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Abstract
In this paper we discuss the role of the fatty acid composition of brain cells and in platelets in the
emergence of psychiatric disorders such as major depression and the bipolar disorder. We argue
that the linoleic acid concentration plays the role of a control parameter and there is a critical
value of the linoleic acid concentration that determines a transition from healthy mental state to a
pathological state. We draw an analogy with symmetry breaking in physical systems where at a
bifurcation point on the phase diagram, infinitesimal perturbations to the state of the system result in a transition to a new global attractor state. This is in contrast to the situation away from the
critical point where cause and effect are usually found in a linear or almost linear relationship.
This observation may have major implications for both diagnostics and therapeutics of mental
disorders when viewed as triggered by molecular causes.
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1. Introduction
Modern neuroscience relates consciousness with the synchronized firing of groups of neurons as a result of ac*
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tion potential propagation and activation via synaptic connections between neighboring neurons (Nicholls et al.,
2011). Higher cognitive functions including perception, attention, decision-making, learning, memory, and consciousness have been shown to be associated with synchronized oscillations in the firing of large neuronal
groups. This phenomenon is known as neuronal synchrony (Abeles & Corticonics, 1991), and interruptions of
these specifically patterned electrical signaling oscillations are observed in various diseases of the brain such as
epilepsy or Parkinson’s disease. However, much less is known about psychiatric disorders and their correlation
with molecular level functioning and organization of the brain or indeed with structural aberration of its elementary functional unit, the neuron.
Large-scale coherent synchronization of firing events across regions of the brain results in a cascade of cognitive processes including the formation and maintenance of memory, and perceptual stabilization. These coherent
neuronal firing oscillations thus cannot be simply considered a byproduct of brain function, but rather must have
a specific functional role in the organization of signaling among neurons. However, it is unclear what mechanism causes human or animal cognition to result from the synchronized firing of brain cells. Much of this activity
concerns the neuron’s membrane and membrane-bound structures such as ion channels. Rapid electrical signals
propagating via gap junctions coupled with postsynaptic potential inhibition can create temporal gaps, allowing
time for the generation of action potentials via excitatory neurons. Action potentials involve waves of ionic
(Na/K) currents traversing the membranes of neurons through ion channels at speeds on the order of 1 m/s.
Clearly, the membrane is the substrate through which electric ionic current events in the form of solitary waves
propagate and hence its structure must have an effect on how these currents propagate. The cell membrane is
selectively permeable to ions and organic molecules and controls the transport of material in and out of cells, including neurons. The basic function of the cell membrane is to protect the cell from undesirable external effects,
allow the passage of indispensable nutrients and microelements, and maintain the cell’s structural and functional
integrity. It consists of the phospholipid bilayer containing cholesterol and a variety of fatty acids with embedded proteins, some of which form ion channels. Cell membranes are involved in a variety of cellular processes
such as cell adhesion, ion conductivity and cell signalling and serve as the attachment surface for various extracellular structures.
The cytoskeleton is found underlying the cell membrane in the cytoplasm and provides scaffolding for membrane proteins to anchor to, as well as forming organelles that extend from the cell. Indeed, cytoskeletal elements such as actin filaments and microtubules interact extensively and intimately with the cell membrane and
its components. It is, therefore, plausible that the measurable electrical events propagating across and along the
neuronal membrane affect the structures within the neuron such as the cytoskeleton, in particular its microtubules (Brown & Tuszynski, 1997). Microtubules have been extensively investigated in connections with various
aspects of cognition including memory formation, information processing as well as neurodegenerative diseases
(Woolf, Priel, & Tuszynski, 2010a; Craddock et al., 2012; Craddock et al., 2012).
As the neuronal cytoskeletal network effectively connects synapses throughout the cell, electric perturbation
in the form of an ion influx at the postsynaptic density can easily propagate throughout the cytoskeletal network
responding to multiple inputs. The resulting signal, integrated from these multiple inputs, affects the neuron’s
response through electrical control of voltage-gated ion channels controlling neural signaling and higher cognitive function in a process of vertical integration across scales. The temporal focusing of synaptic inputs by coincidence detection, can allow for communication between neurons via synchrony. Additionally, the interaction
between cytoskeletal electric signaling and electromagnetic fields generated by firing neurons would effectively
make the cytoskeleton an antennae network working to enhance, and amplify the neural response to a spectrum
of electromagnetic fields. Overall, this conceptual framework suggests that the electrically active neuronal cytoskeleton is integral to neuron function and cognitive processes (Craddock, Priel, & Tuszynski, 2014) implications for higher cognitive function (Woolf, Priel, & Tuszynski, 2010b) but it co-exists and interacts with the
membrane, which is a direct conduit for electrical current ion flows. It has been suggested that a parallel channel
of information storage and processing may involve electronic conductivity through a protein such as tubulin
(especially protein filaments) via electron hopping as has been theorized and modeled by investigating semiconducting bands of tubulin within the regular periodic microtubule lattices (Hameroff, Nip, Porter et al., 2002;
Friesen, Craddock, Karla et al., 2015). What has been strangely only rarely considered in the molecular level
descriptions of cognitive processes involving the cytoskeleton is the inclusion of and interaction with the cellular
membrane, a structure that is critically important to maintaining all living processes in cells of all types. In this
paper we bring into focus the role of membrane in psychiatric disorders. It should be noted here that the mean-
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ing of cellular membrane is focused on its fatty acid profile. In its general sense, there exist some examples of
such studies, e.g. Rasenick’s studies on cellular membrane G-protein interactions with tubulin (Rasenick, Donati,
Popova et al., 2004) and lipid raft interaction with MTs are related to depression and suicide thus to “cognitive
processes” (Donati & Rasenick, 2003).
In particular, in our opinion the composition of its fatty acids is critically important in the incidence of major
psychiatric disorders. Fully appreciating this fact and taking it into account diagnostically could be of enormous
practical significance since the current classification system of mental disorders is largely subjective. It is based
on a phenomenological usage of questionnaires (the latest being DSM-5) that are periodically updated but conceptually unchanged for several decades. This manual, which creates a common language for clinicians involved
in the diagnosis of mental disorders, includes concise and specific criteria intended to facilitate an assessment of
symptom presentations in a variety of clinical settings such as inpatient, outpatient, partial hospital, consultation-liaison, clinical, private practice, and primary care. Current classification systems do not satisfactorily explain phenomena and entities of mental illness, nor do they reliably predict them. The classification systems we
currently use are mainly based on consensus views but not primarily on empirical findings. Moreover, genetic
findings may be vulnerable to misclassification. Unsurprisingly, clinicians have great difficulties to predict catastrophic events such as suicides because they can only look at such retrospectively. We propose here to develop
cellular/molecular-based models in order to create a more adequate explanatory framework for psychopathological phenomenology. Ideally, we wish to enlist quantum-formal actuarial tools for rigorous prospective estimation of the impact of random and potentially predictable events on the evolution of illness states and catastrophic
events. (i.e. to find a balance between random and predictable factors that determine a particular event or state
which come actually in effect from the whole spectrum of possible events or states). The first step in this direction is to examine how the structure and composition of the membrane may be correlated with the incidence of
various psychiatric disorders.

