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1. Introduction 
 

The conventional wisdom in academic science holds decidedly against the relevance of quantum 

mechanisms in consciousness (or living processes in general) above the level of inter-atomic, intra-

molecular, and inter-molecular forces which mediate chemical interactions.  Above this level, the 

wisdom holds that quantum effects are washed out by thermal decoherence or environmental interaction. 

 

Nonetheless, quantum effects above this level -- Macroscopic quantum states or coherent states -- 

have been suggested as solutions to problems in consciousness and living systems.  These suggestions 

have engendered a rash of criticism.  This week’s topic is devoted to these issues":  Are Macroscopic 

quantum states even feasible in biological systems such as the brain?  How could environmental 

decoherence be avoided in a warm, wet, seemingly noisy environment?  How could relevant quantum 

states be detected or verified? 

 

2. Quantum claims: Levels of audacity 
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To begin, let’s look at the types of claims or suggestions for quantum states in biological systems 

relevant to consciousness.  They are presented here roughly in order of increasingly "strong" claims (or 

audacity). 

 

1. Quantum effects mediate bonds (inter-atomic forces in biomolecules).  This is generally agreed 

upon.  There are no implications for Macroscopic effects or coherence, nor for consciousness or 

the living state. 

 

2. Quantum superposition originating in electrons and/or protons mediate functional activities in 

biomolecules -- e.g. protein conformation (e.g. Michael Conrad, evidence from protein 

chemistry, protein-folding problem).  This does not necessarily imply cell-wide or tissue-wide 

Macroscopic effects or coherence, but raises the scale of the quantum state to that capable of 

regulating a single protein’s conformation. 

 

3. Quantum influence on protein assemblies (e.g. pre-synaptic vesicular grid) releasing 

neurotransmitters into synaptic cleft (Beck and Eccles, 1992).  This does not necessarily imply 

Macroscopic or coherent effects.  In fact, Beck and Eccles saw the quantum influence as a purely 

random, probabilistic effect.  But it suggests quantum states/influence on the scale of an 

organelle (or assembly of proteins). 

 

4. Sites where anesthetics bind indicate the site (or at least partial site) for consciousness.  It is a 

distributed set of micro-sites of hydrophobic pockets in various brain proteins which have in 

common a particular solubility parameter value (e.g., olive oil).  Each tiny, oily pocket in the 

array is characterized by being conducive to electron delocalization within the confines of the 

pocket.  Electron dipole couplings in the tiny pockets control each protein’s conformation and 

are quantum mechanical van der Waals London forces. 

 

The anesthesia story thus indicates that protein conformational states and consciousness 

depend on quantum forces in hydrophobic pockets of certain brain proteins.  This does not 

necessarily imply Macroscopic or coherent effects.  However, such effects could be supported by 

the London forces (e.g., as a Bose-Einstein Condensate). 

 

5. Quantum influence on locations of ions (e.g., calcium ions) which influence neural function (e.g., 

Stapp).  Macroscopic coherence implied through unity of quantum wave function. 

 

6. Bose-Einstein Condensate among distributed neural proteins -- e.g. using Frohlich mechanism to 

drive coherent excitations/phonons (Marshall, 1989).  Macroscopic condensate manifests unitary 

consciousness.  Marshall’s distributed neural proteins may be the array of hydrophobic pockets 

which mediate anesthesia. 

 

7. Macroscopic quantum state arise from ordered water effects, spontaneous symmetry breaking, 

super-radiance, generation of evanescent photons with 50 micron coherence length (Jibu, Yasue, 

Hagan) 

 

8. Macroscopic quantum states in protein assemblies in particular microtubules.  The crystal-like 

lattice periodicity in microtubule structure facilitates tunneling/entanglement/condensation 

among quantum states in the arrayed subunit proteins (tubulin), with coherent pumping due to a 

Frohlich-type mechanism, stochastic quantum resonance, or what Conrad describes as 

"funneling". 
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9. The microtubule based quantum state spreads among different neuronal dendrites via tunneling 

through gap junctions, enabling brain-wide quantum states. 

 

10. Quantum states of individual tubulins in microtubules function as ‘qubits’.  And microtubules 

perform quantum compution.  The quantum superposition/quantum computation phase is 

sustained long enough (10-500 msec) to reach threshold for self-collapse by Penrose’s quantum 

gravity ‘Objective Reduction’.  Such objective reductions constitute conscious moments. 

 

Critics/skeptics of the quantum approach will take issue with items (2)-(10).  To anticipate their 

objections, in a following section I’ll refer to 3 sets of previously published critiques of the quantum 

approach (in particular the Penrose-Hameroff Orch 'OR' model) and reply accordingly. But first, let’s 

examine some of the assumptions implicit in the critiques.  For example, the question is often posed how 

could quantum states persist in the "warm, wet, noisy environment within the brain"? 

 

 

3. Assumptions: Is the brain "warm, wet and noisy?" 
 

a. Is the environment warm? 

 

Yes.  Clearly the brain operates at 37.6 degrees Centigrade, and deviations in brain temperature in 

either direction are not well tolerated for consciousness.  This temperature is quite toasty compared to 

the extreme cold needed for quantum technological devices which operate near Absolute Zero (or at 

best, sub-Siberian temperatures).  In technology, the extreme cold serves to prevent thermal excitations 

which could disrupt the quantum state.  However, proposals for biological quantum states suggest that 

biological heat is "funneled" (Conrad) or used to pump coherent excitations (Frohlich, or Fermi-Pasta-

Ulam resonance, or Davydov solitons).  In other words, biomolecular systems may have evolved to 

utilize thermal energy to drive coherence. 

