-ketamine on the morphology of hippocampal astro-
cytes and BDNF serum levels in a sex-dependent manner. Eur Neuropsy-
chopharmacol. 2020;32:94–103. https:// doi. org/ 10. 1016/j. euron euro. 2020. 
01. 001.

 95. Frohlich J, Van Horn JD. Reviewing the ketamine model for schizophrenia. 
J Psychopharmacol. 2014;28(4):287–302. https:// doi. org/ 10. 1177/ 02698 
81113 512909.

 96. Ahmadpour SH, Foghi K, Behrad A. Chronic exposure to ketamine induces 
neuronal lose and glial reaction in CA4 region of hippocampus. Morphol 
Sci. 2016;33(2):103–7.

 97. Hayashi H, Dikkes P, Soriano SG. Repeated administration of ketamine may 
lead to neuronal degeneration in the developing rat brain. Paediatr 
Anaesth. 2002;12(9):770–4. https:// doi. org/ 10. 1046/j. 1460- 9592. 2002. 
00883.x.

 98. Jin H, Hu Z, Dong M, Wu Y, Zhu Z, Xu L. Ketamine induces tau hyperphos-
phorylation at serine 404 in the hippocampus of neonatal rats. Neural 
Regen Res. 2013;8(17):1590–6. https:// doi. org/ 10. 3969/j. issn. 1673- 5374. 
2013. 17. 007.

 99. Mahmoud S, Gharagozloo M, Simard C, Gris D. Astrocytes maintain gluta-
mate homeostasis in the CNS by controlling the balance between gluta-
mate uptake and release. Cells. 2019;8(2):184. https:// doi. org/ 10. 3390/ cells 
80201 84.

 100. Moghaddam B, Adams B, Verma A, Daly D. Activation of glutamatergic 
neurotransmission by ketamine: a novel step in the pathway from NMDA 
receptor blockade to dopaminergic and cognitive disruptions associated 
with the prefrontal cortex. J Neurosci. 1997;17(8):2921–7. https:// doi. org/ 
10. 1523/ JNEUR OSCI. 17- 08- 02921. 1997.

 101. Rose CR, Ziemens D, Untiet V, Fahlke C. Molecular and cellular physiology of 
sodium-dependent glutamate transporters. Brain Res Bull. 2018;136:3–16. 
https:// doi. org/ 10. 1016/j. brain resbu ll. 2016. 12. 013.

 102. Lehre KP, Danbolt NC. The number of glutamate transporter subtype mol-
ecules at glutamatergic synapses: chemical and stereological quantifica-
tion in young adult rat brain. J Neurosci. 1998;18(21):8751–7. https:// doi. 
org/ 10. 1523/ JNEUR OSCI. 18- 21- 08751. 1998.

 103. Tarasov VV, Svistunov AA, Chubarev VN, Sologova SS, Mukhortova P, Levush-
kin D, Somasundaram SG, Kirkland CE, Bachurin SO, Aliev G. Alterations 
of astrocytes in the context of schizophrenic dementia. Front Pharmacol. 
2020;7(10):1612. https:// doi. org/ 10. 3389/ fphar. 2019. 01612.

 104. Bitanihirwe BK, Woo TU. Perineuronal nets and schizophrenia: the impor-
tance of neuronal coatings. Neurosci Biobehav Rev. 2014;45:85–99. 
https:// doi. org/ 10. 1016/j. neubi orev. 2014. 03. 018.

 105. Wang B, Brand-Miller J. The role and potential of sialic acid in human nutri-
tion. Eur J Clin Nutr. 2003;57(11):1351–69. https:// doi. org/ 10. 1038/ sj. ejcn. 
16017 04.

 106. Svennerholm L, Boström K, Fredman P, Månsson JE, Rosengren B, Rynmark 
BM. Human brain gangliosides: developmental changes from early fetal 
stage to advanced age. Biochim Biophys Acta. 1989;1005(2):109–17. 
https:// doi. org/ 10. 1016/ 0005- 2760(89) 90175-6.

 107. Bonfanti L. PSA-NCAM in mammalian structural plasticity and neurogenesis. 
Prog Neurobiol. 2006;80(3):129–64. https:// doi. org/ 10. 1016/j. pneur obio. 
2006. 08. 003.