2. Fatty Acids and the Brain
The cell membrane consists of three main classes of amphipathic lipids: phospholipids, glycolipids, and sterols
(Mouritsen, 2005). The relative amount of each lipid depends upon the type of cell, but in the majority of cases
phospholipids are the most abundant. The fatty chains in phospholipids and glycolipids usually contain an even
number of carbon atoms, typically between 16 and 20. The 16- and 18-carbon fatty acids are the most common.
Fatty acids may be saturated or unsaturated, with the configuration of the double bonds nearly always “cis”. The
length and the degree of unsaturation of fatty acid chains have a profound effect on membrane fluidity (Gray,
Groeschler, Le et al., 2002) as unsaturated lipids create a kink, preventing the fatty acids from packing together
as tightly, thus decreasing the melting temperature (increasing the fluidity) of the membrane (Marsh, 2010;
Yang, Sheng, Sun et al., 2011). Due to the importance and role of the cell membrane in transport and integrity of
cells, these properties affect the functioning of cells including neurons. How this results in behavior of organs
such as the brain, composed of individual cells communicating with other cells via membrane-based events, is
an important question that needs elucidation.
The space between the phospholipid molecules (polar head) decreases when the fatty acids are saturated and
increases when unsaturated (see Figure 1), it determines the molecular refolding caused by the presence of
double bonds. After the second double bond, the molecule folds up further reducing the space when compared to
linoleic acid (C18:2). As is possible to see in Figure 2, in fact, the alpha-linolenic acid omega 3 (C18:3) occupies a smaller space.
Linoleic acid is the fatty acid that occupies, within the membrane lipid bilayer the greatest space (see Figure
2).
In 1929 Burr and Burr discovered the characteristics of essentiality of two fatty acids: linoleic acid and αlinolenic acid (Burr & Burr, 1929). These acids belong, respectively, to the series of n-6 and n-3 fatty acids; that
is to say that they have a final carbon-carbon double bond in the n-6 and n-3 position, counting from the methyl
end.
In nutrition, the concept of essentiality means that a nutrient cannot be synthesized by the organism and its
intake by food is required. The absolute lack of the two fatty acids in a person is manifested by severe and progressive pathological phenomena affecting organs and systems, and may lead to death. The two fatty acids have
a complex metabolic activity which, through the action of desaturases and elongases, produce, respectively,
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Figure 1. Schematic of the structural differences between saturated and unsaturated fatty acids.

