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- Transition from nonconscious (superpositioned quantum information) to
classical information, with consciousness the transition itself.

— Binding via quantum coherence, condensation and/or entanglement.

— Libet’s backward time referral and other temporal anomalies.

— The hard problem of conscious experience via Whitehead
pan-protopsychism connected to fundamental space-time geometry
(Sect. 6.8.4, [90]).

Penrose initially suggested the possibility of superpositions of neurons both
firing and not firing as qubits. Microtubules seemed ideal for the type of
quantum computation Penrose was suggesting.

Penrose implied that nonconscious processes capable of becoming con-
scious utilize quantum information. What do we know about nonconscious
processes?3?

6.6 The Quantum Unconscious

German psychologist Frederic Meyer in 1886 described subliminal conscious-
ness, followed by William James’ transmarginal consciousness or fringe, a re-
gion of the mind just outside consciousness but accessible to it (e.g. access
consciousness, [19]).

Sigmund Freud saw dreams as the “royal road to the unconscious” whose
bizarre character was due to censorship and disguise of thwarted drives.
Freud’s ideas became downplayed, and dreams characterized as mental static
(e.g. [102, 103]). However, recent brain imaging shows dream-associated REM
sleep activity in regions associated with emotion and gratification [215, 216].

Chilean psychologist Ignacio Matte Blanco ([154], cf. [188]) compared
logic structure in dreams to the Aristotelian logic of waking consciousness in
which, for example, the logic statement:

If x, then y

does not imply the statement:
If y then x.
This is obvious to our conscious minds. For example:

If the light turns green, then I go

39 I equate nonconscious, unconscious, subconscious and preconscious processes as
potentially capable of consciousness. That is, they utilize both classical processes
and quantum superposition. However, there are clearly brain processes that are
almost exclusively nonconscious and utilize classical processing. But in principle
such processes could become conscious. For example, practitioners of certain
types of yoga gain conscious control over normally nonconscious processes such
as intestinal peristalsis.

i
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Does not imply:
If I go, then the light will turn green.

However, from decades of dream analysis Matte Blanco determined two non-
Aristotelian axioms of the logic of the unconscious: symmetry and general-
ization. In dreams:

If x then y
(according to symmetry) implies that also:
If y then x.
In dreams, according to Matte Blanco:
If the light turns green, then I go
implies that also:
If I go, then the light turns green.

Generalization means that any entity is a part of a whole, and when symmetry
and generalization are combined, paradox occurs. For example:

If a hand is part of the body

then also:
The body is part of the hand.

The seeming contradiction of any set being a subset of itself defines an infinite
set, and is also holographic (and fractal). Any part of a whole also contains
the whole within the part.*°

Symmetry also means that:

If event a happened after event b,
then also:
Event b happened after event a.

From this Matte Blanco concluded: “...the processes of the unconscious
...are not ordered in time”.

Another implication of unconscious logic is that apparently negating
propositions (e. g. p and not p) may be true, resulting in coincidence of con-

40 According to neuroscientists Karl Lashley and Karl Pribram, memory is holo-
graphic. Multiple overlapping homunculi in both the central and peripheral ner-
vous systems also suggest holography. Finally, there are serious suggestions that
the universe is holographic.



232 Stuart Hameroff

traries. For example (to use Matte Blanco’s example):
x is alive

and
x is dead

are both true (e. g. when time is removed). More generally, according to Matte
Blanco, “the unconscious is unable to distinguish any two things from each
other”.

The unconscious utilizes multiple coexisting possibilities, inseparability
and timelessness, very much like quantum information. Matte Blanco sum-
marized the unconscious as “where paradox reigns and opposites merge to
sameness”, also an apt description of the quantum world.

6.7 Quantum Computation in Microtubules —
The Orch OR Model

6.7.1 Specifics of Orch OR

In a proposal for the mechanism of consciousness, Roger Penrose and I sug-
gested that microtubule (MT) quantum computations in neurons are orches-
trated by synaptic inputs and MT-associated proteins (MAPs), and terminate
(e.g. after 25ms, 40Hz) by Roger’s objective reduction (OR) mechanism.
Hence, the model is known as orchestrated objective reduction, Orch OR.
Complete details may be found in Penrose and Hameroff [174], Hameroff and
Penrose [89, 90] and Hameroff [91]. The key points are:

1. Conformational states of tubulin protein subunits within dendritic MTs
interact with neighbor tubulin states by dipole coupling such that MTs
process information in a manner analogous to cellular automata that reg-
ulate neuronal activities (trigger axonal spikes, modify synaptic plasticity
and hardwire memory by MT-MAP architecture, etc.).