 

A related question is whether consciousness is dissipative.  Clearly, biological processes are 

dissipative in general.  But there’s some suggestion that consciousness is not dissipative. 

 

Evidence from brain imaging shows a discrepancy between increased blood flow and oxygen uptake 

in areas actively involved in cognitive processing (and presumably neural correlates of consciousness).  

Large increases in blood flow are accompanied by little-or-no increase in oxygen uptake.  This has 

prompted some brain imagers (e.g., Peter Fox at San Antonio) to suggest that consciousness is anaerobic 

(i.e., does not require oxygen). 

 

As everyone knows, the brain cannot function or survive without oxygen for more than seconds or 

minutes.  So at first glance, the suggestion seems preposterous.  However as Fox points out, the energy 

cost of a phone system is largely in setting up and maintaining lines of communication.  Communication 

itself (i.e., talking on the phone) is very cheap energetically.  Aerobic processes may be necessary to set 

the stage for consciousness which in and of itself may be anaerobic and non-dissipative.  (Quantum 

computation must be non-dissipative).  How could this be? 

 

One possibility is that processes related to consciousness are phasic with cycles of aerobic, 

dissipative classical processes alternating with 2 anaerobic, non-dissipative quantum processes 

(consciousness is the transition from '2' to '1').  Phase '2' would be the pre-conscious quantum phase 

isolated from environment by actin gelation (see later section).  This is relevant because quantum 

computation must be reversible and non-dissipative.  Quantum computation would thus be well-suited to 

an anaerobic, non-dissipative phase.  Input/output environmental interactions would be well -suited to an 

aerobic, dissipative classical phase. 
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Figure 1. Schematic sequence of phases of actin gelation/quantum isolation (13) alternating with 

phases of solution/environmental communication (4) surrounding microtubules. Cycles 

may occur rapidly, e.g., 25 msec intervals (40Hz). 

 
Figure 2. An Orch 'OR' event. (a) Microtubule simulation in which classical computing (Step 1) 

leads to emergence of quantum coherent superposition (and quantum computing (Steps 23) 

in certain (gray) tubulins.  Step 3 (in coherence with other microtubule tublins) meets critical 

threshold related to quantum gravity for selfcollapse (Orch 'OR').  A conscious event (Orch 

'OR') occurs in the step 3-to-4 transition.  Tubulin states in Step 4 are noncomputably 

chosen in the collapse and evolve by classical computing to regulate neural function.  

(b) Schematic graph of proposed quantum coherence (number of tubulins) emerging versus 

time in microtubules.  Area under curve connects superposed mass energy E with collapse 

time T in accordance with E=h/T.  E may be expressed as Nt, the number of tubulins whose 
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mass separation (and separation of underlying space time) for time T will selfcollapse.  For 

T = 25 msec (40 Hz oscillations), Nt = 2 x 10
10

 tubulins. 

 

In summary, the brain is indeed warm.  The assumption/prediction by quantum advocates is that 

biological systems (at least those with crystal lattice structures) have evolved techniques to funnel 

thermal energy to coherent vibrations conducive to quantum coherence and/or to insulate quantum states 

through gelation or plasma phase screens. 

 

b. Is the environment wet? 

 

The conventional picture of living cytoplasm (cell interior) is a teeming minestrone of biomolecules.  

However, cytoplasm actually exists in different phases of (1) liquid "sol" (solution, minestrone soup), 

and (2) solid "gel" (gelatinous phases of various sorts - "jello").  Transition between 'sol' and 'gel' phases 

depends on actin polymerization.  Triggered by changes in Calcium ion concentration (or photons in 

primitive cells), actin co-polymerizes with different types of "actin cross-linking proteins" to form dense 

meshworks of microfilaments and various types of gels which encompass microtubules and organelles 

(i.e., "soup" to "jello"). 

 

Characteristics of the actin gels are determined by the particular type of actin cross-linkers.  Gels 

depolymerize back to liquid phase by Calcium ions activating gelsolin protein which severs actin (i.e., 

"jello" to "soup").  Actin repolymerizes into gel when calcium ion concentration is reduced (i.e., "soup" 

to "jello"). Actin gel (ordered water) "jello" phases alternate with phases of liquid (disordered) "soup".  

Exchange of Calcium ions between actin and microtubules (and microtubule-bound calmodulin) can 

mediate such cycles. 

 

 
Figure 3 Actin monomers self-assemble suddenly into filaments which form a meshwork.  

Lower left shows actin gel mesh encompassing hidden microtubules. 

 

The sol-gel transition is a very primitive biological phenomenon related to movement of single cells 

like amoeba or our own lymphocytes.  In these cases, the actin polymerzies in one direction and 

liquefies behind it, causing a directional flowing of cytoplasm.  (Actin also polymerizes in response to 

light).  In the 19
th

 century, Claude Bernard studied this phenomenon (which he called "cytoplasmic 
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streaming") and discovered that it was sensitively inhibited by exposure to the anesthetic gas 

chloroform.  In more complex, asymetrical cells like neurons, transport and motion utilize 

polymerization of microtubules (though actin gelation still plays a role). 