Figure 2. From left to right: Saturated fatty acids, monounsaturated fatty acid, di-unsaturated fatty acid (C18:2 n-6), tri-unsaturated fatty acid (n-6) and tri-unsaturated fatty acid (n-3) in
spatial representation of maximum steric hindrance.

arachidonic acid (C20:4, n-6) (linoleic acid) and eicosapentaenoic acid (C20:5, n-3) and docosahexaenoic acid
(C22:6, n-3) (α-linolenic acid), which are commonly known as EPA and DHA, without the possibility of interchange between the two metabolic pathways.
Arachidonic acid and DHA are essential for the growth and chemical maturation of brain, during fetal and
neonatal development, of all animals, including humans (Hornstra et al., 1995; Uauy et al., 1990; Neuringer et
al., 1986; Cocchi & Noble, 1992; Cocchi, 1993; Noble & Cocchi, 1990). Linoleic acid and α linolenic acid are
distributed in cell membranes of the whole organism, in variable concentrations. This applies mainly to the
linoleic acid, while the α-linolenic acid is, in all biological districts, present in very low concentrations (Abbott
et al., 2012). This suggests the capacity of functional aspects more complex for the linoleic acid (in addition to
the production of arachidonic acid), while for the α-linolenic acid, the main role seems to be to ensure the
production of the correct amount of EPA and DHA.
In hibernating animals, e.g., if there is an insufficient amount of linoleic acid in brown adipose tissue in the
pre hibernation period, this would lead to changes in the flow of calcium ions in the cardiomyocyte, which may
result in cardiac arrest (Carneheim, Cannon, & Nedergaard, 1989). The linoleic acid, unlike other districts, as
first reported, inexplicably is present in very small concentrations, close to zero, in the brains of animals (Cocchi,
Tonello, Gabrielli et al., 2014) and humans, regardless of age, from the embryo-fetal stage to advanced
senescence in all phospholipid fractions (Svennerholm, 1968). Because the values of its concentrations are even
lower than the analytical error, therefore, it will likely never be possible to accurately evaluate changes in the
concentration of linoleic acid in the brain, and even less, to correlate any change to molecular dynamics corre-