2. Tubulin conformational states and dipoles are governed by quantum-
mechanical London forces within tubulin interiors (nonpolar hydrophobic
pockets) so that tubulins may exist as quantum superpositions of differing
conformational states, thus acting as quantum levers and qubits.4!

41 Proteins may be optimally leveraged as qubits in terms of being 1) large enough
to exert causal efficacy in the macroscopic world, and 2) small enough/delicately
balanced to be regulated by quantum forces. In Hameroff and Penrose [89] the
gravitational self-energy E was calculated for tubulin superpositions at the level
of 1) entire tubulin protein separation, 2) separation at the level of atomic nu-
clei, and 3) separation at the level of nucleons, i.e. protons and neutrons. The
dominant effect is for separation at the level of atomic nuclei, the Fermi length
of 107% nm. The eigenstates (differing possible classical positions) of such slight
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3. While in superposition, tubulin qubits communicate/compute by entan-
glement with other tubulin qubits in the same MT, other MTs in the
same dendrite, and MTs in other gap-junction-connected dendrites (i.e.
within a hyperneuron). Thus quantum computation occurs among MTs
throughout macroscopic regions of brain via tunneling through gap junc-
tions or other mechanisms.*?

4. Dendritic interiors alternate between two phases determined by poly-
merization of actin protein: a) In the liquid (solution: sol) phase, actin
is depolymerized and MTs communicate/process information classically
(tubulin bits) with the external world. During this phase synaptic ac-
tivities provide inputs via MAPs that orchestrate MT processing. After
reduction, sol-phase MT output states regulate axonal firing and synaptic
plasticity. b) As actin polymerizes (e.g. triggered by glutamate binding
to receptors on dendritic spines), dendritic cytoplasm enters a quasisolid
gelatinous (gel) phase, MTs become isolated from environment and enter
quantum superposition mode in which tubulins function as quantum bits
or qubits (Fig. 6.12). The two phases alternate, e. g., at 40 Hz (Fig. 6.13).

5. Quantum states of tubulin/MTs in gel phase are isolated/protected from
environmental-decoherence by biological mechanisms that include encase-
ment by actin gelation, ordered water, Debye screening, coherent pump-
ing and topological quantum error correction (Sect. 6.7.2).

6. During quantum gel phase, MT tubulin qubits represent preconscious
(unconscious, subconscious) information as quantum information — super-
positions of multiple possibilities, of which dream content is exemplary.

7. Preconscious tubulin superpositions reach threshold for Penrose OR (e. g.
after 25ms) according to E = K/t in which E is the gravitational self-
energy of the superpositioned mass (e.g. the number of tubulins in su-
perposition), % is Planck’s constant over 2, and ¢ is the time until OR.
Larger superpositions (more intense experience) reach threshold faster.
For t = 25ms (i.e. 40Hz) E is roughly 10'! tubulins, requiring a hy-
perneuron of minimally 10* neurons per conscious event (Hameroff and
Penrose [89]). The makeup of the hyperneuron (and content of conscious-
ness) evolves with subsequent events.

8. Fach 25ms OR event chooses 10** tubulin bit states that proceed by MT
automata to govern neurophysiological events, e. g. trigger axonal spikes,
specify MAP binding sites/restructure dendritic architecture, regulate
synapses and membrane functions. The quantum computation is algo-

shifts will be significant if they are collective for all nuclei in a protein, tipping
into basins of attraction upon reduction. Thus superposition of conformations
need involve only separation at the level of atomic nuclei. The delicate balance
of powerful countervailing forces determining protein conformation lends itself
to functioning as a qubit.

