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1. ABSTRACT 
 

Evolution can be viewed as a dynamic process 
that leads to increased complexity. This process appears to 
be driven by the interplay between a breaking of symmetry 
in biological organisms that leads to increased 
differentiation and complexity on one hand, and the 
intrinsic tendency of physical systems to maintain 
symmetry on the other. Thus thermal ratchets act to break 
symmetry, suggesting they may have played an important 
role is the evolution of complexity, while physical systems, 
including biological ones, have a tendency to maintain 
symmetry. We propose that, in the brain, development is 
driven by a combination of asymmetry-creating properties 
of cytoskeletal thermal ratchets and by the symmetry-
maintaining properties of cytoskeletal tensegrity 
architecture.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.  INTRODUCTION 
 

Traditional Darwinian evolution has struggled to 
explain the apparent increase in complexity of biological 
organisms that has occurred over geological time. Lamarck 
saw evolution as a process of increasing complexity and 
“perfection”. Thermal ratchets act to do work using only 
the energy present in Brownian motion. A variety of 
proteins have been shown to act as thermal ratchets, 
including the cytoskeletal elements microtubules and actin 
filaments. The presence of thermal ratchets in living 
organisms allows the development of complex processes 
and organisation not driven purely by chance or natural 
selection.  

 
The evolution of complexity has been 

traditionally seen as largely due to co-evolution of different 
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organisms. However, at least during the very early stages of 
evolution when living organisms “progressed” from non-
biological beginnings, this factor would not have been in 
play. Indeed, thermal ratchets can only operate if there is a 
loss of symmetry, such as that seen with cytoskeletal 
elements, and the attachment of motor proteins and 
substantially long-time correlations, such as that seen with 
the finding of molecules under biochemical conditions (1). 
The action of these thermal ratchets will then further reduce 
a system's symmetry and thus provide a feedback loop 
engendering further biological complexity.  

 
There is experimental evidence that the 

polymerization of cytoskeletal elements, a process that 
requires a thermal ratchet mechanism, results in decreased 
symmetry. When a bead is coated with molecules that 
promote actin polymerization, initially it is surrounded by a 
symmetrical cloud of actin filaments. This symmetry is 
then broken spontaneously, after which the bead undergoes 
directional motion (2). Such behavior is only possible in 
molecules that have a significant “off-rate”, such as actin 
and microtubules (3). If the off-rate is small, symmetry-
breaking cannot occur because the filaments are constantly 
growing and thus maintain symmetry about the bead, 
causing the bead to undergo a random walk with step-size 
smaller than the size of the actin subunit. If the off-rate is 
too high, the filaments will depolymerise and the bead will 
undergo a random walk dependent on the diffusion 
coefficient of the bead. Interestingly, polymerizing 
microtubules can activate F-actin assembly in neuronal 
growth cones (4), suggesting that the asymmetry introduced 
into the system by the polymerizing microtubules is 
sufficient to cause actin polymerization. 
  

Alexander (5) suggested a way in which such a 
loss of symmetry can lead to ordered structures. His 
suggestion is that if a system loses one level of symmetry, 
it will act to try to conserve remaining levels of symmetry. 
This can lead to differentiation that conserves as much of 
the previous symmetry as possible. Thus thermal ratchets, 
which act to decrease the symmetry of biological systems, 
will also act to create differentiation. This again suggests 
that such Brownian ratchets may have played a key role in 
the generation of biological diversity both through doing 
work without energy inputs and through the disruption of 
Brownian symmetries.  

 
3. THERMAL RATCHETS AND BRAIN 
ASYMMETRY 
 
3.1. Microtubules, actin and asymmetry 

Microtubules are also required for the 
specification of asymmetry in various systems. Zebrafish 
blastomeres require substances transported along 
microtubules from the vegetal hemisphere into the yolk cell 
for correct axis formation, and the initial asymmetry is 
dependent on an array of parallel microtubules (6). RNA 
encoding Vg1 (vegetal 1) protein, which is required for the 
initiation of the left-right axis (7), is localized by its 
association with microtubules in Xenopus oocytes (8), 
again showing a key role for microtubules in the 
development of asymmetry. 