 108. Schnaar RL, Gerardy-Schahn R, Hildebrandt H. Sialic acids in the brain: 
gangliosides and polysialic acid in nervous system development, stability, 
disease, and regeneration. Physiol Rev. 2014;94(2):461–518. https:// doi. 
org/ 10. 1152/ physr ev. 00033. 2013.

 109. Minami A, Meguro Y, Ishibashi S, Ishii A, Shiratori M, Sai S, Horii Y, Shimizu H, 
Fukumoto H, Shimba S, Taguchi R, Takahashi T, Otsubo T, Ikeda K, Suzuki 
T. Rapid regulation of sialidase activity in response to neural activity and 
sialic acid removal during memory processing in rat hippocampus. J Biol 
Chem. 2017;292(14):5645–54. https:// doi. org/ 10. 1074/ jbc. M116. 764357.

 110. Breton C, Fournel-Gigleux S, Palcic MM. Recent structures, evolution and 
mechanisms of glycosyltransferases. Curr Opin Struct Biol. 2012;22(5):540–
9. https:// doi. org/ 10. 1016/j. sbi. 2012. 06. 007.

 111. Vawter MP. Dysregulation of the neural cell adhesion molecule and neu-
ropsychiatric disorders. Eur J Pharmacol. 2000;405(1–3):385–95. https:// 
doi. org/ 10. 1016/ s0014- 2999(00) 00568-9.

 112. Gallyas F, Farkas O, Mázló M. Gel-to-gel phase transition may occur in mam-
malian cells: mechanism of formation of “dark” (compacted) neurons. Biol 
Cell. 2004;96(4):313–24. https:// doi. org/ 10. 1016/j. biolc el. 2004. 01. 009./ jbc. 
M111. 221143.

 113. Kellermayer R, Zsombok A, Auer T, Gallyas F. Electrically induced gel-to-gel 
phase-transition in neurons. Cell Biol Int. 2006;30(2):175–82. https:// doi. 
org/ 10. 1016/j. cellbi. 2005. 11. 002.

 114. Ahmadpour S, Behrad A, Vega I. Dark neurons: a protective mechanism or a 
mode of death. J Med Histol. 2019;3(2):125–31.

 115. Rosa LP, Faber J. Quantum models of the mind: are they compatible with 
environment decoherence? Phys Rev E Stat Nonlin Soft Matter Phys. 
2004;70(31):031902. https:// doi. org/ 10. 1103/ PhysR evE. 70. 031902.

 116. Young C, Jevtovic-Todorovic V, Qin YQ, Tenkova T, Wang H, Labruyere J, Olney 
JW. Potential of ketamine and midazolam, individually or in combination, 
to induce apoptotic neurodegeneration in the infant mouse brain. Br J 
Pharmacol. 2005;146(2):189–97. https:// doi. org/ 10. 1038/ sj. bjp. 07063 01.

 117. Kherani ZS, Auer RN. Pharmacologic analysis of the mechanism of dark neu-
ron production in cerebral cortex. Acta Neuropathol. 2008;116(4):447–52. 
https:// doi. org/ 10. 1007/ s00401- 008- 0386-y.

 118. Hector A, McAnulty C, Piché-Lemieux MÉ, Alves-Pires C, Buée-Scherrer V, 
Buée L, Brouillette J. Tau hyperphosphorylation induced by the anesthetic 
agent ketamine/xylazine involved the calmodulin-dependent protein 
kinase II. FASEB J. 2020;34(2):2968–77. https:// doi. org/ 10. 1096/ fj. 20190 
2135R.

 119. Freche D, Pannasch U, Rouach N, Holcman D. Synapse geometry and recep-
tor dynamics modulate synaptic strength. PLoS ONE. 2011;6(10):e25122. 
https:// doi. org/ 10. 1371/ journ al. pone. 00251 22.

 120. Balu DT. The NMDA receptor and schizophrenia: from pathophysiology to 
treatment. Adv Pharmacol. 2016;76:351–82. https:// doi. org/ 10. 1016/ bs. 
apha. 2016. 01. 006.

 121. Purves D, White LE, Riddle DR. Is neural development Darwinian? Trends 
Neurosci. 1996;19(11):460–4. https:// doi. org/ 10. 1016/ s0166- 2236(96) 
20038-4.