 

Even in the "sol" (or liquid phase), water within cells is not truly liquid and random.  Pioneering 

work by Clegg (1984) and others have shown that water within cells is to a large extent "ordered" and 

plays the role of an active component rather than inert background solvent.  Neutron diffraction studies 

indicate several layers of ordered water on such surfaces with several additional layers of partially 

ordered water. 

 

Protein-water binding/ordering is well studied and linked to events in hydrophobic pockets on the 

protein interior.  Wulf and Featherstone (1967) showed that anesthetic binding in a hydrophobic pocket 

altered the number of water molecules bound at the protein surface. 

 

Water molecules bound to actin and other cytoskeletal surfaces, should also be ordered and coupled 

to the actin/cytoskeletal dynamics.  (See Scott Hagan’s contribution for a description of quantum field 

theoretical approaches to the ordered states of biological water).  Watterson (1981, 1996) observes that 

in the conventional view of gelation, long cross-linked polymer solutes form a spacious network. 

 

But in living cytoplasmic gels, the water doesn't flow even though the gel is over 75% water.  NMR 

studies have shown that actin assembly results in reduced water mobility (ordering), and that distribution 

of ordered water through the cell is a heterogeneous and dynamic process.  Pauser et al (1995) 

demonstrated that 55% of the water of the vegetal pole region of frog oocytes is bound water, with less 

bound (~25%) near the animal pole cytoplasm and ~10% bound in the nucleus.  Ordered water 

distribution changes in time, also.  For example, cell cycle (mitosis) changes correlate with actin 

polymerization, gelation, and reduced cytoplasmic water motion (Cameron et al, 1987). 

 

The character of actin gelation and water ordering depends on actin cross-linking.  Of the various 

cross-linker related types of gels, some are viscoelastic but others (e.g., those induced by the actin cross-

linker avidin) are solid and can be deformed by an applied force without any response (Wacchstock et 

al, 1994).  Such shock-absorbance would be useful in quantum isolation. 

 

Cycles of actin gelation/solution can be quite rapid, occurring for example at 40 Hz.  In neurons, 

Miyamoto (1995) and Muallem et. Al. (1995) have shown that cycles of actin gelation/solution correlate 

with release of neurotransmitter vesicles from pre-synaptic axon terminals.  I’m unaware of any studies 

of sol-gel transitions in dendrites (note: a good literature review research question for any interested 

students!). 

 

So the environment is not necessarily wet, at least it’s not wet some of the time. 

 

c. Is the environment noisy? 

 

Let's consider 2 types of noise: (a) intracellular noise, presumably from thermal energy of water; and 

(b) electrical noise as manifest in electrophysiological recordings. 

 

Several proposals have been put forth suggesting that thermal energy in biological systems is 

somehow transformed into coherent excitations in biomolecules.  Michael Conrad discussed "funneling" 

of thermal energy.  And the Davydov "soliton" has been suggested and discussed for many years.  

Perhaps the best known suggestion is that of Frohlich. 
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Herbert Frohlich -- an early contributor to the understanding of superconductivity -- predicted 

quantum coherence in living cells (based on earlier work by Oliver Penrose and Lars Onsager (1956).  

Frohlich (1968, 1970, 1975) theorized that sets of protein dipoles in a common electromagnetic field 

(e.g., proteins within a polarized membrane, subunits within an electret polymer like microtubules) 

undergo coherent conformational excitations if thermal energy is supplied.  Frohlich postulated that 

biochemical and thermal energy from the surrounding "heat bath" provides such energy.  Cooperative, 

organized processes leading to coherent excitations emerged -- according to Frohlich -- because of 

structural coherence of hydrophobic dipoles in a common voltage gradient. 

 

Coherent excitation frequencies on the order of 10
9
-to-10

11
 Hz (identical to the time domain for 

functional protein conformational changes and in the microwaveor GigaHz spectral region) were 

deduced by Frohlich who termed them "acousto-conformational transitions" -- or coherent (pumped) 

phonons or optical phonons.  Such coherent states are termed Bose-Einstein Condensates in quantum 

physics and have been suggested by Marshall (1989) to provide Macroscopic quantum states which 

support the unitary binding of consciousness. 

 

As Al Scott described, experimental searches for Frohlich coherence have been confusing and to 

some extent disappointing.  However, biological mechanisms developed to isolate and protect quantum 

coherence mechanisms could also make their detection quite difficult.  Nevertheless, experimental 

evidence for Frohlich-like coherent excitations in biological systems includes observation of GigaHz-

range phonons in proteins (Genberg et al, 1991)' sharp-resonant non-thermal effects of microwave 

irradiation on living cells (Grundler and Keilman, 1983; Genzel et al, 1983); GigaHz induced activation 

of microtubule pinocytosis in rat brain (Neubauer et al, 1990); and laser Raman spectroscopy detection 

of Frohlich frequency energy (Vos et al, 1993). 

