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Neuropsychiatric llIness:
A Case for Impaired Neuroplasticity and
Possible Quantum Processing Derailment in

Microtubules
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Abstract

There is a great deal of evidence that cytoskeletal proteins, in particular
microtubules, are dysfunctional in mental illnesses such as schizophrenia and
affective disorder. Since cytoskeletal proteins are major arbitrators of
neuroplasticity, this evidence fits with recent theories suggesting that
neuroplasticity is compromised in mental illness and that the efficacy of
antidepressant and antipsychotic drugs may depend, at least in part, on their ability
to enhance neuroplasticity. Quantum theories of mind, particularly those
implementing information processing in microtubules, are useful on many levels.
Quantum theories attempt to explain the more enigmatic features of mind, some of
which are disrupted in mental illness. Quantum information processing theories
also attempt to link molecular events at the atomic level to higher cognition. These
approaches are highly ambitious, and multiple potential obstacles abound as a
consequence of working in largely uncharted territory.
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1. Introduction

Neuropsychiatric illnesses are major health
problems  associated with  increased
morbidity and decreased quality of life.
These illnesses range from fairly uncommon
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to relatively common. In a given year,
schizophrenia, bipolar disorder, major
depression, and anxiety disorders affect 1.1%,
2.6%, 6.7%, and 18.1%, respectively, of the
adult population (Kessler et al., 2005).
Across the board, these disorders affect
mood and mind: emotions and thought
processes being distorted to the extent that
psychosocial, academic, and vocational
functions are impaired. Various models of
neuropsychiatric illness - based on
neuropharmacology, neuroanatomy, or
neurophysiology — provide clues as to which
neurotransmitters may be deficient (or in
excess), what parts of the brain may be
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dysfunctional, and what neural firing
patterns correlate with various mental
disorders. Still none of these approaches
identify the root causes of neuropsychiatric
illnesses or fully explain aspects of thought
disorder or emotional dysregulation.

In this issue Globus (2010) argues
that the unique states of consciousness
associated with the schizophrenic patient,
namely the splitting of agency with the
retention of a unified consciousness, cannot
be described adequately by nonlinear
dynamic systems founded in classical
neurophysics.  Likewise, in a companion
article Mender (2010) discuses the
numerous incongruities of the bio-
psychosocial paradigm of psychiatric illness,
with its parallels to neural network theory
and classical statistical mechanics. Both
argue that new quantum paradigms of
psychiatric illness could advance
perspectives on brain, mind, and mental
disorders. @~ New  theories implicating
dysfunction in neural networks and
neuroplasticity offer fresh perspectives that
account better for certain findings than do
theories of “chemical imbalances” among
levels of neurotransmitters (Castrén, 2005).
Even though pharmacological interventions
are first-line treatments for depression, there
is no evidence that putative chemical
imbalances are reversed. The time course of
therapeutic effects does not fit an imbalance
being present. Antidepressant drugs, which
are known to increase levels of
neurotransmitters serotonin and
norepinephrine, do not act to immediately
improve the patient’s mood. Instead, it takes
2 — 6 weeks for these drugs to elevate mood.

Similar arguments can be made for
schizophrenia not being caused by a
chemical imbalance. The “dopamine

hypothesis” was advanced in the 1960’s and
1970’s in the wake of the marked success of
antipsychotic drugs blocking dopamine
receptors. However, this hypothesis is not
wholly supported by experimental evidence;
instead there exist both equivocal and
negative evidence for dopamine being
overactive in schizophrenic brain (Moncrieff,
2009). Like antidepressants, antipsychotic
drugs take 2 — 6 weeks to diminish psychotic
symptoms. The lower end of this time
interval (2 weeks) is the same time interval
over which reorganization of the

ISSN 1303 5150

cytoskeleton in neurons after
learning, suggesting that
neuropharmacological agents may exert their
therapeutic effects via the cytoskeleton
(Woolf, 2009).

occurs

At least two quantum theories of
brain function depend heavily upon the
neuronal cytoskeleton (Hameroff, 1998; Jibu
and Yasue, 1995). Could the role of the
cytoskeleton in psychiatric illness lend
credence to Globus and Mender’s arguments
(Globus, 2010; Mender, 2010), and provide a
physical substrate on which to base future
discussion? The remainder of this paper
explores these issues with the next logical
question being: are there genetic markers
related to the cytoskeleton associated with
increased vulnerability to neural network
dysfunction and mental illness? This
discussion is followed by microtubule (MT)
involvement in higher cognition, a brief
mention of the effects of psychotherapeutic
drugs on the cytoskeleton, animal models of
psychiatric illness involving the cytoskeleton,
cognitive impairments in mental illness and
free will, followed by a discussion of
quantum models of mind and speculations
on thought disruption based on cytoskeletal
quantum models of cognitive processing.

