European Journal of Biophysics
2016; 4(4): 22-41
http://www.sciencepublishinggroup.com/j/ejb

doi: 10.11648/j.€jb.20160404.11

ca J' v I
otlencer

Science Publishing Group

ISSN: 2329-1745 (Print); ISSN: 23291737 (Online)

A Quantum Field Based Approach to Describe the Global
Molecular Dynamics of Neurotransmitter Cycles

Paul Levi

Institute for Parallel and Distributed Systems (IPVS), Faculty for Informatics, Electrical Engineering and Information Technology,
University Stuttgart, Stuttgart, Germany

Email address:
paul.levi@ipvs.uni-stuttgart.de

To cite this article:
Paul Levi. A Quantum Field Based Approach to Describe the Global Molecular Dynamics of Neurotransmitter Cycles. European Journal of
Biophysics. Vol. 4, No. 4, 2016, pp. 22-41. doi: 10.11648/j.ejb.20160404.11

Received: September 22, 2016; Accepted: October 2, 2016; Published: October 27, 2016

Abstract: Descriptions of neurotransmitter cycles in chemical synapses are generally accomplished in the field of
macroscopic molecular biology. This paper proposes a new theoretical approach to model these cycles with methods of the
non-relativistic quantum field theory (QFT) which is applicable on small neurotransmitters of nano size like amino acids or
amines. The whole cycle is subdivided into the standard five phases: uptake, axonal transport, release and reception. Our ansatz
is concentrated to quantum effects, which are relevant in molecular processes. Examples are quantization of momentums and
energies of all small transmitters, definition of the density based quantum information; quantization of molecular currents
because densities of generate them quantized particles. Our model of the neurotransmitter cycle of chemical synapses was
created by the emphasis of possible essential quantum effects; therefore, we neglect many additional molecular aspects that do
not lead us to quantum impacts. We elucidate the ramification of our quantum-based approach by the definition of particular
Hamiltonians for each of the five phases and by the calculation of the corresponding molecular dynamics. The transformation
from the particle representation to usual wave functions yields the probability to find at the same time n neurotransmitters of
different energy states at different positions. Our results have far-reaching implications and may initiate animated discussions.
The validation or the disconfirmation of our hypothesis is still open.
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chemical processes, [19], [1], [9], [28]. All above-mentioned
research activities to obtain a deeper understanding of the
two fundamental neural abilities are usually done on the
macroscopic level.

Our contribution is devoted to the description of the
synaptic transmission cycle in the framework of molecular
biology (second neural ability). However, the main difference
of our methodology to the common techniques, which are
applied in this field, is the utilization of the operations of the
non-relativistic quantum field theory (QFT).

There are two central reasons to elaborate this particular
approach. First, the considered small neurotransmitters have
a size of around Inm (amino acids, amines). Hereby, we note
that the double-slit effect already has been observed with
atoms of equivalent sizes, e.g. for He atoms [22] and for Cg
atoms [3]. Certainly, both experiments have been performed
under vacuum conditions. However, quantum effects also are
observed under real, biological conditions, where for

1. Introduction

In the past decade spiking neurons received much attention
and remarkable progress has been achieved, e.g. in the
visualization of multi-dimensional neural connections by the
Blue Brain Project [27] and in the development of the NEST
simulator [30]. Today, all these efforts are continued and
extended by the Human Brain Project (HBP) that is a FET
Flagship Project in Horizon 2020. Here, we point out that all
these ongoing works can be resumed by the two fundamental
characteristics of neurons. At first, we cite their ability to
generate firing rates by action potentials. The amplitudes and
frequencies of spiking neurons are relevant for the internal
presynaptic firing rate and even more essential for the
external signal input to the brain and the corresponding pulse
trains out of the brain. This topic is also extensively treated in
the literature [8], [13], [14]. At second, we name the ability
of internal molecular signaling which is based on complex
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example water, salt, different temperatures and other
interacting molecules exist. Examples of quantum effects
under such conditions are reported e.g. in the photosynthesis
[29] and in the magneto reception of migrant birds [23].
Additional, particular quantum based neural topics are e.g.
molecular dynamics in noisy environment [20], quantum
processes in the brain concerning consciousness [5], quantum
computation [15]. Finally, the well-established discipline of
quantum chemistry get new impacts, e.g. by [34], [18], [25].