42 Centriole entanglement [96], quantum optical photons, Bose-Einstein condensa-
tion.
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Fig. 6.12. Interior schematic of dendrites in quantum isolation phase. Actin has
polymerized into the gel meshwork and MAPs detached, shielding and isolating
MTs whose tubulins have evolved into quantum superposition
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"NOw" "NOW" “NOW"

E
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Experience Pre- f
conscious conscious
guantum quantum
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0 25 0
Quantum Information Quantum {nformation
Classical Information Classical Information -
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Time (T)ms

Fig. 6.13. Conscious events. Top: Microtubule automata enter preconscious quan-
tum superposition phase (gray tubulins) until threshold for OR, is met after 25 ms
(this would involve superposition of 10 tubulins in tens of thousands of neurons
interconnected by gap junctions). A conscious moment (NOW) occurs, new classical
states of tubulins are chosen and a new sequence begins. Middle: Phase diagram of
increasing superposition in gel phase that meets threshold after, e. g., 25 ms. A con-
scious event (NOW) occurs, and the cycle repeats. Bottom: After each OR event,
quantum information is sent backward in time to influence previous event. Classical
information (memory) goes forward in time
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rithmic, but at the instant of OR a noncomputable influence (i.e. from
Platonic values in fundamental space-time geometry) occurs.

9. Each OR event ties the process to fundamental space-time geometry,
enabling a Whiteheadian pan-protopsychist approach to the “hard prob-
lem” of subjective experience. A sequence of such events gives rise to our
familiar stream of consciousness.

Applications of Orch OR to aspects of consciousness and cognition will be
considered in Sect. 6.8.

6.7.2 Decoherence

Decoherence is the disruption of quantum superposition due to energy or
information interaction with the classical environment. Consequently, quan-
tum technology is generally developed in ultracold isolation, and physicists
are skeptical of quantum computing in the “warm, wet and noisy” brain.
However, biological systems may delay decoherence in several ways [36].
One is to isolate the quantum system from environmental interactions by
screening/shielding. Intraprotein hydrophobic pockets are screened from ex-
ternal van der Waals thermal interactions; MTs may also be shielded by
counterion Debye plasma layers (due to charged C-termini tails on tubulin)
and by water-ordering actin gels [95]. Biological systems may also exploit
thermodynamic gradients to give extremely low effective temperatures [152].
Another possibility concerns decoherence-free subspaces. Paradoxically,
when a system couples strongly to its environment through certain degrees of
freedom, it can effectively “freeze” other degrees of freedom (by a sort of quan-
tum Zeno effect), enabling coherent superpositions and entanglement to per-
sist [163]. Metabolic energy supplied to MT collective dynamics (e. g. Frohlich
coherence) can counter decoherence (in the same way that lasers avoid de-
coherence at room temperature). Finally, MT structure seems ideally suited
for topological quantum error correction by the Aharonov—-Bohm effect [95].
Attempting to disprove the relevance of quantum states in consciousness,
Max Tegmark ([228], cf. [203]) calculated MT decoherence times of 1073,
far too brief for neural activities. However, Tegmark did not address Orch OR
nor any previous proposal, but his own quantum MT model, which he did
indeed successfully disprove. Hagan et al. [85] recalculated MT decoherence
times with Tegmark’s formula®® but based on stipulations of the Orch OR
model. For example, Tegmark used superposition of solitons “separated from

43 The time tau to decoherence due to the long-range electromagnetic influence
%”—;J@ where T is the temperature, m is
the mass of the ionic species, a is the distance from the ion to the position of
the superposed state, N is the number of elementary charges comprising that
superposed state, and s is the maximal separation between the positions of the

tubulin mass in the alternative geometries of the quantum superposition.

of an environmental ion is 7 =~
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themselves” along MTs by a distance of 24nm. In Orch OR, superposition
separation distance is the diameter of a carbon atom nucleus, 6 orders of
magnitude smaller. Since separation distance is in the denominator of the
decoherence formula, this discrepancy alone extends the decoherence time 6
orders of magnitude to 10~7 s. Additional discrepancies (charge versus dipole,
correct dielectric constant) extend the calculated decoherence time to 1072 to
10~%*s. Shielding (counterions, actin gel) extends the time into physiological
range of tens to hundreds of ms**. Topological (Aharonov-Bohm) quantum
error correction may extend MT decoherence time indefinitely [181].

Is the brain truly “wet and noisy”? In gel phase MTs are in a quasisolid
environment with ordered water. As for “noisy”, electrophysiological back-
ground fluctuations show ongoing “noise” to actually correlate over distances
in the brain [9, 51].

Quantum spin transfer between quantum dots connected by organic
benzene molecules is more efficient at room temperature than at absolute
zero [167]. The same structures are found in amino acids (phenylalanine, ty-
rosine, tryptophan) in hydrophobic pockets of proteins. Other experiments
have shown quantum wave behavior of biological porphyrin molecules [84],
and still others that noise can enhance some quantum processes [13]. Evolu-
tion has had billions of years to solve the decoherence problem (Sect. 6.8.6).