 

Also, see Scott Hagan’s contribution for a description of how Quantum Field Theory could order 

intracellular cytoplasm  [StealthSkater note: doc   pdf   URL-doc   URL-pdf  ] 

 

The second type of noise commonly assumed is electrical.  Electrophysiological recordings of single 

cell events detect fluctuations in baseline voltage over various time scales.  To get good signals from 

individual neurons, mutliple recordings are done over time and the background fluctuations averaged 

out.  The assumption is that the background fluctuation is meaningless noise.  However, Aviram 

Grinvald and his group in Israel have measured this background (Grinvald terms it "ongoing activity") 

over wide regions of brain and found the activity to be correlated.  It only appears random locally!  Over 

the whole brain, the activity is coupled … and thus may not be noise at all. 

 

One other possible factor would be the presence of plasma-like charge layers in cytoplasm.  Triffet 

and Green have suggested that double layers of opposite charges along membrane and other surfaces 

form a plasma-like "Debye layer" zone with perhaps superconductive or other quantum behaviors.  A 

similar effect may occur on the surface of microtubules.  Dan Sacket at NIH has shown that at precisely 

physiological pH the terminal chain of amino acids on each tubulin within microtubules sticks out into 

cytoplasm.  Each "hair"-like projection carries 8 negatively charged amino acids and apparently attracts 

8 positive charges on ions (e.g., 4 Calcium ions).  The counter-ions are expected to dance cooperatively 

in a quantum state plasma phase which -- according to Sacket -- could screen quantum states in 

microtubules from environmental decoherence outside the plasma layer or host relevant quantum 

mechanisms in the MT surface plasma itself.  (Sacket points out that more interesting behavior occurs 

on the surface of the earth than within it). 
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Figure 4. Negatively-charged terminal amino acids extend from each tubulin into 

cytoplasm attracting counter-ions, forming a quantum state plasma-like charge 

layer according to mechanism proposed by Dan Sacket at NIH. 

 

Sacket’s plasma sleeve may solve an old mystery in microtubule history.  In many electron 

micrograghs of microtubule cross-section, the MT is surrounded by a "clear zone" of several nanometers 

which excluded organelles, the staining agent, and apparently everything else observable.  Yet in many 

other micrographs, no such clear zone was present around microtubules.  If Sacket is correct, the plasma 

layer causes the clear zone -- but only under very specific conditions of pH. 

 

So the "warm, wet, and noisy" brain may not be as hostile an environment for ordered quantum 

states as it is reputed to be. 

 

 

4. Summary of the Orch 'OR' model 
 

Published criticisms of quantum effects relevant to consciousness will be considered in Section 5.  

As several of these are aimed specifically at the Penrose-Hameroff Orch 'OR' model, the key points of 

Orch 'OR' are presented here.  The full story is available at 

http://www.u.arizona.edu/~hameroff/royal.html  and elsewhere [SS: including doc   pdf   URL-doc   

URL-pdf ] 

 

 

1. Conformational states of individual tubulin proteins in brain microtubules are sensitive to internal 

quantum events (e.g., London forces in hydrophobic pockets) and able to cooperatively interact with 

other tubulins in both classical and quantum computation (Figures 5-9).  Classical phase computation 

(microtubule automata) regulates chemical synapses and other neural membrane activities. 
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Figure 5. Left: Microtubule (MT) structure: a hollow tube of 25 nanometers diameter, 

consisting of 13 columns of tubulin dimers arranged in a skewed hexagonal lattice 

(Penrose, 1994).  Right (top): Each tubulin molecule may switch between 2 (or 

more) conformations, coupled to London forces in a hydrophobic pocket.  Right 

(bottom): Each tubulin can also exist in quantum superposition of both 

conformational states (Figure 1a, c.f. Hameroff and Penrose, 1996). 

 

 
Figure 6. Microtubule automaton simulation (from Rasmussen et al., 1990).  Black-and-white tubulins 

correspond to black-and-white states shown in Figures 1a and 3.  8-nanosecond time steps of a 

segment of one microtubule are shown in "classical computing" mode in which conformational 

states of tubulins are determined by dipole-dipole coupling between each tubulin and its 6 

(asymmetrical) lattice neighbors calculated by where yi and ri are intertubulin distances, e is the 

electron charge, and _ is the average protein permittivity.  Conformational states form patterns 

which move, evolve, interact, and lead to emergence of new patterns. 
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Figure 7. Schematic of quantum computation of three tubulins which begin (left) in initial classical 

states, then enter isolated quantum superposition in which all possible states coexist.  After 

reduction, one particular classical outcome state is chosen (right). 

 

 
Figure 8. Microtubule automaton sequence simulation in which classical computing (Step 1) leads to 

emergence of quantum coherent superposition (Steps 26) in certain (gray) tubulins due to 

pattern resonance.  Step 6 (in coherence with other microtubule tubulins) meets critical 

threshold related to quantum gravity for selfcollapse (Orch 'OR').  Consciousness (Orch 

'OR') occurs in the Step 6 -to-7 transition.  Step 7 represents the eigenstate of mass 

distribution of the collapse which evolves by classical computing automata to regulate neural 

function.  Quantum coherence begins to reemerge in Step 8. 
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2. Quantum coherent superposition supporting quantum computation emerges among London forces 

in hydrophobic pockets of microtubule subunit tubulins (e.g. in a manner described by Frohlich, 1968; 

1975).  In this phase, quantum computation among tubulins evolves linearly according to the 

Schrodinger equation (quantum microtubule automata).  Actin gelation and a condensed charge phase 

surrounds, isolates, and insulates microtubules from thermal/environmental decoherence during the 

quantum phase. 