Second, various applications of the QFT methods are
applied in solid-state physics [6], [16] in superconductivity,
in elementary particle physics [35] and in super fluidity [31],
[11]. Recently, molecules also are handled as nano particles
using quantum theory in molecular robotics [32], [17].
Moreover, quantum theory methods are already have been
applied to the study of DNA nano robotics [33].

In summary, the application of quantum methods
essentially demonstrates that molecules can show wave like
aspects (particle wave duality) and the synchronization of a
huge amount of molecules by running quantum waves [24].
Furthermore, in biological systems molecular densities,
molecular currents, and their dynamics play a dominant role,
this is why the particle representation of the QFT is well
suited to describe these features.

2. Materials and Processes
2.1. Materials (Particles)

Small neurotransmitter are treated as Bosons [36] because
many of them have integer spins like amines and in real
applications very often only the angular momentum
(quantized rotation modes) of molecules are significant.
Aside from this remark, we cite in favour of our bosonic
conjecture the following two facts. First, Bosons obey the
Bose-Einstein-distribution

e PPk )nk
pee (i) = 7 (1
Here, we have: n; = 0, 1, ... defines the number of the

released neurotransmitters (eigenvalue of the corresponding

particle operator Ny, where k marks wave number vector)
(hk)?

with the defined energy quant Ej = hwy = Pyl
0

Mg
indicates the particle mass, Z = +BEk denotes the partition
1-e
function Z, parameter f is given by kl—T, kg is the Boltzmann
B
constant, T is the temperature in Kelvin. Thus, the mean
number of particles {n;) with energy hw; of a system in
thermal equilibrium is calculated by the well-known formula
of statistical physics

() = X e () = m, 2

where eP"@k is positive and for lower energies slightly
greater as 1. Hence, if we replace in this expression the
particular energy Ej by the mean energy (E ) (standard
normalization of the energy scale), then we observe that the

most particles can be found at the mean energy and only few
particles with higher energy (similar to the Boltzmann
particle number). While, for Fermions the mean particle
number does not ensure such a steady energetic distribution
of particles because, the spectrum of these particles is much
broader. So, only one particle can be found at the mean
energy.

Second, we cannot principally exclude that also Fermions
exist in the synaptic cleft. Nevertheless, in consequence the
additional integration of Fermions in the Hamiltonians they
get dominantly more complex and we have to model the case
that two Fermions (e.g. hydrogen molecule H,) or even more
Fermions can generate a Boson by spin interactions. Further,
also all kinds of spin-spin interaction have to be calculated.
Therefore, the analytic complexity of the Hamiltonians and
of the corresponding equations of motion dominantly
increases and the numerical effort to solve these equations of
motion noticeable grows up. Therefore, we consider finally
only Bosons in our approach for reasons of simplification
and better understandability.

We calculate the typical de Broglie wavelength A of
neurotransmitters for simplification in the linear box
normalization of the synaptic cleft. Hereby, the momentum is
p=hk= h%. We assume that L = 50 nm (maximal

-9
length of the cleft) then this yields A = === —— m. The
k k

. . "2 (nym\> . .
corresponding energy is Ej = Py (kT) . For clarification,
0

we cite the molecular mass of two typical small mass
neurotransmitters: GABA with my= 17.18 10723 g and
dopamine with my=25.63 10723 g. Therefore, the energy for
example of a dopamine molecule is E; = n,% 769 10719] =
ny? 480.6 eV.

For comparison, if we calculate A in the “continuous
normalization”, where we use the GABA mass and set T
equal to the body temperature T = 310.14 K (=37 °C) then

ﬁ =2.310™° m. This result is of
0B

the same order of magnitude as for the box normalization,
but A is not quantized.