 However, it appears that actin plays a more 
fundamental role in the determination of asymmetry in 
early development. There is an unambiguous chiral 
polarization in maternally-derived actin in Xenopus laevis 
embryos and disruption of this chirality with anti-actin 
drugs leads to randomization of left-right orientation of 
tadpole heart and gut (9). A role for actin is also seen in the 
development of left-right body handedness in gastropods, 
with actin-depolymerization neutralizing handedness (10). 
Myosins also appear to be important in actin-dependent 
asymmetry since handedness of the gut and testes is 
reversed in a Drosophila myosin mutant (11). 

  
The breaking of symmetry by actin and myosin at 

the rear of keratocytes prior to cell movement also suggests 
that the actin thermal ratchet plays a key role in this cellular 
process (12). What occurs may be similar to the movement 
of a bead by actin polymerization driven by thermal-ratchet 
(2).  

 
3.2. Breaking of symmetry accompanies increased 
complexity in evolution  

The breaking of symmetry necessarily 
accompanies increased complexity in biological systems. 
This process may be driven by thermal ratchets. Symmetry-
breaking and the evolution of development has been 
reviewed by Palmer (13). Asymmetry has apparently arisen 
as often through non-genetic factors as through mutation, 
supporting our theory that thermal ratchets may underlie 
the process. In addition there have been declining instances 
of asymmetry-reversal over geological time, suggesting 
that increased complexity canalizes evolution. This again 
agrees with a model whereby organisms over time show 
reduction in symmetry and an increase in complexity 
driven by thermal ratchets.  
 
3.3. Actin in neuronal growth  

Both actin filaments and microtubules are 
required for correct axon and dendrite growth in neurons. 
Similarly, addition of a microtubule-depolymerising drug 
slightly affects dendritic growth and completely abolishes 
axonal growth. Addition of an actin-depolymerising drug 
causes a curly morphology in axons. This suggests that 
actin acts to antagonise the asymmetry introduced into axon 
growth by polymerising microtubules (14). The direction of 
turning of the growth cone in developing neurons also 
depends on both microtubules and actin. Selective 
stabilisation of microtubules causes the growth cone to turn 
towards the stabilised microtubules (15) while microtubule 
destabilisation causes a turning away. This again suggests 
that the asymmetry introduced into neuronal growth by 
polymerising or depolymerising cytoskeletal elements is 
crucial for the development of neuronal topology.  

 
Interestingly actin also undergoes some strain-

stiffening since this seems to be a property of filamentous 
proteins arranged in an open cross linked mesh (16). Actin 
filaments also undergo buckling, again suggesting that they 
may play a role in counteracting compression forces in a 
cell (17). The force generated by polymerising actin 
filaments has been found to be 0.4-1.6 pN for a moderate 
length of actin filament (~10µm), rising up to 10 pN for 
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much shorter actin filaments (17). This is of the same order 
as the force needed to extract a membrane tether from 
growth cones which is about 8 pN (18). Therefore the force 
generated by actin polymerisation may, in itself, be 
sufficient to promote growth cone-extension.  

 
It appears that actin may have two distinct roles 

in neuronal growth. Actin forms two structures at the 
growing tip of the growth cone ï€ filopodia and 
lamellipodia, which have different functions. Filopodia 
contain actin filaments with their growing tips oriented 
towards the cell surface (19), while lamellipodia have an 
actin meshwork (20) that plays a role in regulating tension 
necessary for growth cone movement (21). Interestingly, in 
Aplysia growth cone, actin polymerises at the leading edge 
and depolymerises in peripheral regions, enabling these 
subunits to add onto the growing ends of actin filaments 
(22). This may also be necessary to keep the length of actin 
filaments involved in growth cone extension relatively 
short, so that they can exert sufficient force to overcome 
membrane tension.  
 