2. Genetic Bases for Psychiatric
Disorders
Schizophrenia and  bipolar  disorder

demonstrate a strong genetic component

that is believed to interact with
environmental  factors  resulting in
concordance rates of ~40% among

monozygotic twins (Cardno et al., 1999).
Although most investigators attribute
phenotypic variance to environmental
factors, an alternative hypothesis is that
polygenic factors influence the outcome of a
mental disorder diagnosis in a probabilistic
rather than a deterministic manner
(Procopio, 2005). Regardless of how much
environment plays a role, most cases of
mental illness are thought to be due to
polygenetic effects consisting of multiple
instances of single nucleotide polymorphism
(SNP) or gene copy number variation, with
specific genes being affected in at least some
families or populations (Gill et al., 2009).
Variant genes associated with psychiatric
diagnoses include those coding for
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disrupted-in-schizophrenia-1 (DISC1),
neuregulin-1, dysbindin, and neurexin-1.
These aforementioned proteins regulate
neuroplasticity via interactions with the
cytoskeleton supporting the idea that
neuroplasticity is impaired in mental
illnesses, particularly schizophrenia and
affective disorders.

A balanced translocation in the
DISC1 gene was first established as a risk
factor for schizophrenia, bipolar disorder,
and recurrent major depression in a Scottish
family exhibiting a large number of
psychiatric diagnoses (Blackwood et al.,
2001; St. Clair et al., 1990). Since that initial
discovery it has been shown that DISC1 plays
a role in more widespread cases of
schizophrenia. More than 50 splice variants
of DISCi are formed, and in early
development and in adults with
schizophrenia there is an increased number
of shorter variants of DISC1 (Nakata et al.,
2009). These truncated variants of DISC1i
lack the C-terminus responsible for protein-
protein interactions, resulting in abnormal
cell signaling and disruption of cytoskeletal
networks. Normally, unmodified DISC-1
protein plays a role in neural development
and synaptic plasticity, in part, by regulating
transport mediated by dynein along MTs and
by modulating actin filament reorganization
(Brandon et al.,, 2009). Knockout mice
having the gene for DISC1 deleted
demonstrate decreased neural migration and
dendrite branching, functions mediated by
MTs and actin filaments (Austin et al.,
2004). Variants for DISC1 in schizophrenia
are furthermore associated with altered
expression of isotype-specific MT subunits:
B III-tubulin and o I-tubulin (Hennah and

Porteus, 2009).

Meta-analyses for genome-wide
scans found six neuregulin-1 SNPs
associated with schizophrenia in Icelandic
and Scottish populations, while only two
neuregulin-1  SNPs  associated  with
schizophrenia in an Asian population (Li et
al., 2006). The neuregulin-1 gene has also
been found to contribute to a diagnosis of
schizophrenia in a northern Swedish
population (Alaerts et al., 2009). Five SNPs
were associated with schizophrenia, whereas
another SNP conferred reduced risk for the
disorder. Similar to that of DISCi,
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neuregulin-1 regulates neurodevelopmental
functions including cell proliferation and
migration, neurite outgrowth and
synaptogenesis, as well as maturation and
myelination (Jaaro-Peled et al., 2009). Many
of these functions are mediated through
direct actions on the cytoskeleton.

An initial study demonstrating
genetic variation in the dysbindin-1 gene
assessed 270 Irish pedigrees (Straub et al,
2002). Not all European groups show an
association, however; and familial loading,
rather than ethnicity, may be the most
critical factor (Van Den Bogaert et al., 2003).
In agreement with that conclusion, certain
variants of the dysbindin-l gene confer
increased risk for schizophrenia in European
Americans, but not in African Americans or
in Koreans (Zuo et al., 2009; Joo et al.,
2006). Dysbindin-1  associates  with
postsynaptic densities and MTs, and is also
found in axon terminals where it regulates
the release of the neurotransmitter
glutamate (Talbot et al., 2006). Dysbindin-1,
along  with  neuregulin-1,  mediates
neurodevelopment and neuroplasticity,
which are perturbed in schizophrenia leading
to  cyto-architectural and  molecular
abnormalities (Arnold et al., 2005).

Yet another gene that codes for a
protein involved with neuroplasticity is
linked to schizophrenia. Copy number
variations for the neurexin-1 gene increase
susceptibility to schizophrenia in a Japanese
population (Ikeda et al., 2009), and in seven
European populations (Rujescu et al., 2009).
Neurexin works with neuregulin to regulate
synaptic plasticity (Gottman, 2008).

Three recent reviews list
approximately 34 genetic regions as possibly
being involved in bipolar disorder (Hayden
and Nurnberger, 2006; Cheng et al., 2006;
Segurado et al.,, 2003). Comparing these
with the Entrez Gene (NIH) entries for the
human tubulin proteins reveals 18 matching
tubulin isoforms. These proteins include
BIIA-, PBIIB-, and BIIC-tubulin, BIII-
tubulin, and B VI-tubulin, as well as proteins
similar to o II-tubulin, Bchain tubulin, vI-
tubulin, BIV-tubulin, and pV-tubulin,
pseudogenes for BIVQ-tubulin, g II-tubulin,
and B V-tubulin, and B IV-tubulin
polypeptide. There is a predominance of
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genetic linkages with regions containing p —

isoforms of tubulin. A polymorphism,
deletion, or insertion occurring in any of
these genetic regions may affect the
expression of one, or more, of these B-—

tubulin isoforms, and subsequently alter the
structure and function of the resulting MTs
and thereby contribute to the expression of
bipolar disorder.