The differentiation between inhibitory and excitatory
chemical synapse will be described by the type of the
neurotransmitter molecule, e.g. GABA is an inhibitory
transmitter and glutamate an excitatory transmitter,
acetylcholine can either excite or inhibit depending on the
type of receptor its binds to. In electrical descriptions
excitatory neurotransmitter open cation channels, so influx of
Na* depolarize the postsynaptic membrane. Inhibitory
neurotransmitters open channels e.g. K*, which reduce the
excitatory influence to depolarize the postsynaptic
membrane. We mentioned these electrical aspects of
polarization and respectively depolarization for reasons of
understanding the complexity of the processes of chemical
synapses. In this contribution, we only focused on chemical
processes, which generate these polarization resp.
depolarization effects.

we get the value A =

2.2. Processes

This contribution takes up the QFT approach and extends
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it to an abstract, global model of the transmission cycle of
small sized neurotransmitters in chemical synapses. The
whole process is arranged in five phases: loading (uptake) of
transmitters in vesicles, their transport along microtubules of
a presynaptic axon, the release of neurotransmitters into the
synaptic cleft, their transmissions through the synaptic cleft,
and finally their reception by particular transmitter—gated ion
channels at the postsynaptic plasma membrane. For reasons
of simplicity and ease of understanding we concentrate only
on cationic channels, neglecting anionic channels and
channel regulations by second messengers (G-proteins) [2],
[21]. Details of the axonal transport of the vesicles by
molecular robots (motor proteins like kinesin, dynein, and
myosin) have been already published [24], therefore we
exclude in this article the detailed description of the four sub-
phases of the axonal transport and condense them in one-
step.

Next, we prefer to reason why we have accomplished a
global model of the neurotransmitter cycle and do not
consider the characteristic features of these five phases.
Therefore, one principal goal of our work is the development
of a description of a quantized n-particle system on a
molecular physics level, which considers only the relevant
quantum-based interactions of the particles during the whole
neurotransmitter cycle. This decision is apparently
understandable if we just consider all relevant processes
(interactions) which occur at the presynaptic side, in the
synaptic cleft and at the postsynaptic level.

At presynaptic side: synthesizing of neurotransmitters,
loading of wvesicles and the parallel transport along
microtubules in both directions (anterograde, retrograde for
recycling) involve several steps, the organization of vesicles
is complex at the active zone and many proteins interacts
with vesicles, the process of the release of neurotransmitters
into the cleft requires a number of operations (exocytosis),
membrane potentials change (polarization, depolarization),
each single vesicle emits about 10* and there are dozens of
out spilling vesicles in the active zone, so about
10° transmitters are emitted in milliseconds, etc.

At the cleft level: a big amount of neurotransmitters of
different types is e.g. congregated together with ions, ion-
gates, solutes, salt and water. Therefore, many inter-
molecular interactions occur, ions react with ion-gates
(proteins), neurotransmitter can be inactivated (enzymatic
destruction), support of reuptake into the presynaptic axon
terminal is going on, the stabilization of the parallel
orientation of the pre synaptic and post synaptic plasma
membrane occur, etc.

At postsynaptic side: the distribution of receptors is not
constant like on a flat screen but it is 3-d curved and clusters
of PSD proteins exist, the receptors are mobile, because there
are interactions with membrane binding sites, different
possibilities exist how ions can permeate channels, diffusion
through the extracellular fluid back to presynaptic axon
terminal (reuptake), generation of a new action potential
(synaptic integration), etc.

It is obvious that the description of the transmission cycle,
where all relevant features are considered, is very difficult,

ambitious and nearly impossible. Therefore, the most authors
model correctly particular processes of this cycle. Thus, we
know about the complexity and difficulty to construct a
correct, detailed model of the transmission cycle, therefore
we pursue the direction to evaluate a more abstract n-particle
system with appropriate interactions of all five-transmission
phases. The main impact to proceed this way is given by the
elicitation of the one important point: quantum effects can
characterize the transmission cycle and in consequence of
these effects the density matrix p and the biological relevant
information (-p Inp) are also quantized at the level of particle
numbers. This means that in all five phases particular
interactions procced considerably different as it is usually
reported. Nevertheless, the most processes described above
(presynaptic level, etc.) are not relevant with respect to
quantum biology, therefore we disregarded them.