 

3. The proposed quantum superposition/computation phase in neural microtubules corresponds to 

preconscious (implicit) processing, which continues until the threshold for Penrose's objective 

reduction is reached.  Objective Reduction 'OR' (a discrete event) then occurs (Figures 5-7), and post - 

'OR' tubulin states (chosen non-computably) proceed by classical microtubule automata to regulate 

synapses and other neural membrane activities.  The events are proposed to be 'conscious' (i.e., to have 

qualia experience) for reasons that relate to a merger of modern physics and philosophical pan-

experientialism (see earlier lectures).  A sequence of such events gives rise to a stream of consciousness. 

 

4. Microtubule quantum states link to those in other neurons and glia by tunneling through gap 

junctions (or quantum coherent photons traversing membranes - Jibu and Yasue, 1995; Jibu et al, 1994; 

1996).  This spread enables macroscopic quantum states in networks of gap junctionconnected cells 

(neurons and glia) throughout large brain volumes (Figure 9). 

 

 
Figure 9. Schematic of proposed quantum coherence in microtubules in 3 

dendrites interconnected by tunneling through gap junctions.  Within each 

neuronal dendrite, microtubuleassociatedprotein (MAP) attachments 

breach isolation and prevent quantum coherence.  MAP attachment sites 

thus act as "nodes" which tune and orchestrate quantum oscillations and set 

possibilities and probabilities for collapse outcomes (orchestrated Objective 

Reduction - Orch 'OR').  Gap junctions may enable quantum tunneling 

among dendrites in macroscopic quantum states.  Dendritic lamellar bodies 

may act as tunneling diodes on opposite sides of gap junctions in neurons 

(see previous week’s lecture). 

 

5. Probabilities and possibilities for pre-conscious quantum superpositions are influenced by 

biological feedback including attachments of microtubuleassociated proteins ("MAPs") which tune and 

"orchestrate" quantum oscillations (Figure 9).  We thus term the selftuning 'OR' process in 

microtubules Orchestrated Objective Reduction (Orch 'OR'). 
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6. Orch 'OR' events may be of variable intensity and duration of preconscious processing.  

Calculating from E =h/T, for a preconscious processing time of e.g. T = 25 msec (thalamo-cortical 40 

Hz), E is roughly the superposition/separation of 2x10
10

 tubulins.  For T = 100 msec (alpha EEG), E 

would involve 5x10
9
 tubulins.  For T = 500 msec (e.g., shown by Libet et al., 1979 as a typical 

preconscious processing time for low intensity stimuli), E is equivalent to 10
9
 tubulins.  Thus 2x10

10
 

tubulins maintained in isolated quantum coherent superposition for 25 msec (or 5x10
9
 tubulins for 100 

msec, or 10
9
 tubulins for 500 msec, etc.) will selfcollapse (Orch 'OR') and elicit a conscious event. 

 

7. Each brain neuron is estimated to contain about 10
7
 tubulins (Yu and Bass, 1994).  If, say, 10 

percent of each neuron's tubulins became coherent, then Orch 'OR' of tubulins within roughly 20,000 

(gapjunction connected) neurons would be required for a 25 msec conscious event; 5,000 neurons for a 

100 msec event; or 1,000 neurons for a 500 msec event; etc. 

 

8. Each instantaneous Orch 'OR' event binds superposed information encoded in microtubules whose 

net displacement reaches threshold at a particular moment.  A variety of different modes of information 

is thus bound into a "now" event.  As quantum state reductions are irreversible in time, cascades of Orch 

'OR' events present a forward flow of time and "stream of consciousness." 

 

9. The key points relevant to the present discussion are that Orch 'OR' predicts that quantum states in 

microtubules are isolated from environmental decoherence for 25 msec and longer due to gelation 

surrounding MTs, plasma phase screening, ordered water, and Frohlich coherence.  Spread among 

neurons is predicted to occur by tunneling through gap junctions, though the Jibu/Yasue/Hagan 

predicted coherent domain of 50 microns would also work. 

 

 

5. Feasibility of quantum states in the brain: 
reply to quantum critics Tegmark, Tuszynski, and Scott 

 

A number of published articles have criticized the concept of quantum effects relevant to 

consciousness.  And in some cases elicited published replies.  For entertainment, I’d recommend the 

article "Gaps in Penrose’s toilings" by Rick Grush and Patricia Churchland in Journal of Consciousness 

Studies and the reply article "What gaps? Reply to Grush and Churchland" by Roger Penrose and me in 

the subsequent issue of JCS. 

 

At the close of their article (despite admittedly having not read any details of the Penrose-Hameroff 

Orch 'OR' model), Grush and Churchland conclude: "the Penrose-Hameroff model is no better 

supported than one in a gazillion caterpillar-with-hookah hypotheses".  Taking the "Alice in 

Wonderland" bait, we reply at the end of our article "it’s not that we’re in Wonderland, but p’raps their 

heads are in the sand".  The Journal of Consciousness Studies then commissioned and published as an 

accompaniment to our article a cartoon which they felt captured the (gutter-level) spirit of the debate.  

See Figure 10. 
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Figure 10. 

 

For a continuation of the intellectual food fight, I’d also recommend Pat Churchland’s chapter in the 

Tucson II book: "On non-neural theories of the mind" and my reply piece "More neural than thou".  