A variety of experiments provide
evidence showing that 30 — 40% of the
variance contributing to anxiety disorders is
also heritable (Norrholm et al., 2009; Martin
et al., 2009). While multiple candidate genes
exist for the various disorders, in the context
of this paper a current discovery is worth
noting.

The gene encoding the protein
stathmin is highly expressed in the lateral
nucleus of the amygdala as well as in the
thalamic and cortical structures that relay
information to the lateral nucleus about
learned and innate fears (Shumyatsky et al.,
2002). Stathmin knockout mice exhibit
deficits in spike-timing-dependent long-term
potentiation as determined by whole-cell
recordings from amygdala slices, decreased
memory in amygdala-dependent fear
conditioning, and they recognize less danger
in  innately  aversive environments
(Shumyatsky et al., 2005). Investigations on
the impact of stathmin gene variation on
fear- and anxiety-controlling effector-
systems of the amygdala found that the
human gene coding for stathmin, coupled
with gender, significantly impacts fear and
anxiety responses as measured with the
startle and cortisol stress response (Brocke et
al., 2009). Thus, the stathmin genotype has
functional relevance for basic fear and
anxiety responses in humans as well as
rodents.

Stathmin is enriched in neuronal
cells, and is an MT-destabilizer (Curmi et al.,
1999) acting by isolating free-tubulin dimers
(Howell et al., 1999) or by increasing MT
catastrophe (Belmont et al., 1996).
Phosphorylation negatively regulates the MT
destabilizing activity of stathmin, suggesting
that stathmin may link extracellular signals
to the rearrangement of the neuronal
cytoskeleton (Grenningloh et al., 2004).
Down-regulation of stathmin during
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cerebellar development promotes dendritic
arborization in mouse Purkinje cells, while
over-expression limited dendritic growth
(Ohkawa et al., 2007). However, stathmin
depletion with antisense oligonucleotides
prevents nerve growth factor-stimulated
neurite outgrowth in rat Purkinje cells (Di
Paolo et al., 1996). These data suggest that
proper regulation of stathmin activity is a
key factor for controlling the dendritic MT
dynamics. Dysfunction of such activity is
suggested to relate to the fear responses
associated with anxiety disorders.

Despite the large and increasingly
growing number of genes having potential
linkages to multiple mental disorders, the
result appears the same — an underlying
deficit to neuroplasticity at various levels:
the individual synapse, neuron structure
(particularly dendrites), and overall pattern
of connection between neurons. How deficits
in neuroplasticity relate to cognitive deficits
in mental disorders still needs to be clarified.
Cytoskeletal protein involvement in higher
cognition appears to provide clues.

3. Microtubule Involvement in Higher
Cognitive Processes

Biological clues for mental disorders derive
in large part from behavioral genetics, but
genes code for proteins, many of which are
macromolecules that cannot easily be
modeled to account for the complexities of
human cognition — normal or abnormal. One
way to attempt this leap is to identify the
macromolecules that mediate the most basic
types of cognition. Cognition includes
learning, memory, perception, and other
simpler functions, which serve as
fundamental building blocks for higher
cognitive functions - including those
disrupted in mental illness. In addition to
the obvious role in neuroplasticity, direct
evidence shows that cytoskeletal proteins,
such as MTs and actin filaments, play pivotal
roles in both simple and complex types of
learning and memory. Neurons in
Alzheimer’s disease, a disorder with marked
cognitive impairment, for example, have
reduced MT density and length (Cash et al.,
2003). In one of the many animal studies
exploring biological correlates of behavior,
O’Connell and colleagues (1997)
demonstrated a profound 3-fold increase in
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MTs of hippocampal granule neurons
following 6 hr of passive avoidance training.
Changes with learning are also detected in
microtubule-associated proteins (MAPS).
MAP2 is a dendrite-specific MT linker
protein that increases MT polymerization
and stability, as well as serving as a site for
phosphorylation enabling signal
transduction. Using c¢DNA microarrays,
MAP2 mRNA was shown to increase with
filial imprinting in domestic chicks, a
species-specific form of learning (Yamaguchi
et al., 2008). Also, TAU, another MAP that
modulates the stability of axonal MTs, when
over-expressed in Drosophilia mushroom
body neurons has been shown to produce
learning and memory deficits (Mershin et
al., 2004).

Dependence of learning and memory
on MTs is also shown in studies using
cytoskeletal toxins. Colchicine, which binds
to tubulin and blocks MT function, interferes
with performance on the Morris water maze,
radial-arm maze, aversive conditioning, and
operant conditioning (Mileusnic et al., 2005;
Nakayama et al.,, 2002; Bensimon and
Chermat, 1991; Di Patre et al., 1990).
Aluminum poisoning, which results in
depletion of MTs in large pyramidal cells of
hippocampus, also results in cognitive
deterioration in aged rats (Walton, 2009).