6.7.3 Testability and Falsifiability

In 1998 twenty testable predictions of Orch OR were published {91]. Among
them, the following have been validated: signaling along MTs [148, 149],
correlation of synaptic function/plasticity with cytoskeletal structure [125,
262, 165], actions of psychoactive drugs involve MTs [7], and gap junctions
mediate gamma synchrony/40Hz (numerous references cited in Sect. 6.3.5).
Others are currently being tested, and all are listed in Appendix 1. None have
as yet been proven wrong. With the possible exception of the link to Planck-
scale geometry, all are imminently testable. Orch OR is falsifiable — it need
only be shown that consciousness can occur without dendrites, gap junctions
(or some other mechanism for brain-wide quantum coherence), microtubules
or quantum computation and Orch OR is falsified

6.8 Applications of Orch OR
to Consciousness and Cognition

6.8.1 Visual Consciousness

Visual components (e. g. shape, color, motion) are processed in separate brain
areas and at different times but integrated into unified visual gestalts. How
does this occur? And how do 40-Hz excitations relate to longer periods as-

4 The decohering effects of radiative scattering on microtubules is negligible.
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sociated with the visual gestalt (e.g. 250 to 700 ms)? Thalamic inputs to V1
are fed-forward to areas V2, V3, V4 and LO for shape recognition, then to
V8 and V4v for color, to V5, V3A and V7 for motion, then back to V1 and
prefrontal cortex. In Woolf and Hameroff {264] we suggested that each com-
ponent step corresponded with a 40-Hz excitation, and microconsciousness
as proposed by Zeki [269]. To unify components in a visual gestalt after hun-

Integrated visual gestalt
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Fig. 6.14. A visual gestalt. Top: A crescendo sequence of 25-ms/40-Hz quantum
computations/conscious events of components of conscious vision culminating in
an integrated visual gestalt after, e.g. 250 to 700ms (modified from Woolf and
Hameroff [264]). The intensity (y-axis) is related to the amount of superposition
represented by F = fi/t. Thus the slope/intensity for each event is inversely propor-
tional to time to OR. Bottomn: Modified version in which components are referred
backward in time as nonconscious quantum information. The duration backward
in classical time is related to slope/intensity of each component event. Thus an
integrated visual gestalt occurs early in visual processing
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dreds of ms, a cumulative snowball effect — a crescendo of crescendos — occurs
(corresponding with the growth of a hyperneuron, Fig. 6.14). Commenting
on this proposal Gray [81] points out that we are conscious only of the visual
gestalt, not incremental components. This suggests that each Orch OR event
refers quantum information/qualia of visual components backward in time
(the duration proportional to E) to the initial V1 potential, resulting in an
integrated visual gestalt early in the integration process. Consequently tennis
and baseball players consciously see and recognize the ball’s shape, color and
motion early enough to respond successfully. In the color phi phenomenon
the brain fills in the gap by backward referral from the subsequent location.
Thus unlike retrospective construction, conscious sensation actually occurs
in transit between the two locations.*?

6.8.2 Volition and Free-Will

Volition and free-will raise two major issues. One is time, in which we ap-
parently act prior to processing the relevant inputs to which we respond.
Backward time referral of unconscious quantum information can solve this
problem. The other issue is determinism. If brain processes (including non-
conscious processes) and events in our environment are algorithmic — even
if highly nonlinear/chaotic — then our actions are deterministic products of
genetic influences and experience. Wegner [256] concludes that free-will is
the (illusory) conscious experience of acting deterministically. The noncom-
putable aspect of Penrose OR. can help.

Suppose [ am playing tennis about to return my opponent’s ground stroke.
As I begin to get my racket in position, I consider hitting a) to his forehand,
b) to his backhand, ¢) a drop shot. A quantum superposition of these three
possibilities (manifest as tubulin qubits) in a premotor cortical hyperneuron
evolves and reaches threshold for OR, at which instant one set of tubulin
states corresponding with one action (e.g. hit to his forehand) is chosen
resulting in the appropriate set of axonal spikes to execute the choice.

Could such actions be completely algorithmic and classical? Yes, but in
addition to the beneficial time effect, the noncomputable influence in Penrose
OR can provide intuition, tipping the balance to the appropriate choice.46
Sometimes (it seems to me at least) we do things and we’re not quite sure
why we do them.