3. Methods

For each of the five phases (with exception of the
approaches: multiple scattering and diffusion in phase 4) we
define at first the corresponding Hamiltonian H;,, in the
interaction representation which allow us to neglect the

Hamiltonian for free particles, e.g. Hy = X hwknthtk,

where the operator nt,t creates a neurotransmitter and nty
annihilates an neurotransmitter. We utilize the box
normalization, with discrete wave vectors k (e.g. see above
the de Broglie wavelength). Afterwards, the resulting
equations of motion are presented in the Heisenberg picture

20 =+ [Hyn, 01 —y0 = Fp, (3)
where O(x,t) is a time-dependent operator, and [H;y;, O]
denotes a commutator. In addition, the full equation (3) can
be supplemented by a damping constant y and by fluctuating
forces Fp. However, since we are looking for solutions of our
equations of motion in form of expectation values we will
abandon the fluctuating force in all corresponding equations
because their expectation values are zero.

The solutions of the equations of motions of all five phase
are mostly numerically calculated and diagrammed by
figures. Exceptions of this approach only occur in the
transmission phase (phase 4), where we also present analytic
solutions.

4. Results
4.1. First Phase: Loading

Hamiltonian of the loading phase

The load of neurotransmitters on a microtubule denotes the
first step of this phase by molecular robots. That is, we
introduce three different creation operators (indicated by a
dagger ) and their corresponding annihilation operators.
First, we define the creation operator of a molecular robot
(motor protein) r;l k, Which operates as a carrier protein and

is specified by its discrete position x; (I =1,...,N;) on a
microtubule (lane) as a part of the axon of the presynaptic
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side and its wavenumber vector k,. Second, we need a

container in which the cargo is carried. The suitable container
is a vesicle, which is created by the operator v;rl . The
subscript x; specifies its actual lane position. Third, we have
to consider the cargo, which is loaded in a wvesicle.
Obviously, the loads are neurotransmitters. The

corresponding operator nt;;tr xjk; creates a neurotransmitter

of particular molecular type my,., (t# = 1, ..., n) at the spatial
location x;, with the wavenumber vector k;. The molecular
type m;, of a neurotransmitter opens transmitter — gated
channels of suited receptors. The subscript j denotes the
position and respectively the wave number vector of an
individual neurotransmitters of type mg,; simply expressed,
it enumerates neurotransmitters of the same type.

The product of the vesicle creation operator and n

Hload

The coupling constant g;, parametrizes the load phase.
The individual molecular robots r,:rr'xl operate at different,

discrete lane positions x;.
Equations of motion of the loading phase

The equations of motion of the three relevant operators of

the loading phase and the time dependence of the molecular
density are given by the equations (7) to (9).

S t t t
rxq,k}, =Y Ztr,kr,{xj ki) ntmmxl,kl ntmtr_xn_knvxq _}/rrxq,kr' (7)

flt‘ftltr-x1-k1 =

The dynamics of a particular neurotransmitter is

characterized by the annihilation of all other transmitters

(except the first one) and the simultaneous creation of a

molecular robot together with a vesicle, both at the same
position.

The three solutions (7) to (9) show a compliant behavior.

”rm-. xgkeg

t
r:,__-lh

annihilation operators of neurotransmitters

1.
Ve, Mgy kg Womgp xp kn 4

depicts the loading of the vesicle with n neurotransmitters at
the microtubule position x;. The operator product

+

+
Ty ey Vi, Mmgpxy kg oo Mmyy ey (5)

complements the loading process. At the same time, a
transport robot rerl k, and a vesicle are both created v;rl at
the lane position x; and all neurotransmitters are annihilated.
The Hermitian conjugate of this operator product models the
unloading activity (reverse process). Thus, the complete
interaction Hamiltonian reads

— tot ot t
e /0= 1910 Der ky xy ) (rxl Jor Uiy Wmey ey kg - Wmgp . — Mome, 2o ke ...ntmtr_xi_klvxlrxbkr) (6)

The dynamics of a molecular robot during the loading is
obtained by the creation of the neurotransmitters load and the
annihilation of the wrapping vesicle.