However, none of these directly pertain to the issue at hand.  That is, whether quantum states -- and in 

particular Macroscopic quantum states -- are bioenergetically feasible in the brain.  To best address this 

question, I consider here publications by 3 worthy adversaries and knowledgeable critics -- two of whom 

(Jack Tuszynski and Alwyn Scott) are obviously commentators here.  The first, however, is Max 

Tegmark. 

 

a. Max Tegmark 

 

In an attempt to refute quantum models of consciousness, physicist Max Tegmark at the Institute for 

Advanced Studies in Princeton has written a paper "The Quantum Brain" which is posted on the Los 

Alamos Archives under quant-ph/9907009 5 July 1999. 

 

Tegmark’s main point may be summarized: 

 

"The make-or-break issue for all these quantum models is whether the relevant degrees-of-

freedom of the brain can be sufficiently isolated to retain their quantum coherence.  Opinions are 

divided.  For instance, Stapp has argued that interaction with the environment is probably small 

enough to be unimportant for neural processes.  Whereas Hawking and Scott have conjectured 

that environment-induced coherence will rapidly destroy Macro-superpositions in the brain.  It is, 

therefore, timely to try and settle the issue with detailed calculations of the relevant decoherence 

rates.  This is the purpose of the present work." 

 

But what are the "relevant degrees-of-freedom"? 

 

Tegmark gives 2 treatments of quantum proposals: (1) superpositions of neurons firing and not 

firing, and (2) superpositions of the location of a soliton on a microtubule.  He calculates decoherence 

times due to interaction with environmental ions as 10
-20

 sec for superpsitions of neurons firing/not 

firing, and 10
-13

 seconds for superpositions of solitons on microtubules. 
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I agree with his assessment that superpositions of neurons firing and not firing is unlikely.  However, 

regarding microtubules, Tegmark considers a model of classical kinks/solitons traveling along 

microtubules published by Sataric et al (based on our classical microtubule automaton model).  Though 

he targets Penrose, Tegmark ignores the specifics of the Penrose-Hameroff Orch 'OR' proposal. 

 

Tegmark considers a kink/soliton in superposition of 2 different locations along the microtubule and 

then calculates interactions between the soliton displacement and Calcium ions associated with the 

microtubule.  If Tegmark claims to be criticizing Penrose's view, then he should at least be familiar with 

the details of the Orch 'OR' proposal which he doesn't even mention or reference.  So the "degrees-of-

freedom" that he is using in "refuting Penrose" is from a quantum model that he himself has invented, 

 

Interestingly, Tegmark ignores interactions between proposed quantum states and surrounding water, 

taking the suggestion that surrounding water is "ordered" (though he attributes this notion to Nanopoulos 

and Mavromatos, who got the idea from Penrose-Hameroff ). 

 

As far as ions inducing decoherence, this is a bit puzzling if Tegmark is assuming the water is 

ordered.  Because if the water is ordered, then the ions in the water (depending on their size relative to 

water) are also ordered.  Ions whose radius is smaller than the H2O radius (1.38 angstroms) do not 

disturb the ordering (Ergin, 1983; Uedaira and Osaka,1989; Jibu et al, 1995).  Sodium ions (radius 0.98 

angstroms), Calcium ions (1.0 angstroms), and Magnesium ions (0.72 angstroms) can all embed in 

ordered water without disturbance.  Ions whose radius is close to that of water (e.g., Potassium 1.38 

angstroms) can replace water molecules without disturbance whereas larger ions will disturb ordering.  

Chloride (1.81 angstroms) is in the latter category and should disrupt water ordering.  Chloride intra-

cellular concentration is extremely low except for terminal phase of an action potential. 

 

In any case, Tegmark calculates a decoherence time for his superpositioned kink/solitons of 10
-13

 

seconds based on an equation with the following characteristics (Eqs. 19 and 22 in his paper).  The 

decoherence lifetime is related to an expression which has in the numerator the distance a
3
 .  a is the 

distance from the superposition to the nearest ion.  Since ions may be embedded ion ordered water or 

separated from the superposition by a gel state, a in the Orch 'OR' context, at least, may be some 

distance away.  As a cubed is in the numerator, a 100-fold increase in effective a (e.g., from 0.1 

nanometers to 10 nanometers) would be 6 orders of magnitude lengthening of the coherence time. 

 

The denominator in Tegmark’s equation includes the separation distance between the separated 

superpositioned kink/solitons which he takes to be several tubulin lengths (or roughly 24 nanometers).  

However, in the Orch 'OR' model, the separation of tubulin proteins from themselves only requires the 

diameter of one atomic nucleus (or Fermi length ~10
-6

 nanometers).  This is 7 orders of magnitude 

smaller in the denominator, combined with 6 orders of magnitude larger in the numerator.  Compared to 

Tegmark’s 10
-13

 seconds, this gives us on the order of roughly 1 second.  Orch 'OR' requires 25 msec or 

longer.  I’d be happy to hear from physicists and others who would look at Tegmark’s paper and are 

familiar with Orch 'OR'. 
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Figure 11 In the Orch 'OR' model (see http://www.u.arizona.edu/~hameroff/or.html), we calculated 

gravitational self-energy for supeprosition/separation of tubulin in 3 ways: (a) as protein 

spheres, (b)at the level of atomic nuclei, and (c) at the level of individual nucleons (protons 

and neutrons).  E was highest (thus quickest, dominant collapse) for separation at the level of 

atomic nuclei. 