3.4. Limiting thermal ratchet-dependent growth  

Since both microtubules and actin will 
polymerise under conditions of tension, the question arises 
how does a cell stop this polymerization from getting out of 
hand? It appears that for microtubules in axons and 
dendrites this is done by controlling the amount of tubulin 
available for polymerization. The protein superior cervical 
ganglia, neural specific 10 protein (SCG10) sequesters 
tubulin subunits, thus reducing the amount of free tubulin 
available for polymerization in growing neurons. In turn C-
Jun N-terminal kinase (JNK) phosphorylates SCG10, thus 
reducing its tubulin sequestering potential in developing 
neurons (23). This control of tubulin subunit availability 
appears to be sufficient to regulate the growth of axons and 
dendrites (23). Therefore the concentration of tubulin 
subunits in a growing neuron has to be precisely controlled 
for correct growth. 

  
Indeed, model neurons sharing the same channel 

densities and anatomical size can derive functional 
differentiation from their dendritic topology (24) which is 
dependent on the cytoskeleton. The differential growth of 
neurites in a single cell can be modeled as the outcome of 
competition between the neurites for tubulin subunits (25). 
This competition explains how cessation of growth in one 
neurite can promote growth in other neurites, resulting in 
dormant growth cones (25). The concentration of tubulin 
subunits in a particular neurite is therefore a major 
determinant of that neurite's growth. It follows that the 
microtubule thermal ratchet, which depends upon the local 
concentration of tubulin subunits, may thus be a major 
determinant of neuronal topology and hence brain 
development and function. 

  
Another important property of microtubules is 

their tendency to undergo catastrophic depolymerisation. 
This may in fact be necessary to restrain microtubule 
growth by thermal ratchet mechanisms. If there is a large 
amount of free tubulin, for example in SCG10-deficient 
neurons, this promotes microtubule growth but also 

promotes microtubule catastrophe (26). Indeed mechanical 
forces, such as tension, in the microtubule cytoskeleton act 
to destabilize microtubules at low tubulin concentrations 
(27), possibly providing a necessary brake on thermal-
ratchet microtubule-dependent growth of neurons. 

  
Actin thermal ratchet activity appears to be 

suppressed by the cross-linking of actin filaments by 
various proteins. Artemin, a member of the glial cell line-
derived neurotrophic factor family that supports sensory 
neuron survival, down regulates a number of genes 
involved in the regulation of actin dynamics and causes an 
increase in neurite length and branching (28). In addition, 
actin is more easily extracted by detergent from the growth 
cone of the axon than from the growth cones of other 
neurites, indicating that here, where maximal growth is 
required, the actin thermal ratchet is relatively 
unencumbered by interaction with other proteins (29). 
Presumably, when a neuron undergoes growth, the actin 
cytoskeleton is in effect deregulated, thus allowing the 
thermal ratchet properties of the molecule to take over and 
hence promote elongation of actin filaments and growth. 
This model is supported by a study using knockout of the 
actin cross-linking protein Neurabinl, which caused 
dendritic spine outgrowth (30). Cross linking of actin fibres 
would be expected to limit the ability of individual actin 
filaments to polymerise in response to tension. Removing 
this cross linking would allow individual actin fibres to 
respond to tensional forces, thus increasing the 
effectiveness of their thermal ratchet properties in 
increasing growth. Indeed, in Drosophila bristle cells, non-
crosslinked actin turns over more quickly while crosslinked 
actin turns over more slowly but persists (31).  
 
4. TENSEGRITY AND BRAIN SYMMETRY 
 
4.1. The role of tensegrity in coupling small-scale 
asymmetry in the cytoskeleton to cellular symmetry  

Symmetry-breaking requires that the cytoskeletal 
elements in question are held together by weak non-
covalent bonds so that there is a significant off-rate of 
subunits (2). Efficient symmetry-breaking also requires that 
there is significant tensional load on the cytoskeletal 
elements. The fact that actin polymerization is sensitive to 
mechanical force enables small-scale biochemical 
interactions to generate large-scale cellular reorganisation 
(2). The same probably applies to tubulin and microtubules 
since they are also a thermal ratchet. 