44

M. Cocchi et al.

sponding to possible pathological phenomena. In a particular cell, the platelet, which is known to be a mirror of
the neuron in psychiatric disorders (Cocchi, Tonello, & Gabrielli, 2012a; Takahashi, 1976; Stahl, 1977; Pletscher & Laubscher, 1980; Da Prada, Cesura, Launay et al., 1988; Kim et al., 1982; Musselman, 1996; Camacho
& Dimsdale, 2000; Plein & Berk, 2001; Bowden, 2001), were found significant fluctuations of linoleic acid in
reference to different psychiatric disorders (Major Depression, Bipolar Disorder, Obsessive Compulsive Disorder and Suicide Attempts) and Ischemic Cardiovascular Disease, i.e. very low concentrations in suicide
attempts and cardiovascular disease and high concentrations in Obsessive Compulsive Disorder (Benedetti et al.,
2012; Benedetti et al., 2014; Cocchi, Gabrielli, & Tonello, 2013; Cocchi, Tonello, & Gabrielli, 2012b, 2012c;
Cocchi, Tonello, & Lercker, 2010; Tonello & Cocchi, 2010; Cocchi & Tonello, 2010a, 2010b; Cocchi, Tonello,
& Rasenick, 2010) (see Figure 3).
The Map obtained by the SOM, has classified: Normal subjects (N), Obsessive Compulsive Disorder (1),
Major Depression (2), Bipolar Disorder (3), Suicide Attempts (4), Psychosis (5), according to the linoleic acid
concentration in different cases (see Figures 5-7).

Figure 3. Linoleic acid ranges from the minimum to the maximum and distributes itself, over the Self Organizing Map
(SOM) (Stachowska et al., 2004), like a fan (see Figure 4). The self Organizing Map is a type of Artificial Neural Network.
It is an important tool to analyze non-linear data. It becomes essential to elaborate in the same time datas with many variables e.g. membrane fatty acids profile. The SOM is an unsupervised competitive-learning network algorithm, which classifies and groups the samples according to the characteristics of similarity. Within the SOM similar items are placed near and
different objects are placed far (Kohonen, 2000; Cocchi, Tonello, & Tsaluchidu et al., 2008).

(a)

(b)

(c)

Figure 4. Curves representing the levels of the fatty acids: (a) palmitic (C16:0); (b) linoleic (C18:2); and (c) arachidonic
(C20:4) selected by the SOM, in platelets, for the classification of the Mood Disorders. Brown (maximum concentration) and
Blue (minimum concentration).
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Figure 5. Percent concentration of the platelet’s linoleic acid (C18:n-6) in heart ischemic subjects compared to normal (mean
age 33.97 ± 12.4) and young adult (mean age 22.7 ± 3.7) subjects. Ischemic 1 and 2 are related to two different experiments
in subjects who undergo coronarography (1 = beginning of the pathology, 2 = advanced and worst pathological conditions).
The red circle underlines the lowest concentration of linoleic acid in the ischemic people.

Figure 6. Percent concentration of the platelet’s linoleic acid (C18:n-6) in Major Depression and Bipolar Disorder subjects
compared to normal and young adult subjects (subjects with Major Depression and Bipolar Disorder have been identified by
SOM and confirmed by psychiatric diagnosis, having excluded subjects in first diagnosis). The red circle underlines the
lowest concentration of linoleic acid in the ischemic people and depressive subjects.

Figure 7. Percent concentration of the platelet’s linoleic acid (C18:n-6) in Major Depression and Bipolar Disorder subjects
compared to ischemic subjects. The red circle underlines the lowest concentration of linoleic acid in the pathologic subjects
studied.
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These figures show clearly that a low linoleic acid concentration is typical of subjects with Coronary Artery
Disease and Mood Disorders. It seems that linoleic acid is deeply involved in the molecular properties and functions of the cell membrane in both healthy and pathological cases. Taking into account the characteristic of essentiality of linoleic acid, an absolute zero of linoleic acid concentration in the brain, would, probably, mean the
cessation of life. The dramatic effect of the linoleic acid’s effects in shown in Figure 8.
In practice, from the biological point of view, the concentration of linoleic acid in the brain appears to be attributable to an unavoidable selectivity of incorporation into the membranes, almost to guarantee the maintenance of the stability of the brain functions. On the other hand, it is known, that the desaturase activity of linoleic
acid, in the brain, is negligible (De Mar, 2006) and this further demonstrates that linoleic acid is not subject to
metabolic activities of transformation, presumably, to maintain as constant as possible its very low concentration.
We have previously described a striking similarity between platelets and neuron cells in terms of their fatty
acid composition in their membranes. As Figure 9(a) shows, there is a marked decrease of the linoleic acid
concentration values in the brains of control subjects compared to those involved in suicides (not due to MDMajor Depression) and suicides due to MD (Lalovic et al., 2007). Figure 9(b) shows that the linoleic acid concentration decreases from controls to subjects with Mood Disorders (no suicide cases) and subjects who have
attempted a suicide due to psychiatric reasons. Also for very different concentrations the behavior is the same.
We have not considered the SD for platelet’s fatty acids because the SOM has not used it. In the case of the
study in ref. (Lalovic et al., 2007) also if the authors state no significance among the three groups of subjects,
the SD of the linoleic acid concentration in the case of suicides for psychiatric reasons is smaller (more than two
times) than the others. This means that the value is very stable and that there is a trend to a decrease of Linoleic
Acid in suicide for psychiatric reasons.
As of yet, there are no reports on the effects on subjects’ behavior as a result of even small variations (both
upwards and downwards) in the very low concentration of linoleic acid in the brain.