 

b. Tuszynski and Brown 

 

A special issue of the Philosophical Transactions of the Royal Society is devoted to quantum 

computation.  It includes a pair of articles about the possibility of quantum computation in microtubules-

-- one positive (by me) and one skeptical by Jack Tuszynski and Andrew Brown.  Jack and Andrew raise 

several specific points which I reply to in an appendix to my paper (on my website URL. Here are Jack 

and Andrew’s criticisms (in italics) followed by my responses. 

 

Gravitational effects should be entirely overshadowed by the remaining processes. 

 

The energy from an Orch 'OR' event is indeed very small compared to thermal noise (kT) and would 

seemingly drown in an aqueous medium.  Isolation/insulation mechanisms are thus required to shield 

microtubules from thermal noise or any type of environmental decoherence.  The Orch 'OR' model 

suggests that quantum coherent superposition occurs in microtubules which are immediately surrounded 

by an insulating charge condensation and encased (cyclically) in actin gelation (Section III).  Cyclical 

isolation allows for alternating phases of communication (input/output) and isolated quantum 

computation. 

 

In addition to isolation, microtubule subunits (tubulins) must also be sensitive to quantum influences 

from other superposed tubulins and non-computable influences in Planck-scale geometry.  In 

questioning the robustness of proposed quantum effects, Tuszynski and Brown ascribe the gravitational 

energy for a tubulin protein in Orch 'OR' to be the attraction between two masses given by the standard 

Gm
2
/r where G is the gravitational constant, m is the mass of tubulin, and r is the distance between the 

http://www.u.arizona.edu/~hameroff/or.html
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two masses which Tuszynski and Brown take to be the radius of tubulin.  This would accurately describe 

the gravitational attraction between 2 adjacent tubulins (or tubulin monomers) and yields an 

appropriately small energy of 10
-27

 eV. 

 

However, the relevant energy in Orch 'OR' is the gravitational self-energy E of a superposed mass m 

separated from itself by distance a, given (for complete separation) by E=Gm
2
/a.  In Hameroff and 

Penrose (1996), we calculated this energy for 3 cases: (1) partial separation of the entire protein by 

1/10
th

 its radius; (2) complete separation at the level of each proteins atomic nuclei (a=2.5 fermi 

lengths), and (3) complete separation at the level of each protein's nucleons (a=0.5 fermi). 

 

Of these, highest energies were for separation at the level of atomic nuclei, roughly 10
-21

 eV per 

tubulin (although separation at the level of, say, atoms or amino acids may yield higher energy).  As 

roughly 2x10
10

 tubulins are involved in each proposed Orch 'OR' event (e.g. for superpositions lasting 

25 msec) the energy is on the order of roughly 10
-10

 eV or 10
-28

 joules -- still extremely tiny (kT is about 

10
-4

 eV).  However, the 10
-28

 joule energy emerges abruptly (e.g. within one Planck time of 10
-43

 

seconds).  This may be equivalent to an instantaneous jab of 10
13

 watts (joules/sec) -- roughly 1 kilowatt 

per tubulin per conscious event. 

 

The size of the tubulin protein is probably too large to make quantum effects easily sustainable. 

 

Nanometer size proteins such as tubulin (8-nm x 4-nm x 4-nm) may be optimal scale for a 

quantum/Macroscopic interface (Watterson 1991, Conrad 1994).  Smaller biomolecules lack causal 

efficacy of structural protein conformational changes responsible for a host of biological functions.  

Larger molecules would be insufficiently sensitive to quantum effects. 

 

Conformational effects are expected to involve distances of 10 angstroms (1 nanometer), larger 

than those called for in the Orch 'OR' model. 

 

The superposition separation distance (e.g., 1 atomic nucleus, 10
-6

 nanometer in the case cited) is 

indeed much smaller than conformational changes which may approach 1 nanometer.  As described in 

Section II, proteins are relatively unstable and their conformation regulated through nonlinear "quakes" 

mediated through quantum-level London forces. 

 

Physiological temperature requirements make it extremely difficult to defend the use of the 

quantum regime due to the persistence of thermal noise. 

 

A biological quantum state must be isolated/insulated from thermal noise or funnel it into coherence 

-- features Nature may have evolved in cytoplasmic actin gelation and condensed charged layers 

(Section III).  Some evidence supports biological quantum states (e.g., Tejada et al, 1996; Walleczek, 

1995).  According to the Frohlich mechanism, thermal energy in biological systems may condense to a 

coherent mode. 

 

…microtubules are extremely sensitive to their environment…we doubt that microtubules can be 

shielded.  

 

As described in Section III, Nature may have solved the problem of both isolation and 

communication by alternating cytoplasmic phases of solution ("sol", liquid, sensitive to environment, 

classical) and gelation ("gel", solid, shielded/insulated, quantum).  Thus microtubules can be both 

sensitive to their environment ("sol" phase) and isolated/shielded ("gel" phase). 
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… 2 (or possibly more) conformational states of tubulin are separated by a sizable potential 

barrier which again requires an external stimulus (such as GTP hydrolysis) to overcome it.  