A host of additional studies indicate
that the MT matrix in dendrites is
structurally reorganized with learning and
memory. Using an associative learning
paradigm combined with
immunohistochemistry, fear conditioning to
either tone or to the training context induced
significant  changes in MAP2 in
circumscribed regions of the cerebral cortex
or hippocampus, with alterations correlating
with the type of training (Woolf et al., 1994;
1999). Increases in MAP2 immunostaining
were further correlated with proteolysis and
increased breakdown products with a
molecular weight of ~90 kD determined by
Western immunoblots. When tone was
paired with shock MAP2 breakdown was
noted in the auditory cortex, where tonotopic
information is stored. When the context of
the training chamber was paired with shock,
enhanced MAP2 breakdown was evident in
pyramidal cells of the hippocampus, where
contextual information is stored. Neurons in
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the auditory cortex and hippocampus
affected by training corresponded with the
15% of neurons containing elevated levels of
MAP2, many of which are large pyramidal
neurons (Woolf, 1993). Learning-related
changes in MAP2, muscarinic receptor, and
protein kinase C were similarly noted
following avoidance training (Van der Zee et
al., 1994). To further wuncover the
mechanisms by which MAP2 participates in
the learning process, the N-terminus of
MAP2 was truncated in transgenic mice; this
led to contextual memory impairment and
reduced ability to bind cAMP-dependent
kinase leading to reduced phosphorylation of
MAP2 (Khuchua et al., 2003). What happens
after MAP2 is broken down with memory
formation is not entirely clear. It is most
likely, however, that a new MT matrix is
built. This suggestion of dendritic
reorganization is consistent with increased
expression of MAP2 in motor cortex found
on days 1, 5, and 7 of training, with increases
shifting to later times with increasing task
difficulty (Derksen et al., 2006). Mitsuyama
and colleagues (2008) found evidence of new
MT tracks linking the cell nucleus with the
postsynaptic membrane with long-term
potentiation, a learning-like phenomenon.
Reorganization of MT matrices would be
expected to alter information processing
achieved by means of electrical signaling
within networks of MTs (Priel et al., 2006).

MT matrices are linked to the actin
filament networks that directly contact the
neuronal membrane (Priel et al., 2009).
Actin filaments also fill what are called
dendritic spines, with the growing plus-end
tips of MTs invading these appendages
(Jaworski et al., 2009). Actin filaments are
very plastic and appear to play a key role in
learning and memory, especially in dendritic
spines. Extinction to contextual fear involves
rearrangements of actin filaments in spines
(Fischer et al., 2004). Actin, along with
tubulin and F-actin capping protein increase
their binding to other proteins during
memory consolidation (Nelson et al., 2004).

The study of cytoskeletal proteins in
learning and memory in laboratory animals
has yielded a great many results. Laboratory
animals are also wused to study
neuropsychiatric illness and treatments.
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4. Effects of Psychotherapeutic Drugs
on the Cytoskeleton

Only recently have there been a handful of
reports  describing the  effects of
psychotherapeutic drugs on the MT matrix
(Benitez-King et al, 2004; 2007).
Antipsychotic drugs, for example, appear to
increase expression of MAPs (MacDonald et
al., 2005; Law et al., 2004), but some may
also produce temporary damage to MTs
(Dean, 2006). Valproic acid and lithium are
the most widely used mood stabilizers for
treating bipolar disorder. Valproic acid
glucuronide, the major metabolite of valproic
acid, inhibits the polymerization of tubulin
into MTs by reversibly and irreversibly
bonding and subsequently forming adducts
with both tubulin dimers and MAPs (Cannell
et al., 2002). Laeng et al., (2004) showed
both valproic acid and lithium have positive
effects on neurogenesis and increase the
number of [ III-tubulin cells in rat cortical

cultures. In this aforementioned study, p III-

tubulin was used primarily as a marker for
neurons.

5. Animal Models of Depression,
Anxiety, and Schizophrenia Involving
the Cytoskeleton

Animal models of human disease states
make it possible to generate hypotheses
about the causes of those disorders in ways
that would be impossible in human subjects,
and to test potentially effective drugs and
treatments before enough is known about
drug safety and efficacy. The validity of an
animal model is variable, and the degree to
which particular symptoms are produced is
one way to assess relevance or validity. In
accordance with the central theme in this
paper, a number of animal models link
mental illnesses with the cytoskeleton and
neuroplasticity. Transgenic mice lacking a
protein related to the cytoskeleton often
exhibit behaviors that mimic some
behavioral aspect of a particular mental
illness or set of disorders. Another type of
animal study implicating cytoskeletal
proteins has presented conditions that
induce animal behaviors typical of a mental
illness and evaluated brain for perturbations
of cytoskeletal proteins.

Stable tubule only peptide (STOP)
binds to MTs and inhibits dissociation of
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subunits (Pabion and Margolis, 1984). The
STOP null mouse (in which both alleles for
the STOP protein are deleted) exhibits
atypical behaviors and deficits in synaptic
plasticity, making it a successful animal
model of schizophrenia (Andrieux et al.,
2002). STOP null mice have additional
cognitive deficits in recognition and long-
term memory similar to those found in
schizophrenia (Powell et al., 2007).
Moreover, antipsychotic drugs used to treat
schizophrenia alleviate social and cognitive
impairments in STOP null mice (Bégou et
al., 2008). MT-stabilizing drugs also
ameliorate the behavioral symptoms in
STOP null mice suggesting a possible use for
drugs of this type (or less toxic variants) to
treat schizophrenia or other mental illness
(Andrieux et al., 2006).