5 The same effect can account for tactile binding (we feel our foot strike the ground,
and refer the sensation backwards in time to match the visual input) and the
cutaneous rabbit (we feel the upper-arm, elbow and wrist sensations after the
first tap and refer them to the appropriate spatial location). If no elbow or upper-
arm sensations occur, no referral of the second and subsequent wrist sensations
occur.

From either Platonic influences embedded at the Planck scale, entangled quan-
tum information from my opponent or an image from the near future, e.g. my
opponent leaning the wrong way.

46
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This is not free-will in the sense of complete agency because the non-
computable influence is ultimately deterministic.?” What we experience as
free-will is algorithmic processes influenced by noncomputable factors. This
differs from Wegner’s [256] view in that 1) our actions are not completely
algorithmic, and 2) because of backward time referral, decisions are made
consciously, concomitantly with the experience of the choice and action, and
3) consciousness is not epiphenomenal.

6.8.3 Quantum Associative Memory

Evidence suggests memory is hard-wired in dendritic cytoskeletal struc-
ture [125, 262, 165]. Woolf and Hameroff [264] suggested that perception of
a stimulus precipitates conscious awareness of associated memory via EPR-
like OR of entangled (associated) information. This implies that disparate
contents of unified consciousness remain entangled in memory [96].

6.8.4 The Hard Problem of Conscious Experience

How the brain produces phenomenal experience composed of qualia — the
smell of a rose, the felt qualities of emotions, and the experience of a stream
of conscious thought — is the “hard problem” [28].

Broadly speaking, there are two scientific approaches: 1) emergence (ex-
perience arises as a novel property from complex interactions among simple
components in hierarchical, recursive systems), and 2) some form of panpsy-
chism, pan-protopsychism, or pan-experientialism (essential features or pre-
cursors of conscious experience are fundamental components of reality, ac-
cessed and organized by brain processes).

Emergence derives from the mathematics of nonlinear dynamics, e. g. de-
scribing weather patterns, candle flames and self-organizing computer pro-
grams. Is consciousness an emergent property of interactions among neurons
(or among tubulin proteins in microtubules)? Perhaps, but emergent phe-
nomena generally have predictable and testable transition thresholds, and
none are evident for consciousness.

Panpsychism, pan-protopsychism, and pan-experientialism view con-
sciousness as stemming from fundamental, irreducible components of physical
reality, like electrical charge, or spin. These components just are. Panpsychism
holds that primitive consciousness is a quality of all matter: atoms and their
subatomic components having subjective, mental attributes (e. g. [218], [189]).
Whitehead [257, 258] eschewed panpsychism (as do I), arguing for processes
rather than objects and properties. In Whitehead’s pan-experientialism, con-
sciousness is a sequence of events — occasions of experience — occurring in what
he described as a wider, basic field of protoconscious experience. Philosopher

4T One could say that free-will involves the choice of whether or not to allow oneself
to be influenced by noncomputable factors.
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Abner Shimony [210] observed that Whitehead occasions could be construed
as quantum state reductions, consistent with Penrose OR. If so, what is
Whitehead’s basic field of protoconscious experience?

Penrose OR describes events in fundamental space-time geometry, the
foundational level of the universe. Going down in scale below the size of
atoms (1078 cm) space-time is smooth until the Planck scale at 107%% cm
where coarse granularity (i. e. information) accurs.*® The Planck scale is ap-
proached in modern physics through string theory, quantum gravity, twistor
theory, spin networks, etc. Although the correct description is unknown, it.
is known that the Planck scale is quantized and nonlocal, and the level at
which Penrose suggests quantum superpositions occur as separations, and
where Platonic values exist. It is also at this ubiquitous level that protocon-
scious qualia are proposed to be embedded [90], hence pan-protopsychism.

If so, Whitehead’s occasions of experience may be Orch OR events oc-
curring in a pan-protopsychist field manifest at the Planck scale. Quantum
computations with OR in microtubules connect our brains to the fundamen-
tal level of reality. Each Orch OR event accesses and selects a particular
set/pattern of proto-conscious qualia that manifests as consciousness at the
instantaneous moment of reduction — an occasion of experience.*® A sequence
of such events gives rise to our stream of consciousness.