 122. Chen Y, Qin C, Huang J, Tang X, Liu C, Huang K, Xu J, Guo G, Tong A, Zhou 
L. The role of astrocytes in oxidative stress of central nervous system: a 
mixed blessing. Cell Prolif. 2020;53(3):e12781. https:// doi. org/ 10. 1111/ cpr. 
12781.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1523/JNEUROSCI.2351-16.2016
https://doi.org/10.1523/JNEUROSCI.2351-16.2016
https://doi.org/10.1002/dneu.20974
https://doi.org/10.1002/dneu.20974
https://doi.org/10.1155/2018/2952386
https://doi.org/10.1155/2018/2952386
https://doi.org/10.1016/j.conb.2010.12.006
https://doi.org/10.1016/j.conb.2010.12.006
https://doi.org/10.1016/j.tins.2010.08.003
https://doi.org/10.1016/j.tins.2010.08.003
https://doi.org/10.1523/JNEUROSCI.1664-18.2018
https://doi.org/10.1523/JNEUROSCI.1664-18.2018
https://doi.org/10.1098/rstb.2013.0608
https://doi.org/10.1016/j.neuroscience.2017.03.010
https://doi.org/10.1016/j.euroneuro.2020.01.001
https://doi.org/10.1016/j.euroneuro.2020.01.001
https://doi.org/10.1177/0269881113512909
https://doi.org/10.1177/0269881113512909
https://doi.org/10.1046/j.1460-9592.2002.00883.x
https://doi.org/10.1046/j.1460-9592.2002.00883.x
https://doi.org/10.3969/j.issn.1673-5374.2013.17.007
https://doi.org/10.3969/j.issn.1673-5374.2013.17.007
https://doi.org/10.3390/cells8020184
https://doi.org/10.3390/cells8020184
https://doi.org/10.1523/JNEUROSCI.17-08-02921.1997
https://doi.org/10.1523/JNEUROSCI.17-08-02921.1997
https://doi.org/10.1016/j.brainresbull.2016.12.013
https://doi.org/10.1523/JNEUROSCI.18-21-08751.1998
https://doi.org/10.1523/JNEUROSCI.18-21-08751.1998
https://doi.org/10.3389/fphar.2019.01612
https://doi.org/10.1016/j.neubiorev.2014.03.018
https://doi.org/10.1038/sj.ejcn.1601704
https://doi.org/10.1038/sj.ejcn.1601704
https://doi.org/10.1016/0005-2760(89)90175-6
https://doi.org/10.1016/j.pneurobio.2006.08.003
https://doi.org/10.1016/j.pneurobio.2006.08.003
https://doi.org/10.1152/physrev.00033.2013
https://doi.org/10.1152/physrev.00033.2013
https://doi.org/10.1074/jbc.M116.764357
https://doi.org/10.1016/j.sbi.2012.06.007
https://doi.org/10.1016/s0014-2999(00)00568-9
https://doi.org/10.1016/s0014-2999(00)00568-9
https://doi.org/10.1016/j.biolcel.2004.01.009./jbc.M111.221143
https://doi.org/10.1016/j.biolcel.2004.01.009./jbc.M111.221143
https://doi.org/10.1016/j.cellbi.2005.11.002
https://doi.org/10.1016/j.cellbi.2005.11.002
https://doi.org/10.1103/PhysRevE.70.031902
https://doi.org/10.1038/sj.bjp.0706301
https://doi.org/10.1007/s00401-008-0386-y
https://doi.org/10.1096/fj.201902135R
https://doi.org/10.1096/fj.201902135R
https://doi.org/10.1371/journal.pone.0025122
https://doi.org/10.1016/bs.apha.2016.01.006
https://doi.org/10.1016/bs.apha.2016.01.006
https://doi.org/10.1016/s0166-2236(96)20038-4
https://doi.org/10.1016/s0166-2236(96)20038-4
https://doi.org/10.1111/cpr.12781
https://doi.org/10.1111/cpr.12781

	Synaptic microenvironment and altered state of consciousness in schizophrenia: a possible link between synapse geometry and orchestrated objective reduction theory
	Abstract 
	Introduction
	Schizophrenia and consciousness

	Main subjects
	Astrocytes: more than inert supporting elements
	Astrocytes morphology
	Diverse functions of astroglia: from neuronal homoeostasis to extracellular matrix synthesis

	Human consciousness entity and quantum interpretation of consciousness
	Ongoing endeavor to unravel the human consciousness
	Orch-OR theory and microtubules


	What had been missed in orchestrate OR?
	Geometry of synapse and signal transduction
	Glycocalyx quantum vibration: quantum transducer
	Conclusion
	Acknowledgements
	References