The discovery of genes conferring
increased risk for schizophrenia and affective
disorders (many of which have associations
with the cytoskeleton and neuroplasticity as
described earlier) motivated the engineering
of specific transgenic mice. Dominant-
negative DISC1 transgenic mice, which have
the C-terminus of DISC1 truncated, show
behavioral abnormalities such as
hyperactivity and depression-like behavior
making these mice potentially useful as an
animal model of schizophrenia (Hikida et al.,
2007). Neuregulin-1 transgenic mice are
impaired on contextual fear and social
learning of potential relevance to deficits in
schizophrenia (Ehrlichman et al.,, 2009).
Mice having the dysbindin-1 gene deleted are
impaired on the spatial learning as shown by
decreased performance on the Morris water
maze task (Cox et al., 2009). As has been
done in STOP null mice, these transgenic
strains can be used to test experimental drug
regimens.

Environmental  conditions  that
produce behaviors that are similar to those
found in certain mental illnesses include
social isolation, aversive stimuli, and stress.
Social isolation of male rats results in
recognition memory deficits, along with
decreased levels of o -tubulin and MAP2
levels in the hippocampus as measured by
Western blots (Bianchi et al., 2006). Learned
helplessness is a depressed-like behavioral
state produced by inescapable shock that is
associated with alterations in proteins linked
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to neuroplasticity (e.g., MAP-2) and is
blocked or reversed by antidepressant
treatments (Iwata et al.,, 2006). Repeated
exposure to chronic unpredictable stress, a
known trigger for depression, causes
accelerated increases in acetylated tubulin
(which is associated with stable MTs) and
decreases in tyrosinated MTs and
phosphorylated MAP2 (which are associated
with labile MTs); moreover, these
cytoskeletal changes can be reversed by the
antidepressant fluoxetine (Yang et al.,
2009).

Other animal model studies go
further, linking neuropharmacological
deficits with cytoskeletal changes. STOP null
mice, known for their disrupted
cytoskeletons, demonstrate reduced
glutamate release and enhanced dopamine
making them potentially similar to untreated
schizophrenics (Brenner et al., 2007).
Depletion of the neurotransmitter serotonin
causes a marked deficit in MAP2 in
dendrites, reminiscent of the deafferentation
found in schizophrenic brain (Whitake-
Azmitia et al., 1995). Lesions of acetylcholine
neurons in basal forebrain results in
decreased dendritic complexity (regulated by
cytoskeletal proteins) and impaired working
memory and spatial navigation (Fréchette et

al., 2009). Since neuropharmaceutical
agents that either stimulate or inhibit
glutamate, dopamine, serotonin,

norepinephrine, or acetylcholine have as a
common effect an influence on the dynamics
of the cytoskeleton, the effects of these
agents on mental states is perhaps best
appreciated in the context of neuroplasticity.
Forms of neuroplasticity, such as synaptic
redistribution and dendritic reorganization,
are critical to higher cognition.

6. Cognitive Impairments in Mental
IlIness and Free Will

Individuals diagnosed with mental illness
demonstrate a range of cognitive deficits.
Often these deficits can be localized to
particular brain regions using cognitive
neuroscience methods such as functional
magnetic resonance imaging (fMRI). As one
might expect, cognitive deficits are most
severe in the psychotic states of
schizophrenia. Schizophrenic patients are
particularly impaired in the social-cognitive
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“theory of mind” function, along with
impairments to executive function and
verbal memory - traditional measures of
higher cognitive function (Woodward et al.,
2009). Impaired theory of mind function is
found during acute phases of schizophrenia,
as well as in schizophrenics in remission and
in relatives of schizophrenics and those
affected with bipolar disorder (Bora et al.,
2009). Some of the inexplicable aspects of
this function make it a particularly relevant
function to consider in the context of
quantum mind models.

Theory of mind is the ability to
discern one’s own intentions, to carry out
those intentions in the form of overt
behavior, and to accurately assess the
intentions of others as different from one’s
own (Briine, 2005; Frith, 1992). That
schizophrenics are impaired in their ability
to distinguish their own versus other’s
intentions can be used to explain:

e delusions in which subjectivity is
confused with objectivity,

e the perception of alien control where
the patient’s intentional thoughts are
confused with thoughts originating
from others, and

e thought disorder as a consequence of
reduced social interaction and
impaired perception of social cues.

While behavioral scientists do not
know exactly how humans sense the
intentions of others, there appear to be two
complementary neural systems mediating
voluntary action: one responsible for motor
simulation and the other mentalizing
intentions (de Lang et al., 2008). The neural
network for linking one’s own intentions to
overt behavior is located in the fronto-
median cortex, and since activity within that
network correlates with inhibiting intended
actions, this area has been proposed as the
free will center in the brain (Brass and
Haggard, 2007). This idea runs counter to
widespread, highly distributed neural
activity contributing to higher cognitive
function, which cannot be fully accounted for
by activity in a limited number of neurons in
a circumscribed region of cerebral cortex.
Moreover, some scientists argue free will is
purely illusory (Hallet, 2007; Wegner,
2004).
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Martin Heisenberg (2009) argues
that free will must be a part of animal
behavior, citing work from his laboratory
demonstrating that fruit flies are capable of
actively initiating completely novel behaviors
to solve problems. Inspired by the classic
principles discovered by his father Werner
Heisenberg, he argues that behavior (and life
in general) involves the interplay between
deterministic and random events, much in
the same way that quantum physics
counterbalances the strictly deterministic
nature of classical physics at intermediate
scales. He posits that neuronal function lies
in that intermediate scale, an opinion that is
not universally shared.