Y t t _ t
qu = YJw Ztr,kr, {xj.kj} ntmtr,xlrkl '"ntmtr,xn,knrxq,kr yvvxq . (8)

The temporal change of the vesicle state is denoted by the
creation of its molecular cargo and the annihilation of the
transporting molecular robot.

t T _ t
Y (1 Teukr Vx; yntntm“._xq,kq ©)

After some oscillations at the beginning, they converge
towards a stable fixed point. Such a common property is well
reproduced by a phase diagram. Figure 1 shows the collective
trajectory of the real part (red) and imaginary part (blue) of
all three variables, where both parts start at the same position
and end at another equal location.

X Stort

O stop

Figure 1. Phase diagram of the real part (red) and the imaginary part (blue) of the three variables r; Ky v:q and nt:rnnxq,kq (equations (7) to (9)). The

common damping constant is y = 0.175.

q



European Journal of Biophysics 2016; 4(4): 22-41 26

The equation of motion of the density of the loaded neurotransmitters is given by

A competitive balance between the first term (loading) and
its reverse (unloading) characterizes the dynamics of
equation (10). Figure 2 demonstrates this time-dependent

d( .t
E ( ntmtr.xl.klntmtr.xq.h) -

(10)

behavior. Following two oscillations the real part (red) and
imaginary part (blue) of the density remain stable and
converge to the attractive fixed point zero.

Figure 2. Trajectory of the real part (red) and imaginary part (blue) of the density of neurotransmitter during the loading phase (equation (10)). The
parameters are: g, = 0.1,¥,: = 0.19. The scale of time axis is characteristic for the loading process, here the numerical value 25 corresponds

approximately 1Is.
4.2. Second Phase: Axonal Transport

Hamiltonian of the axonal transport

The second phase marks the anterograde axonal transport of neurotransmitters along a microtubule. Here, an individual

molecular robot 7.

which is loaded with an attached and filled vesicle v,, moves from the inner lane position x; to the outer

X1 va
lane position at the releasable compartment x, (I < 0; [,0 =1, ..., N;). The following Hamiltonian characterizes this axonal
transport
ax.—transp. _ i L T ) + T o T o
Hint /h = Zfr.krrkrrxm{xj Jejix k)0l rxo.kr Ux, nfm“_’xn'kn ...‘)’lt_mtr,xl,k1 (11)

T(kr,xn, k,..x,ki; k., x, k; ...xn,kn) Nlmyxs kg - Mmgpenkon Vi Tk -

Here, T describes the transfers between all individual
twiples (k,, x;, k) and (ky,x;,k;),j = 1,2,...,n. That is, T
enforces the nearest neighbor restrictions (interactions) for
each pair of individual triples:

T(ky, %), ki ke, x5, k) # 0, if Ky < g, |2 — %] < &, (12)
|(k},x},k}),—kj| < &, and x; # x5V J,

where both kinds of the epsilons are given by &, ~ 2nm

and g, ~ % Thus, a cluster of neurotransmitters should be

concentrated to a restricted, spatial region and governed by a
very narrow range of allowed momenta.

These restrictions are given in a form, which is well suited
if the solutions of the equations of motion of the
corresponding Hamiltonian (11) are numerically calculated,
which the standard use of this work is. In a classical physical
view, T may be compared with two strong attractive
potentials in the x-space and k space, (see e.g. (28)).

