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Abstract

In this paper we show that nuclear spin networks in neural membranes are
modulated by action potentials through J-coupling, dipolar coupling and chemical
shielding tensors and perturbed by microscopically strong and fluctuating internal
magnetic fields produced largely by paramagnetic oxygen. We suggest that these
spin networks could be involved in brain functions since said modulation inputs
information carried by the neural spike trains into them, said perturbation
activates various dynamics within them and the combination of the two likely
produce stochastic resonance thus synchronizing said dynamics to the neural
firings. Although quantum coherence is desirable and may indeed exist, it is not
required for these spin networks to serve as the subatomic components for the
conventional neural networks.
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Introduction

Tremendous progress has been made in neuroscience at cellular (Marder et al., 1996), molecular
(Hunt & Mantyh, 2001) and atomic levels (Morais-Cabral et al,, 2001). As an extension, we have
been exploring whether certain subatomic events play a role in brain functions (Hu & Wu, 2002).
For instance, nuclear spins are basic quantum bits for encoding information and have long
relaxation times after excitations (Gershenfeld & Chuang, 1997) and, on the other hand, neural

membranes are saturated with spin-carrying nuclei.
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Figure | shows the range of electric field strength E,, inside the neural membranes during
a typical action potential as calculated from E,=V.,/d, where V,, and d are respectively the
membrane voltage and thickness. It oscillates between -9 to +6 million volts per meter during the
course of each action potential. These strengths are comparable to those causing electroporation
of cell membranes and dielectric breakdown of many materials (Barnet & Weaver, 1991) at which
the covalent bonds of the constituent molecules are torn apart. So it significantly affects the
conformations and collective dynamics of the neural membrane components such as phospholipids,
cholesterols and proteins. Indeed, voltage-dependent ion channels perform their functions through
electric field induced conformation changes of the constituent proteins (Morais-Cabral et al., 2001)
and studies on the effects of electric fields on lipids support the above conclusion (Sargent, 1975;
Saux et al.,2001).
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FIG | Electric field strength inside neural membrane during the course of an action potential. The calculation is down by
assuming a typical membrane thickness of about 10 nm and the results are shown in the unit of one million volts per
meter with “-” and “+” indicating that the direction of electric field is respectively pointing outward or inward inside the

neural membrane.

The spins carried by the nuclei such as 'H, 13C and 3!P inside the neural membranes form complex
intra- and inter-molecular spin networks through various intramolecular J- and dipolar couplings
and both short- and long-range intermolecular dipolar couplings. Since J-coupling is the indirect
interaction between two nuclear spins through covalent bonds and dipolar coupling is the direct
interaction of two nuclear spins through space, their strengths and anisotropies strongly depend on
the conformations of the neural membrane components (Grayson, 2003; Peshkovsky &
McDermott, 2000). Further, the chemical shielding of each nuclear spin also depends on the
conformations of surrounding covalent bonds (Buckingham, 1960). Thus, when these spin networks
are subjected to the enormous changing electric field produced during each action potential, the
J-coupling, dipolar coupling and chemical shielding tensors oscillate with it, although nuclear spins
themselves do not directly interact with electric fields. Studies on the effects of electric fields on
these tensors (Grayson, 2003; Peshkovsky & McDermott, 2000, Buckingham, 1960) also support
this conclusion.
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In the simple case of two /2-spins inside neural membranes coupled to each other through

isotropic J-coupling:
(N J=J,=J,=J,=Js+J,
the Hamiltonian of the system is:

@) A = h(J, + JA)(flzfzz +

where |r is the J-coupling at resting potential and ] is the first-order contribution to | from action
potential modulation thus it is a function of membrane voltage V,,,. For a given value of V, the two
/2-spins form a triplet consisting of:

|1> -[17)
& 3= )
4=+

and a singlet:

g 2) = (™) - 1)

with energies:
®)

thus there is an energy gap:
(6) J=h(JR+JA)

The J-coupling strengths between 'H and 'H are typically in the range of 5-25 Hz. Further,
J-couplings among biologically available nuclear spins such as 'H, 13C, and 3!P are in the range of
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5-250 Hz that are also the frequency spectra of various brain activities associated with different
functional states. The possible significance of this fascinating fact will be considered elsewhere.
In the principal axes system of dipolar coupling tensor D for the two /2-spins:

() H=h(Je+Jy+Dp+ D) I E, + (e + 3, =D, = 4D,) (B b + 1,1, )
is the Hamiltonian with both isotropic J-coupling:

(8) J=J,+],

and dipolar coupling:

9) p-p_--1p =—% , =Dp +D,,

zz 2 XX

where Dg is the dipolar coupling at resting potential and Dy is the first-order contribution to D
from action potential modulation thus it is also a function of membrane voltage V... D is typically in
the range of 100 Hz to 10 kHz. It can be verified that |I>, ]3>, |4> and |2> are also the eigenstates
of the above Hamiltonian with energies:

E, =E, =%h(JR +J, +D; +D,)
1 1
(10) E=7 (JR+JA)—Eh(DR+DA)

3
E, = Zh(JR +7J,)

Thus, the dipolar coupling has no effect on the singlet state but partially removes the energy
degeneracy of the triplet states thus producing zero-field splitting.

Further, the chemical shielding tensor ¢ of each nuclear spin also contains contribution
from action potential modulation of its surrounding covalent bonds. That is, for the first 2-spin
o|=0|rt0 A and for the second /2-spin 6,=07r+G2A Where G r and GyR are the chemical shielding
tensors at resting potential and, 5jo and ojp are the first-order contribution to | and &,
respectively from action potential modulations thus they are functions of membrane voltage V.. So
when the effects of both internal and external magnetic fields B; and B, are taken into accounts the
total Hamiltonian for the two /2-spin system in neural membranes is:

H = _h71f1 '(1 ~O1R _‘71A)'(B1i + B1e)_h72fz '(1_0-2R _O'ZA)'(BZI' + BZe) +

(1) . .. .
hl,-(Ju+J,)- L +hl, - (D, +D,)- 1,
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where By;, B|e, By; and By, are respectively the internal and external magnetic fields at the locations
of first and second /2-spins without chemical shielding and, y; and 7y, are respectively the
gyromagnetic ratios of the said first and second ”2- spins. In general, microscopically

(12) ﬂ>>1

B

at each spin location as shown later but macroscopically:

where r and t respectively denote spatial and time average. So in many cases the effects of B, on
these spin networks are small.

These results from consideration of a simple two-!/5-spin system in neural membranes
demonstrate that the large neural spin networks inside the membranes can form complex
modulated structures through action potential driven oscillations of J-coupling, dipolar coupling and
chemical shielding tensors. Thus, the neural spike trains of various frequencies can directly input
information carried by them into these spin networks.

The fluctuating internal magnetic fields are produced by the paramagnetic species such as
O, and NO and spin-carrying nuclei themselves such as 'H, '3C and 3!P. Table | shows the maximal
magnetic field strengths produced by the magnetic dipoles of the unpaired electrons of O, and NO
and the nucleus of 'H along the axes of said dipoles at given distances. Because the magnetic dipole
moment of an unpaired electron is 658 times larger than that of the 'H nucleus, O, and NO can
respectively produce magnetic fields 1,316 and 658 times larger than 'H. As distance r increases,
the strength of the magnetic dipole field quickly attenuate according to:

Hom
14 B = ,
(14) 4rr?

where | is the permeability of free space and m is the magnetic dipole moment. In addition, O,
and NO are hydrophobic small molecules so their concentrations in neural membranes are much
higher than in aqueous solutions such as cytoplasma (Marsh, 2001). As they rapidly tumble and
diffuse, they produce microscopically strong and fluctuating magnetic fields. Indeed, O, are the
predominant sources of internal magnetic fields in neural membranes as evidenced by the strong
effect of O, on spin-spin and spin-lattice relaxation rates (Marsh, 2001; Prosser et al.,2001).
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Table I. Magnetic Fields Produced by O2, NO and 'H.

Distance (A) O, (Tesh) NO (Tesla) IH (Tesla)
1.0 3.713940 1.856970 0.002821
2.0 0.464243 0.232122 0.000353
3.0 0.137553 0.068777 0.000104
4.0 0.058030 0.029015 0.000044
5.0 0.029712 0.014856 0.000023
10.0 0.003714 0.001857 0.000003