In addition to an impaired sense of
intention, schizophrenics exhibit thought
disorders and hallucinations. Cognitive
neuroscientists have  discovered that
networks of neurons active during visual
hallucinations include the visual, superior
parietal cortex, and dorsolateral prefrontal
cortex, whereas auditory hallucinations
involve the auditory, superior temporal, and
prefrontal cortex (Bennett, 2008). A possible
cause of hallucinations is deafferentation of
selected parts of these networks, the exact
nature of the hallucination being related to
the brain area affected. Deafferentation can

result as a function of reduced
neuroplasticity making this hypothesis
compatible with the general working

hypothesis argued in this paper that mental

disorders result from impaired
neuroplasticity. Hallucinations are
distortions in transitive consciousness
prevalent during acute psychosis,

constituting abnormal mental states that can
arguably be analyzed from the standpoint of
quantum mind theories.

7. Quantum Models of Mind

Neurobiological models of consciousness
and cognition succeed at localizing mental
functions and pinpointing areas of neural
dysfunction in mental disorders.
Nonetheless, neurobiology alone does not
appear equipped to explain higher order
human consciousness. The particular
element lacking is an explanation for
subjective experience, sense of self, qualia,
volition, and spontaneity. Actions that derive
from sensory stimuli are by nature
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mechanical, thereby lacking the necessary
animus or life force that we know is a critical
ingredient to  human  psychological
experience. To fill this apparent void, a
number of multidisciplinary scientists -
ranging from neurobiologists to physicists to
mathematicians — have forcefully argued for
quantum models of mind that attempt to
account for many of the enigmatic features of
the mind, such as free will, self-
understanding, @ and  qualia.  British
neurobiologist Christopher Smith (2009)
recently reviewed the four most prominent
quantum theories of mind originated by:
John Eccles and Frederich Beck, Henry
Stapp, Stuart Hameroff and Roger Penrose,
and David Bohm. These theories are quite
distinct, with each incorporating different
elements of quantum physics.

Beck and Eccles (1992; Beck, 2008)
hypothesize that the Heisenberg uncertainty
principle comes into play during the
regulation of vesicular release of
neurotransmitters. They further suggest that
the introduction of quantum indeterminacy
into neurotransmitter release mechanisms
would allow for human free will of action.
Their notion is that an atomic process, such
as an electron tunneling through an energy
barrier, triggers exocytosis. The sheer size of
the vesicle and the large number of
neurotransmitter molecules contained in it
make it next to impossible to lend itself to
quantum tunneling processes. Although the
Beck-Eccles model abounds with novel ideas,
the crux of the theory is incompatible with
the molecular biology of vesicular
neurotransmitter release as known today
(Smith, 2009).

Stapp (2005) models consciousness
as a quantum Zeno effect, a curious effect
that occurs following multiple observations.
An  adherent to the Copenhagen
interpretation, Stapp views consciousness as
an observer-based collapse of the wave
function and the emergence of the discrete.
Regarding specific neurobiology, Stapp’s
model places quantum effects at the Ca2* ion
channel, the mechanism that governs
neurotransmitter release. The main criticism
of this idea is that ions flow in single file
across Ca2* channels and large numbers of
proteins are involved in regulating that flow,
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which would be expected to cancel out any
subtle quantum effects (Smith, 2009).

The quantum mind model developed
by Hameroff and Penrose is a synthesis of
the notion Penrose (2004) put forth on
objective reduction with ideas Hameroff
(1987) put forth regarding MTs being
subcellular automata in cells. Objective
reduction, while controversial in physics,
attempts to get around the problem of
needing an observer to have collapse of the
wave function according to the Copenhagen
interpretation of quantum events. The
solution invokes loop quantum gravity,
which, controversial in its own right,
identifies superposition states as curvatures
in space-time, which reduce to a single
space-time curvature at an objective
threshold (Hameroff, 1998). A plausible
motive force for objective collapse in the
brain needs to be identified, and it is
conceivable that MTs or the subunit tubulins
that compose them have something to offer
to this concept. Tubulins, acting as qubits
that communicate with one another via
quantum entanglement induced by physical
interactions, perform quantum
computations that would be influenced by
synaptic activity, and other neuronal
conditions, to orchestrate the collapse that
gives rise to cognitive events. The notion
that MTs are capable of performing
computations that are sensitive to quantum
effects is quite intriguing and will be
elaborated upon in more detail later in this
paper.

Bohm’s quantum mind model (1990)
is a significant departure from the others and
does not have a neurobiological correlate.
Nonetheless, Bohm’s ideas about implicate
order may offer explanations as to how
events at widely discrepant time scales may
be interdependent.

A fifth (but  historically first)
quantum model of the mind is also notable.