6.8.5 What is Consciousness?

Orch OR is a threshold-based event, fulfilling Freeman’s [58] criterion for
consciousness: self-organized criticality occurring in the brain. Consciousness
is OR. OR is consciousness. To be consistent: 1) all quantum superpositions
are protoconscious, and 2) any Penrose OR must be conscious, regardless of
where or how it occurs. Are brains the only site?5°

48 The quantum world is generally considered to be randem, however, EPR en-
tanglement demonstrates that order exists. Measurement and decoherence may
introduce randomness and indeterminacy avoidable through Penrose OR.
Protoconscious qualia are presumed to exist in Planck scale geometry every-
where, including the space-time geometry within the brain. Because space-time
at the Planck-scale is nonlocal (e. g. as evidenced by entanglement according to
Penrose) the Planck scale configurations manifesting a particular set of qualia
would exist both in the external world and in the brain. This is perhaps akin to
the sensorimotor account of consciousness put forth by O’Regan and Noe [166].
What about quantum superpositions in nonbiological systems? Technological
quantum computers presently use superpositions of qubits with low mass sepa-
ration/low E (e. g. ions, electrons, or photons) and reduction occurs by measure-
ment well before OR. threshold could be met. Hence these systems will not be
conscious by the criteria of Orch OR. However, in principle, quantum computers
using superpositions of larger mass qubits such as perhaps fullerene technology
could reach the threshold for OR and have conscious moments.

49

50
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Superpositions are common (ubiquitous at the Planck scale, hence pan-
protopsychism) but Penrose OR requires stringent conditions. The time to
reach threshold for OR is inversely related to the amount of superpositioned
mass (E = h/t, the larger the superposition, the more quickly it reaches
threshold). Decoherence (i.e. by interaction with the environment) must be
avoided by isolating the superposition until threshold is met. Small superposi-
tions are easier to isolate/avoid decoherence but require longer times to reach
threshold. Large superpositions reach threshold quickly but are more difficult
to isolate. Conscious brain activities occur in the range of tens to hundreds
of ms (e.g. 25ms for 40Hz), requiring nanograms of superpositioned pro-
teins. Only in the brain can relatively large superpositions be isolated (e.g.
in dendrites of hyperneurons) and linked to cognition.

Proteins are optimal quantum levers, large enough to exert causal effi-
cacy in the macroscopic physical world but small (and delicately balanced)
enough to be in superposition and mechanically governed by quantum Lon-
don forces. Protein-based OR/consciousness is a self-organizing process on
the edge between the quantum and classical worlds.

6.8.6 Consciousness and Evolution

Has evolution favored consciousness? The functionalist view of conscious-
ness as illusory epiphenomenon seems to offer few advantages for adaptation
and survival. However, Orch OR offers the following: 1) Quantum computing
(e. g. search algorithms) offers faster (near-infinitely parallel) processing than
conventional computing, 2) Penrose noncomputability would confer intuitive
unpredictability, e. g. in predator—prey relationships, and 3) Backward time
referral and near-instantaneous semantic perception and response would also
be beneficial, e. g. in predator—prey relationships. Thus evolution would favor
quantum isolation mechanisms for progressively larger superpositions, e.g.
proteins, assemblies of proteins, assemblies of assemblies of proteins (neu-
rons), assemblies of neurons/hyperneurons ... brains, resulting in faster and
more useful times to OR5'. There is also the possibility that biology evolved
and adapted to a pre-existing protoconsciousness.

Large-scale quantum superpositions may exist naturally in the universe, for ex-
ample in the cores of neutron stars, or the very early universe [271], able to
reach OR threshold quickly. Such OR events would presumably lack organized
information and cognition (OR without Orch). But to be consistent with the
Orch OR criteria, yes, they would be conscious/have conscious experience, per-
haps as flashes of meaningless awareness. This issue is faced by any theory: are
all emergent phenomena conscious? Are all information processing systems such
as computers and thermostats conscious? Functionalists often obfuscate this is-
sue by saying, e.g., a thermostat is conscious in a thermostat-like way whereas
humans are conscious in a human-like way, cats in a cat-like way, etc.

51 The onset of consciousness in the course of evolution is speculated upon in
Hameroff [94].
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6.9 Conclusion

The Penrose-Hameroff Orch OR theory “goes out on a limb” to address the
puzzling facets of consciousness. It has engendered criticism because 1) it
differs markedly from conventional wisdom, and 2} significant quantum pro-
cesses seem unlikely in the warm brain milieu. But conventional wisdom fails
to address puzzling facets of consciousness, and evidence suggests that biol-
ogy has evolved mechanisms for brain-temperature quantum processes. Orch
OR is consistent with all known neuroscience, cognitive science, biology and
physics although it extends these disciplines theoretically. Moreover, unlike
conventional theories Orch OR is testable and falsifiable. Spanning neurobiol-
ogy, physics and philosophy, it is the most complete theory of consciousness.
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Appendix

Testable predictions of the Orch OR model [91]. Major assumptions are in
bold, specific predictions are numbered in lower case and pertinent supportive
references are in brackets.