 

Tubulin has numerous possible conformations which can interchange without GTP hydrolysis 

(Section II).  The 2-state tubulin model is a simplification.  The structure of tubulin has recently been 

clarified (Nogales et al, 1998) so molecular simulations will soon be available. 

 

… the 500 msec preconscious processing time may be directly related to the action potential travel 

time along the axon plus the refractory lag time in synaptic transmission rather than to the quantum 

collapse time.  

 

In the Orch 'OR' model. the "quantum collapse time" T is chosen to match known 

neurophysiological time intervals related to pre-conscious processes.  The gravitational self-energy E 

and related mass may then be calculated.  For example, we have used 25 msec (e.g., in coherent 40 Hz 

oscillations), 100 msec (e.g. EEG alpha rhythm), and 500 msec (e.g., Libet's pre-conscious threshold for 

low intensity sensory stimuli). 

 

If quantum superposition correlates with pre-conscious processing, then dendritic activities (more 

than axonal firings) are likely to be relevant to consciousness (e.g., Pribram, 1991).  Microtubules in 

dendrites are of mixed polarity (unlike those in axons), an arrangement conducive to cooperative 

computation. 

 

Tuszynski and Brown raise valid objections.  Quantum states in a biological milieu appear at first 

glance to be unlikely.  However, Nature may have evolved specific conditions for isolation, thermal 

screening, and amplification.  Life itself may be a Macroscopic quantum state. 

 

The third critique is Al Scott’s article "On Quantum Theories of the Mind" in JCS 1996, 3(5-6) 484-

491.  Al’s main points (italics) are the following. 

 

Brain activities relevant to consciousness are nonlinear, and quantum theory is linear (implying 

classical nonlinear dynamics is more fertile ground). 

 

While the Schrodinger equation and the evolution of the quantum wave function may be linear, the 

collapse of the wave function -- particularly in the Penrose ‘Objective Reduction’ formulation -- is 

decidedly nonlinear. 

 

Born-Oppenheimer method - Al uses the Born-Oppenheimer method to conclude that quantum 

effects are insignificant in molecular dynamics. 

 

The Born-Oppenheimer approximation concerns the relative influences of an atomic nucleus and its 

surrounding electrons.  It treats them something like the Earth and a soccer ball, respectively.  That is, 

the nucleus may be considered stationary and able to influence the electron, whereas the electron moves 

but is unable to influence the nucleus.  Conrad points out that although the mass of nucleus is far greater 

than that of the electrons, net charge is equal.  Electrons which delocalize -- that is, travel among 

resonance orbitals of several atoms such as an aromatic ring in a hydrophobic amino acid such as 

tryptophan -- can indeed influence nuclei and hence protein conformation. 

 

Quantum mechanical wave length.  Al calculates that due to the mass of tubulin, quantum 

delocalization would only extend a fraction of an atomic diameter. 
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In Orch 'OR', we claim superposition (separation) of each tubulin by one atomic radius, roughly 

1/4000 of an atomic diameter.  So a fraction of an atomic diameter is OK. 

 

Hodgkin-Huxley equations. Al describes how the purely classical H-H equations accurately 

describe the nonlinear propagation of an action potential along an axon without need to resort to 

quantum effects. 

 

No problem-o.  Axonal action potentials may not be directly involved in consciousness(though 

cytoskeletal activities in shadowy concert with axonal membrane activities might be).  There are many 

brain activities which have nothing to do with consciousness. 

 

Schrodinger’s Cat. Al describes how Schrodinger devised his famous thought experiment to 

illustrate the inappropriateness of applying quantum effects to biology. 

 

We know the story.  A cat is in a box which has a poison vial.  A microscopic quantum event (e.g., 

passage of a photon through a half-silvered mirror) is coupled to the`poison.  According to (the 

Copenhagen interpretation of) Quantum Theory, the photon both passes through and does not pass 

through the mirror (and both triggers and doesn’t trigger the poison).  Therefore until the box is opened 

and consciously observed, the cat is both dead and alive. 

 

Despite the ridiculousness of the scenario, the answer is still somewhat puzzling.  Al offers his 

objections -- one of which I’ll comment upon.  He states that "a conservative estimate suggests that a 

time very much longer than the age of the Universe would be required for the cat’s wave function to 

rotate from being dead to being alive.  For all practical purposes, this implies that a quantum mechanical 

cat would be either dead or alive". 

 

On the contrary, in Penrose Objective Reduction an isolated superposition will self-collapse by 

E=h/T, where T is the time until collapse, h is Planck’s constant over 2π, and E is the degree of 

superposition.  Small masses in superposition will self-collapse only after a very long time (for an 

isolated superposed electron, 10 million years).  An isolated superposed cat of roughly 1 kilogram would 

self-collapse in 10
-37

 seconds.  For all practical purposes, this implies that a quantum mechanical cat 

would be either dead or alive. 

 

 

6. Conclusion 
 

Quantum approaches have a great deal of explanatory power for consciousness.  Although at first 

glance the possibilities of Macroscopic quantum states in the brain seem slim, there is reason to believe 

that nature has evolved specific mechanisms to isolate and support such states. 

 

The proposals described in Orch 'OR' and other models are testable -- if not presently, then in the 

foreseeable future.  Attempts to dismiss quantum proposals out-of-hand or by incorrect assumptions fail.  

Alternative explanations based on classical emergence make no testable predictions.  Time will tell. 
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