Thermofield Brain Dynamics (TBD),
originally postulated by Ricciardi and
Umezawa (Ricciardi et al., 1967), and

advanced by Jibu and Yasue (Jibu et al.,
1995), and further developed by Vitiello
(Vitiello, 1995; 2003), describes the brain in
terms of a coherent water dipole field created
by dipolar solitons interacting with the
neuronal cytoskeleton. Lost symmetry in the
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dipole field vacuum state, from stimuli
induced symmetry breaking, is preserved by
low energy boson condensates that may be
re-excited by similar stimuli, thus recalling
memories. The brain tunes itself by
influencing the vacuum state through the
generation of background signals, while
energy exchange with the environment
allows dual ground state modes (one for the
system, and the other for the environment).
These three wave functions (environment,
memory, and self-tuning) interfere in the
vacuum state with resulting matches
between wave functions giving rise to
conscious events.

8. Speculations on Thought
Disruption Based on Quantum Models
of Cognitive Processing

As has been discussed earlier in this paper,
neurobiological evidence exists for MTs and
actin filament participating in
neuroplasticity  relevant to  cognitive
functions. Moreover, there is an apparent
derailment of cognition and of dynamic
cytoskeletal function in mental illness. Those
facts alone, however, do not lead to an
understanding of how cytoskeletal proteins
contribute to or mediate higher cognitive
functions. This is especially true for those
inexplicable functions such as self-awareness
and volition. A radically new view of MT and
actin filament networks inside neurons can
potentially account for these higher
functions.

Based on their ability to propagate
signals through the neuron, MTs and actin
filaments can be viewed as computationally
relevant nanowire networks that operate
within neurons (Woolf et al., 2010). Rather
than inputs to neurons being limited to
causing discrete responses, this viewpoint
offers the possibility of local and global
neuroplasticity, based on the cytoskeleton
computing and storing templates that
translate  patterns of inputs across
widespread synapses into the “behavioral”
output of the neuron. This behavioral output
of the neuron is not limited to axonal firing
and dendritic integration of
electrochemically mediated inputs. Instead,
it includes connecting the cell nucleus with
the postsynaptic density, initiating transport
of receptor molecules, membrane proteins,
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organelles, and mRNA, regulating neurite
motility, restructuring of spines and complex
dendrite architecture, the lateral movement
of receptor and membrane proteins of
neurons, governing the availability of ion
channels in the membrane, and more.
Potential computational modes for MTs and
actin filaments are beginning to be
understood, with at least two quantum
models for MT information processing
having been proposed.

In the Penrose-Hameroff model,
tubulin dimers made up of o-tubulin and
B-tubulin act as qubits, existing in
superposition until a collapse selects one of
two conformations (Hameroff, 1998). The
biological feasibility of the model has been
questioned because the rapid thermal
decoherence of entangled states would
appear to be incompatible with millisecond
time scales relevant to neurophysiology
(Tegmark, 2000). Coherence times can be
extended by counterion shielding, actin
shielding, intrinsic error correction, among
other properties; nonetheless, decoherence
remains an issue (Hagan et al., 2002).
However, recent experiment has shown
room temperature quantum effects in
photosynthesis (Lee et al., 2007; Engel et al.,
2007) and conjugated polymer chains
(Collini et al., 2009). Nonthermal radiation
at 8.085 MHz has been observed from MTs,
and while not necessarily an indication of a
quantum condensate or coherence, it
remains a possiblility (Pokorny et al., 2001).
Reimers et al., (2009) and McKemmish et
al., (2009) state that this radiation could
only be the result of a weak condensate that
could not result in the coherent motion
necessary for the Penrose-Hameroff model,
however their results are based on a linear
chain of coupled oscillators rather than the
cylindrical geometry of MTs leaving the
question still open. An alternative possibility
is that this radiation results from coherent
water within the MT lumen as suggested by
the TDB model. Another issue at hand is the
range of motion in tubulin dimers when they
are polymerized into stable MTs, bringing
into question whether intact MTs allow two
potential conformations of tubulin dimers.
McKemmish et. al. (2009) clearly
demonstrate that repeated exchanges
between the GTP and GTP-bound forms of
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tubulin within MTs are not supported by
current experimental evidence; however
while the conformational states are generally
identified as tubulin-GTP and tubulin-GDP

the Penrose-Hameroff model does not
specify the precise nature of the
conformational  states envisaged, so

alternatives remain a possibility. Notably,
there is evidence for conformational changes
(i.e., tilting to one or the other side) for -

tubulins in intact MTs depending on whether
they are bound to motors such as kinesin or
to MAPs such as tau (Santarella et al., 2004;
Hirose et al., 1999), however the consistency
of the timescales between such interactions
and the Penrose-Hameroff requirements
remains in question. Clearly, these issues are
not completely resolved as Reimers,
McKemmish and colleagues suggest.

In an alternative model, Craddock
and Tuszynski (2009) describe classical and
quantum information processing in MTs
based on a double-well potential in the
interior of the tubulin dimer. This double-
well potential enables a mobile electron to
pass over an energy barrier, transitioning
from a ground state to an excited state,
whereupon these states interact with the MT
lattice vibrations. Isolation from thermal
energy present at physiological temperatures
would be necessary for any such delicate
states to have an impact on neurophysiology
or neuroplasticity.