3. Linoleic Acid and Symmetry Breaking
Symmetry breaking in physics describes a phenomenon where even infinitesimally small fluctuations acting on

Figure 8. Diagram of two different brain regions showing the very low level of linoleic acid and a different trend in ventral
prefrontal cortex in comparison to the orbito frontal cortex (Lalovic et al., 2007).
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Figure 9. (a) Percent concentration of linoleic acid in the controls, in suicides not due to MD and suicides due to MD (Lalovic et al., 2007); (b) Percent concentration of linoleic acid in platelets of control, depressed and suicide attempts subjects
for psychiatric reasons (Lalovic et al., 2007); (c) The percent concentration of linoleic acid has an opposite trend in the orbito-frontal cortex than in the ventral prefrontal cortex (decision making area), suggesting that this one is critical for suicide
ideation (Benedetti et al., 2012).
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a system crossing a critical point decide the system’s fate, by determining which branch of a bifurcation curve is
taken. This means that the system undergoes instability when it crosses its critical point and instead of a uniquely stable state in the so-called disordered phase, it has more than one (usually two) broken-symmetry (ordered)
states. To an outside observer unaware of the fluctuations, the choice of the one of several broken symmetry
states may appear arbitrary (Anderson et al., 1997). The measurable quantity that bifurcates is called an order
parameter (e.g. magnetization of a ferromagnet) and the variable that is externally varied, which affects the system’s behavior is called a control parameter (e.g. the ambient temperature). This process is called symmetry
“breaking”, because such transitions usually bring the system from a symmetric but disorderly state (paramagnetism) into one or more ordered states (ferromagnetic domains), which are physically equivalent. In the example of magnetic systems, above the Curie temperature a magnetic system exists in a disordered paramagnetic
phase while below the Curie temperature it bifurcates into the ferromagnetic phase characterized by a non-zero
net value of magnetization (order parameter). Each orientation of the magnetization vector is equivalent (defining magnetic domains) but this rotational symmetry is broken by an infinitesimal fluctuation of a local magnetic
field resulting in the formation of specific magnetic domains with well-defined orientations of their order parameter, i.e. magnetization vectors.
Symmetry breaking phenomena are closely related to phase transitions, many of which (but not all) have underlying broken symmetries. Phase transitions in physical systems have been quantitatively and conceptually
elucidated with the advances made by the Renormalization Group Theory in the 1970s. These advances partly
derive from the discovery of the role of the control parameters (e.g. temperature and pressure) that drive the
systems to instability when approaching their critical values and the resultant changes in the corresponding order
parameters (e.g. the value of net magnetization in a ferromagnet) that describe the major physical changes in the
critical system under study. The basic underlying principle that is used to determine the equilibrium state of a
macroscopic system is the second law of thermodynamics. In the case of thermally and materially isolated systems, this translates into the condition that the entropy S should achieve a maximum value. However, phase
transitions usually occur in systems that are not isolated from their surroundings but are in continuous contact
with a heat reservoir at a fixed temperature T, which requires minimizing the free energy function, F.
The most fundamental difference between living systems and the non-living systems in view of thermodynamics is that by definition the former exist in states that are far from thermodynamic equilibrium. Living systems survive only because there is a flux of matter and energy between them and their surroundings, and an export of entropy into their surroundings to compensate for the creation and maintenance of structural order (entropy reduction) and functional organization. Nevertheless, there exist phase transitions in far-from-equilibrium
physical systems too, for example the so-called Bénard instability, when a fluid heated from below reaches a
critical temperature gradient threshold and makes a transition from a uniform to a convective phase.
In a previous paper on a related topic, Cocchi, M., Gabrielli, F., Pessa, E., Pregnolato, M., Tonello, L., & Zizzi, P. (2012) introduced the idea of symmetry breaking in mental states with a different approach where it was
related to major depression and bipolar disorder through the b2 index, corresponding to two different pathological conditions which involve all the three fatty acids and not only the linoleic acid. In this case the symmetry
breaking is related to the linoleic acid but exclusively related to the brain and not to mental pathology, which is a
pure biological observation. This is independent of pathology but can explain that the phylogeny has acted only
in the complexity of the brain connections and not on the membrane structure. In other words, the hardware is
the same for all animals and guarantees the brain stability but the brain’s software changes according to the
stage of animal evolution unto the man (Cocchi & Minuto, 2015).