  
Tensional integrity, or tensegrity, is a model that 

has been able to explain complex mechanical behaviours in 
viruses, nuclei, cells, tissues and organs in animals, insects, 
and plants (32). This model states that biological structures 
gain their shape stability and ability to exhibit integrated 
mechanical behaviour through use of the structural 
principles of tensegrity architecture (32). In the simplest 
terms, tensegral structures maintain shape stability within a 
tensed network of structural members by incorporating 
other support elements that resist compression (32). One of 
the major predictions of the tensegrity model is that long-
distance force transfer should be observed in a tensegral 
structure. The model also predicts that pre-stress of the 
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structural components is a critical determinant of the 
stability of the structure's shape. Tensegral structures tend 
to be symmetrical, indeed this property can be used to 
discover new tensegral structures for a given connectivity 
(33).  

 
It has been suggested that the cytoskeleton may 

form a tensegral structure that regulates the response of the 
cell to mechanical forces (34). In this model cytoskeletal 
elements act with nuclei, extracellular matrix (ECM) 
components, membranes, cell-ECM adhesions, cell-cell 
adhesions and surface processes to transmit mechanical 
signals across cells or tissues (34). For example, mutations 
in actin-binding protein myosin VIIa, harmonin, cadherin 
23, protocadherin 15, and scaffolding protein sterile α motif 
(SAM) underlie Usher syndrome I (USH1), the most 
frequent cause of hereditary deafness-blindness in humans 
(35). This is probably due to a defect in the hair-bundle of 
the mechanosensitive structure that is receptive to sound 
stimulation, suggesting that hair-bundle-mediated adhesion 
forces may be required to transmit sound (35). Thus 
tensegrity provides an interesting theoretical framework in 
which to interpret cell biological processes. A number of 
organs in the animal body have been postulated to represent 
tensegral constructs. These include the respiratory system 
of birds (36), the human spine, limbs, and visceral system 
(37), and embryos (38). Here we propose that the brain also 
represents a form of tensegral construction.  
 
4.2. The brain as a tensegral structure  

The brain is an unusual organ in that it is made 
up mostly of neurons and associated cells. Neurons are 
connected to one another via axons and synapses, creating 
an interconnected whole. It has been suggested that 
tension-based morphogenesis might underlie the 
compactness of neural circuitry in the adult brain (39). This 
envisages that during cerebral growth interconnected 
regions should pull together while weakly connected 
regions drift apart. While this model has merit, it envisages 
tension acting through viscoelasticity plus active growth 
and retraction. This is at variance with a tensegrity model 
of the brain in that it does not provide a key role for 
compression-resistant elements which enable mechanical 
forces to be transduced across tissues without the need for 
active growth and retraction. 

  
The brain undergoes pulsatile movements (40). If 

the simple viscoelasticity model were fully correct, it 
would be expected that the brain would show uniform 
motion across its tissue. In fact the basal ganglia and the 
brain stem move in opposite directions (40). In addition the 
entire brain does not move simultaneously since a second, 
slower, movement takes place after the initial movement. 
The movement of tensegrity “modules” or joints in 
opposite directions is typical of a tensegral system, unlike 
what is seen in elastic structures (41). Also suggesting that 
the brain is a tensegral structure is the “dimpling” observed 
when electrodes are inserted into brain tissue (43). This 
“dimpling” typically occurs when a concentrated load is 
applied (towards the centre) of any vertex of any 
triangulated system (43). Indeed the brain is often modeled 

as a tetrahedral mesh (44). This is appropriate for a 
tensegral structure, but not a viscoelastic one.  
 
4.3. Action at a distance  

One of the predictions of the tensegrity model of 
the brain is that there will be reorganisation of brain tissue 
at a distance from any perturbation in another region. In 
fact the theory that damage to one part of the nervous 
system can have effects at a distance was popular during 
the 19th century (45). Following brain injury to rats, 
astrocytes proliferate not only at the site of injury but also 
at a distance from the wound (46). Moreover, damage to 
one hemisphere of the brain can also depress metabolism in 
the other hemisphere (47), and ischemic cortical lesion can 
lead to changes in neurons in uninjured distant areas of the 
brain (48). While it is possible that these changes may be 
due to other forms of intercellular communication, it is 
plausible that they may be due to changes in the overall 
structure of the brain and forces experienced by individual 
neurons as a result of altered mechanotransduction across 
tissue.  