Neuronal microtubules are directly necessary for consciousness

1. Synaptic sensitivity and plasticity correlate with cytoskeletal architec-
ture/activities in both presynaptic and postsynaptic neuronal cyto-
plasm [125, 120, 155, 165].

2. Actions of psychoactive drugs including antidepressants involve neuronal
microtubules [7].

3. Neuronal microtubule stabilizing/protecting drugs may prove useful in
Alzheimer’s disease, ischemia, and other conditions [107].

Microtubules communicate by cooperative dynamics of tubulin
subunits [148, 149, 246].

4. Laser spectroscopy (e.g. Vos et al. [253]) will demonstrate coherent GHz
Frohlich excitations in microtubules. (Preliminary work using surface
plasmon resonance, see Lioubimov et al. [144].)

5. Dynamic vibrational states in microtubule networks correlate with cel-
lular activity.

6. Stable patterns of microtubule cytoskeletal networks (including neurofil-
aments) and intramicrotubule diversity of tubulin states correlate with
memory and neural behavior [125, 262, 165].
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7. Cortical dendrites contain largely “A lattice” microtubules (compared
to “B lattice” microtubule, A lattice microtubules are preferable for in-
formation processing).

Quantum coherence occurs in microtubules
8. Studies similar to the famous “Aspect experiment” in physics (which
verified nonlocal quantum correlations [10] will demonstrate quantum
correlations between spatially separated microtubule subunit states a) on
the same microtubule, b} on different microtubules in the same neuron,
¢) on microtubules in different neurons connected by gap junctions.
9. Experiments with SQUIDs (Superconducting Quantum Interference De-
vice) will detect phases of quantum coherence in microtubules.
10. Coherent photons will be detected from microtubules.

Microtubule quantum coherence requires isolation by cycles of sur-
rounding actin gelation.

11. Neuronal microtubules in cortical dendrites and other brain areas are
intermittently surrounded by tightly crosslinked actin gels. (Glutamate
binding to NMDA and AMPA receptors causes actin polymerization in
dendritic spines: [53].)

12. Cyecles of gelation and dissolution in neuronal cytoplasm occur concomi-
tantly with membrane electrical activity (e. g. synchronized 40-Hz activ-
ities in dendrites).

13. The sol gel cycles surrounding microtubules are regulated by calcium ions
released and reabsorbed by calmodulin associated with microtubules.

Macroscopic quantum coherence occurs among MT in hundreds/
thousands of distributed neurons and glia linked by gap junctions.

14. Electrotonic gap junctions link synchronously firing networks of cortical
neurons, and thalamocortical networks [68, 75, 227].

15. Quantum tunneling occurs across gap junctions.

16. Quantum correlation occurs between microtubule subunit states in dif-
ferent neurons connected by gap junctions — the microtubule EPR ex-
periment in different neurons (proposal by Andrew Duggins).

The amount of neural tissue involved in a conscious event is in-
versely proportional to the event time by F = fi/t.

17. The amount of neural mass involved in a particular cognitive task or
conscious event (as measurable by near future advances in brain-imaging
techniques) is inversely proportional to the preconscious time (e. g. visual
perception, reaction times).

An isolated, unperturbed quantum system self-collapses according
to E =R/t

18. Isolated technological quantum superpositions will self-collapse accord-
ing to E = I/t (being tested — Marshall et al. [150]).
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Microtubule-based cilia/centriole structures are quantum optical
devices.

19.

Microtubule-based cilia in rods and cones directly detect visual photons
and connect with retinal glial cell microtubule via gap junctions.

A critical degree of cytoskeletal assembly (coinciding with the onset
of rudimentary consciousness) had a significant impact on the rate
of evolution.

20.

Fossil records and comparison with present-day biology will show that
organisms which emerged during the early Cambrian period with on-
set roughly 540 million years ago had critical degrees of microtubule-
cytoskeletal size, complexity and capability for quantum isolation (e. g.
tight actin gels, gap junctions; see Hameroff [94]).
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