Linoleic Acid: A Critical Element of Psychopathologies?
In this paper we postulate that there is a critical concentration of just the linoleic acid in the membrane of neuronal cells, which defines a symmetry breaking situation with respect to the human mental health. In other words,
the concentration of the linoleic acid in neuronal membranes is a control parameter for the mental state of the
subject. Deviations from this critical concentration lead to a broken symmetry of the mental state and either lead
to the patient’s Bipolar Disorder or Major Depression. These manifestations of pathological mental states can be
characterized as the emergence of a non-zero value of the order parameter. In mentally healthy subjects, the
concentrations of fatty acids fall within a range of values shown in Figure 3 and Figure 4. The regions on the
phase diagram of the fatty acid concentrations that correspond to serious mental state pathologies have been re-
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cently delineated by Cocchi and Tonello and are also shown here in Figures 3-7. Since a transition between the
normal mental state and various pathological types appears to be extremely sensitive to the fatty acid concentration ratio, we postulate this is a phase transition in the phase space of mental states and this concentration ratio is
a suitable control parameter (a knob) which determines the onset of bifurcation from a disordered state (normal
mental state) to any of the broken symmetry states (mental pathologies such as the Bipolar Disorder, Major Depression, etc.). Naturally, if this is an appropriate representation, new and important questions arise, namely: “is
it a reversible transition?”, if so, how can the fatty acid concentration ratio be manipulated back to the normal
range? Can there be other means of restoring the symmetry of the mental state by the use of external control parameters (e.g. pharmacological agents, electro-stimulation, nutritional means, etc.)?
Finally, it should be noted that there is also a class of systems exhibiting quantum critical phenomena (Sachdev, 2011) and a quantum version of symmetry breaking. In physical systems, they generally are limited to extremely low temperatures but this is dictated by the fact that thermal equilibrium is required. Because living
systems, in particular, conscious ones operate far from thermal equilibrium, it is possible that the associated
quantum symmetry breaking phenomena may occur at high enough temperatures required by human physiology.

4. Conclusion
Two questions arise simultaneously as a result of the above discussion:
1) Could the concentration of linoleic acid in neuronal membranes represent a bifurcation point in a symmetrybreaking phenomenon in the brain with a finely defined critical value?
2) Could linoleic acid conceivably result in the maintenance of quantum effects in the brain?
Answers to these questions cannot come exclusively from biology, but should be the subject to investigations
involving quantum physics and physics of critical phenomena. Above, we have elaborated on potential discussion points in regard to these questions from a phenomenological perspective. A mechanistic molecular-level
model of these effects is still required to provide deeper insights. Finding a molecular “tipping point” such as the
critical concentration of linoleic acid in the membrane of neuronal cells is of major importance to both diagnostics and therapeutics of mental disorders. In this paper we have provided a conceptual framework and some empirical data that support this radically new and important idea.
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