 
4.4. Integration of mechanotransduction with cell 
biology  

If the brain truly works on the principles of 
tensegrity, then we would expect that the cell biology of its 
function would reflect this, and even use this property to 
actively modulate brain function. There is some evidence 
that this may indeed take place. Axons are made up of three 
types of cytoskeletal elements: intermediate filaments 
(neurofilaments), actin, and microtubules. In the traditional 
cell biological tensegrity model, actin provides the tension 
while microtubules provide the compression element (32). 
It appears likely that actin does play a major role in the 
maintenance of tension throughout neural tissue. For this to 
occur there must be a continuous physical connection 
between actin filaments across synapses. Here the actin 
filaments connect with the synapse plasma membrane, 
which is then linked to the opposing synapse with adhesion 
molecules. 

  
One of the main compression elements in 

neurons appears likely to be the intermediate filaments 
(neurofilaments). The intermediate filament peripherin is a 
critical determinant of the overall shape of neurons (49), 
and heavy neurofilament subunits are required in axons 
with large calibres (50). In addition, neurofilaments 
undergo strain-stiffening which indicates a role in bearing 
compression loads (16). Thus intermediate filaments may 
bear a considerable part of the compression load in an 
axon. It appears that spectrin is the main protein linker 
between the compression and tension elements in the axon 
since spectrin binds both actin and neurofilaments (51). A 
recent study shows what happens to neurons when the 
tension element (actin) is not connected to the compression 
element (intermediate filaments). In Caenorhabditis 
elegans lacking beta-spectrin, axons spontaneously break 
from acute strain generated by movement (52). 

  
Interestingly, it appears that the brain may 

actually target this link between compression and tension 
elements in axons to cause apoptosis in certain cells. This 
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may play a role during brain development and learning, 
where connections that come under great strain may be 
broken. This may then cause the cell with the broken axon 
to undergo apoptosis. This form of apoptosis is known as 
Wallerian degeneration (53). N-methyl-D-aspartate 
(NMDA) receptor channels are modulated by membrane 
stretch (54), and in turn activate calpain protease that 
cleaves spectrin (55). This mechanism may be used to 
“prune” unwanted axons and neurons. In this model, stretch 
caused by brain movements activates NMDA receptors, 
which then cause protease degradation of spectrin and thus 
leads to axon breakage and apoptosis. On the other hand, 
percussion injury of the brain causes breakdown of spectrin 
at a distance from the injury (56). Here it may be a case of 
a mechanism that normally operates to prune individual 
axons and neurons that become pathogenic when large 
parts of the brain experience high mechanical stress. 

  
Microtubules also play a major role as 

compression-resistant elements in cells. They act to 
decrease cellular elasticity (57), which has the effect of 
reducing tension on actin filaments and thus reducing actin 
polymerisation via the thermal ratchet mechanism. 

 
4.5. Tensegrity in disease  

Another study also indicates that distribution of 
mechanical force through the brain may play a fundamental 
role in its function (58). This study examined the 
expression of genes involved in cell death and survival 
following mechanical stretching of organotypic brain slice 
cultures. The authors found that a subset of these genes was 
differentially regulated by mechanical stretching and that 
the expression of these genes was correlated with the 
mechanical parameters of the stretch. This again suggests 
that mechanical forces are crucial in regulating brain 
function. 