These fluctuating internal magnetic fields continuously perturb the neural spin networks.
The intensities of said perturbations depend on the concentrations of O, and NO that are highly
regulated in the brain. Thus, these perturbations not only activate various modulated dynamics
within the neural spin networks but also are likely capable of enhancing the synchronization of
these dynamics to the neural spike trains through non-linear processes such as stochastic
resonance that is known to occur in the brain (Bezrukov & Vodyanoy, 1995; Simonotto et al., 1997).
So, stochastic resonance of dipolar splitting transitions and spin-forbidden singlet-triplet transitions
are possible inside the neural membranes under said modulations and perturbations. Stochastic
resonance in two-state nuclear spin system was demonstrated by NMR spectroscopy (Viola et al,,
2000). It is therefore suggested that the collective dynamics of the neural spin networks under
modulations by action potentials and perturbations by fluctuating internal magnetic fields represent
meaningful information to the brain. An analogy to this suggestion is the mechanism of liquid
crystal display (LCD) where information-carrying electric voltages applied to the pixel cells change
the optical properties of the constituent molecules such that when lights pass through these cells
their phases get rotated differently which in turn represent different information to the viewer of
the LCD screen (Bryan-Brown et al., 1998). According to this suggestion, significant 'H
replacements by 2H and large external disturbances of the collective dynamics of the neural spin
networks will affect the functional states of the brain to certain extent. Further, drug-induced
large changes to membrane structures and O, pathways in neural membranes have similar adverse
effects. These predications are testable and provide alternative interpretations to the causes of
neural effects produced by some drugs and external stimulations. For example, the effect of
transcranial magnetic stimulations (TMS) on cognitive functions (Walsh & Cowey, 2000) can be
partly attributed to the direct disturbances of the dynamics of the said spin networks by TMS and
the cause of unconsciousness by general anaesthetics can be explained as the direct consequence
of their effects on neural membrane structures and O, pathways inside (Hu & Wu, 2001).

However, how can we explain based on the above suggestion that cognitive functions seem
in general insensitive to environmental and even medical strength external magnetic fields such as
those generated by the power lines and the ones used in MRI?

First, the strengths of environmental magnetic fields are in the range of 104-10°¢ Tesla
(Marino, 1988), For example, the magnetic field strength of the earth is about 5x10> Tesla. In
comparison, the internal for the membrane fluctuating magnetic fields can be as high as several
Tesla as indicated by Table I. Thus, the microscopically strong and fluctuating internal magnetic
fields overshadow them. But the strengths of magnetic fields used in clinical and research MRI
systems are in the range of 0.064 to 8.0 Tesla (Shellock, 2002) that is comparable to or even higher

ISSN 1303 5150



NeuroQuantology 2004 |Issue 4|Page 309-317 315
Hu and Wu. Action potential modulation of neural spin networks suggests possible role of spin

than the strengths of said internal magnetic fields. So, additional explanations are called for. Indeed,
the net magnetization of nuclear spins even by magnetic field of several Tesla is only about a few
ppm at room temperature (Gershenfeld & Chuang, 1997) which shows that even strong static
magnetic fields only have small effects on the thermal dynamics of the neural spin networks.

Although quantum coherence is not required for the neural spin networks to serve as the
subatomic components for the conventional neural network according to the above suggestion, it
likely exist within some parts of said networks as recent studies in other fields suggest (Hu & Wu,
2002). For example, when nematic liquid crystal is irradiated with multi-frequency pulse magnetic
fields in room temperature, the 'H spins in its constituent molecules can form long-lived
intra-molecular quantum coherence with entanglement for information storage (Khitrin et al.,2002)
and long-lived (~ 0.05 ms) entanglement of two macroscopic spin ensembles in room temperature
has also been achieved (Julsgaard et al., 2001). In this regard, there are quantum theories related to
cognition (Donald, 1990; Hameroff & Penrose, 1996) but decoherence effect is a major concern
(Tegmark, 2000; Hagan et al.,, 2002). In contrast, nuclear spins have long relaxation times after
excitations (Gershenfeld & Chuang, 1997). Further, spin is a fundamental quantum process with
intrinsic connection to the structure of space-time (Penrose, 1960) and was shown to be
responsible for the quantum effects in both Hestenes and Bohmian quantum mechanics (Hestenes,
1983; Salesi & Recami, 1998). Thus, when exploring whether quantum effects are involved in brain
functions, we have considered spin as a possible candidate (Hu & Wu, 2002).

In conclusion, we have shown in this report how neural spin networks are modulated by
action potentials and perturbed by microscopically strong and fluctuating internal magnetic fields
and suggested that these combined influences could produce various dynamics within said spin
networks that represent meaningful information to the brain. We cautiously add here that the
nuclear spins inside neural membranes could be the fundamental cognitive pixels. Our results
implicate the possibilities of spin-based artificial mind and medicine and provide insights into the
workings of general anesthetics and the mechanisms of reported neural effects of various magnetic
fields.
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