Cellular automata models indicate
that classical and quantum information
processing in MTs is in principle possible at
room temperature, given there exists a
synchronizing clocking mechanism in the
picosecond range (Craddock, Beauchemin,
and Tuszynski, 2009). A global clocking
mechanism might derive from coherent
molecular vibrations, electric fields that span
across membranes, or other yet to be
described phenomena. Craddock and
colleagues describe four potential types of
behavior exhibited by MT automata
consisting of tubulin arrays where
progression over 300 steps leads to: a
homogeneous state (type I), a simple stable
or periodic structure (type II), an
unpredictable pattern (type III), or complex,
sometimes long-lived localized structures
(type IV). Type IV behavior, which is
associated with information processing
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systems, is possible in MTs at physiological
temperatures if the tubulin dielectric
constant is above 7.8 and the potential
barrier height exceeds 116 meV. The
dielectric constant of tubulin has been
calculated at 8.41 (Mershin et al., 2004),
consistent with this model.

MT dysfunction occurring in mental
illness might be expected to cause abnormal
mixtures of types I — IV behaviors. For
example, one might imagine that depression
results from too little type IV behavior,
whereas anxiety, mania and thought disorder
might result from too much type IV
behavior. The strength of a model that deals
with information processing modes in MTs is
that it enables a direct relationship to be
made between fundamental protein function
at the atomic level and complex cognitive
functioning. A remaining hurdle for this
particular cellular automata model is that the
synchronous updating was calculated to
occur on a picosecond time scale, which lies
below the millisecond time scale relevant to
neurophysiology by a factor of ~109. MT
dynamics do produce an endogenous
clocking mechanism in the form of periodic
phases of polymerization and
depolymerization, but the time scale for
these oscillations is in order of minutes
(Mandelkow et al., 1988). There are multiple
oscillators, clocking mechanisms, and
generators of synchrony in brain, however,
and the way they interact may have
implications for MT information processing.

Neural rhythms, with time scales
ranging from milliseconds to seconds,
synchronize the forebrain and are mediated
by neurotransmitter systems such as
acetylcholine, norepinephrine, and serotonin
(McCormick, 1989; Steriade, 2004; Cape and
Jones, 1998). These neurotransmitter
systems further fluctuate according to
endogenous, 24-hr circadian rhythms that
further fluctuate according to the season of
the year (Kafka et al.,, 1983). There is
enormous range: millisecond time scales
differ from circadian time scales by an order
of magnitude of ~108, and if one extends that
to a 4-month season, an order of magnitude
of ~10%. Given that neural events at the
millisecond time scale can affect neural
states at the circadian and seasonal level, it is
possible that quantum states at the
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picosecond scale could affect neural activity
at the millisecond scale and above, at least in
principle. It is also conceivable that these
multiple oscillators operating at widely
discrepant time scales in brain are connected
on some basic level, not entirely dissimilar
from Bohm’s notions of an implicate order.

It is not necessarily a requirement for
MT information processing to avoid
decoherence up to millisecond time scales to
have effects on neural events. What would be
essential is that multiple oscillators be
interdependent and sensitive to redundant
patterns. Such interdependence might
enable events operating at the shortest time
scales and tapping into quantum
mechanisms to affect larger scale events. It is
easy to see how patterns of neural activity in
a given individual occurring during any given
day could affect their sleep that night and
their mood the following day (and in the case
of affective disorders mood changes that
persist for months, even years). It is not the
single firing of a single neuron, but rather
patterns in neural firing that affect future
sleep and mood. In the case of quantum
events scaling up, billions of quantum
computations in MTs would be responsible
for moving millions of proteins over
nanometer distances, with the most salient
among the collective effects affecting neural
activity on millisecond time scales.

Dysfunction among the multiple
oscillators that govern cognitive function
may be a fundamental feature of mental
disorders. Disturbances in synchronous
neural activity from 2 Hz to >40 Hz (which
binds information into cognitive percepts)
are found in schizophrenia (Singer, 2009).
The affective disorders are associated with
disrupted circadian rhythms (Mendlewicz,
2009; Schulz and Steimer, 2009). Rapid
cycling affective disorder produces dramatic
mood shifts with regular periodicities
ranging from 29 — 185 days (Mizukawa et al.,
1992). Seasonal affective disorder specifically
occurs in winter months, thereby having an
annual cycle (Rastad et al., 2008). Without
modern treatments, bipolar disorder
episodes of mania or depression recur in
multiyear cycles ranging from several
months to nearly a decade (Oepen et al.,
2004). Perhaps the most convincing
evidence for disturbed rhythms in mental
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illness is that drugs commonly used to treat (Orch OR) model (Hameroff, 1998). Both

mental illness act on neural rhythms.
Cortical oscillations are produced or
modulated by  neurotransmitters -
serotonin, norepinephrine, acetylcholine, or
dopamine — systems that are targets for
neuropharmacological agents effective at
treating symptoms of mental illness.

Given that mental illnesses
associated  with  dysfunctional
abnormal oscillations between
polymerization-depolymerization cycles
might additionally come into play. It is
further conceivable that classical and
quantum information processing in brain
MTs could be impaired in mental illness, to
the extent that such information processing
modes are validated by experimental
support.

are
MTs,

9. Conclusion

As mentioned by Mender (2010), the two
most  notable  quantum-neurodynamic
perpectives on brain function are the TBD
model (Ricciardi et. al., 1967; Jibu and Yasue
1995; Vitiello 1995), and the Penrose-
Hameroff Orchestrated Objective Reduction
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