  
Among the genes investigated was the 

Alzheimers' gene amyloid precursor protein 695 (APP695) 
(58). Expression of this gene was negatively correlated 
with strain rate, indicating that mechanical tension and 
compression may play a role in neurological disease. Here 
a lack of tension in the parts of the brain affected by 
Alzheimer's disease could lead to upregulation of APP751 
(the disease-causing variant protein) and hence increased 
amyloid deposits and disease. This study also found that 
neurotrophic factors increased in response to mechanical 
stretching. Indeed brain-derived neurotrophic factor 
(BDNF) plays a role in mechanosensation (59), suggesting 
the presence of a positive feedback loop between 
mechanosensation and neurotrophic support. Neurotrophic 
factors regulate survival of neurons and have been 
implicated in many neurological diseases. Therefore the 
upregulation of neurotrophic factors by mechanical stretch, 
or down regulation by a lack of tension, may also play a 
role in various neurological disorders.  

 
4.6. Tensegrity and consciousness  

While the study of artificial intelligence is still in 
its infancy, the research of Mark Tilden is of particular 
interest. He has designed robots that are autonomous by 
mimicking designs seen in nature. Apparently, triangular 

and hexagonal circuits using a 60 degree angle 
allowed the development of emergent behaviours, in 
contrast to circuits built using “Manhattan logic” with 
90 degree angles. Calvin makes an interesting proposal 
as to how this may work in the brain (60,61,62). In this 
model memories are evoked by cortical neurons, each 
neuron helping to implement other memories as well. 

  
Given standard excitatory axon length, 

recurrent excitation between some cell pairs produces 
entrained firing patterns (60). Indeed cells in cortical 
minicolumns often reacted to the same kind of stimuli 
and fire in synchrony. If an entrained pair tends to 
recruit additional cells that are equidistant, the most 
efficient anatomy would be six equally-spaced axon 
branches from the same cell (60), or a triangular mosaic. 
Because simultaneous arrivals at the outlying neuron are 
important rather than equal length, the axonal length can 
vary so long as conduction velocity or synaptic delay 
can be varied. Interestingly, these triangular mosaics of 
entrained points will give rise to a hexagonal mosaic of 
spatiotemporal patterns.  

 
Incredibly, in the dorsocaudal region of medial 

entorhinal cortex cells, spatial firing fields show a 
hexagonal grid pattern (63,64), and this pattern also 
occurs spontaneously in a two-dimensional spin glass 
model (65). This provides direct confirmation of 
Calvin's model and supports the idea that neurons are 
arranged, at least in this part of the brain, in triangular 
fashion. This also agrees with our tensegrity model that 
predicts the underlying shape of neuronal connections in 
the brain to be triangular. Indeed if rubber bands are 
strung in a triangular-shaped frame from equally spaced 
points with three-way crossings, they will form a 
hexagonal tessellation (Fuller 1975). This might be the 
way in which neurons are organised in the cortex, with 
cell bodies at the crossings and six axons radiating from 
each in a plane. Here the axons are the elastic 
(tensional) elements while the supporting triangular 
frame is the compression-resistant element. Other 
tensegral arrangements can also give rise to hexagonal 
shapes, for example, joining three-strut tensegral 
octahedron can form a geodesic sphere with hexagons 
separated by equilateral triangles (43). 
  

Thus the structure and function of the brain can 
be seen as a dynamic interplay between the asymmetry 
introduced by the thermal ratchets of the cytoskeleton and 
the symmetry-seeking properties of tensegrity.  

 
4. BRAIN SYMMETRY AND ASYMMETRY AND 
HIGHER COGNITIVE FUNCTIONS 
 

It has been suggested that brain asymmetry may 
be necessary for some higher cognitive functions. For 
example, musicians with perfect pitch show stronger 
leftward asymmetry in the planum temporale than those 
without perfect pitch (66). However, brain symmetry and 
bilateral representation appears to increase language skills 
(67). Thus both symmetry and asymmetry may play a role 
in higher cognitive functions.  
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5. PERSPECTIVE 
  

The dynamic interplay between symmetry-
breaking by thermal ratchets and the inherent tendency of 
physical systems to maintain symmetry is seen in the 
coupling of symmetry-breaking by cytoskeletal elements to 
the cellular tensegral framework. This might help to 
explain the function of the brain, which also appears to be a 
tensegral structure with properties reflecting the properties 
of the constituent cytoskeletal elements.  
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