These requirements ensure that after the axonal transport
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all neurotransmitters remain in a very restricted spatial and
momentum cluster. This bounded cluster property of
neurotransmitters is essential for the simultaneous directed
release of them into the synaptic cleft and their following
transmission to the postsynaptic receptors. The nearest
neighbor requirement is significant for the biologically
correct description of the transmission and respectively e.g.
for diffusion processes to the postsynaptic plasma membrane,
because all transmitters are released at once in a close
bounded cluster.

Equations of motion of the axonal transport

Its motion to the outer position x, and the change of its
wave vector determines the dynamics of the molecular robot.
At this new position a new vesicle is created together with
the carried neurotransmitters. The vesicle and its load are
annihilated at their previous locations.

o — i T T t t
7"xq,kr - thr,kr,k'r,{xj kjix'j K jhro 7”xo,k’r vxu ntm",x’n,k’n "'ntm",x’l,k’l

(13)

st

L

— t t
Tltm”_x”q_ktrq = thr,kr,k’r,{xj dejsx' k0,0 Tk y Vao M b = T

.l.
T Nl x kg - ntmtrrxn-knvxq — yrrqukr.

The temporal behavior of the vesicle is governed by the
creation of a molecular robot and a new vesicle with its
corresponding cargo of loaded neurotransmitters at the new
position x, . The molecular robot with the original
coefficients (x4, k) and the original neurotransmitters are
annihilated

(14)

ot — g T Tt T
qu - lEtr,k,,kr,k’r,{xj kjix'i Ko Yok Vao ntm",x’n,k’n ntm",x’1,k’1

T Nl,x ks "'ntmtr-xnrknrxqur — yvv;rq .

The dynamics of a neurotransmitter is described by the
creation of the molecular robot and the vesicle at a new
position and the annihilation of these two entities at their
original position. The neurotransmitters are annihilated at
their previous locations and restored at new positions
together with new wave vectors.

t t

mtrvx,q.k,q

(15)

_ t
ntmtr,xn,knrxl,kr vxl }/‘n.f ntmtr’xq,kq .

Figure 3 summarizes in a phase diagram the behaviors of the real part (red) and imaginary part (blue) of all three solutions
(13) to (15) during the axonal transport. As in figure 1, both trajectories start at one common point end jointly at another

location.

0014

0012 f
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t 0008 F
ririn-_x,;.kqo 006 |
0004 +

0002 |

o }+

nt

04

rxq,kr

Xaan
O stop

Figure 3. Phase diagram of the real part (red) and the imaginary part (blue) of the three variable rqu,kr’ v;qand nt! kq(equations (13) to (15)). The

common damping constant is set toy = 0.001.

The temporal derivative of the density of neurotransmitters
at position x,; and wave vector k, governs the interplay of
two different simultaneous processes. One process is
responsible for the annihilation of a molecular robot together
with a vesicle and the creation of the neurotransmitters. The
second process denotes the reverse process.

d( .+
E ( ntmtr.xq.kq ntmtrvqukq) -

(16)

+

-l.
Ztr,kr,k’r,xo,{xj kjix kol T (rxl.kr Uy My x kg

Mer,Xq,

T T _
xo.k'rvxo ntmtr.xq.kqntmtr.xz.kz "'ntmtr.xnrkn)

1.
Vnt ntmtr,xq_kqntmtr,xq,kq .

Figure 4 shows the temporal variation of the real part (red)
and imaginary part (blue) of the density of neurotransmitters
to which there are ruled. Both parts continuously converge to
the fixed point 0 without showing any effect e.g. of a saddle
point bifurcation.

ntmtrVX'nrk'n
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Figure 4. Dynamics of the density of neurotransmitters (equation (16)) during the axonal transport. The real part is marked by red, the imaginary part is
sketched in blue. The damping constant is yps = 0.001. The scale of time axis is characteristic for the transport process, here 2000 corresponds

approximately 50 ms/h.

4.3. Third Phase: Release

Hamiltonian of the release phase

The first activity of the second phase describes the release
of neurotransmitters into the synaptic cleft. This means the
combination of the emission of the vesicle-bound
neurotransmitters into the cleft and the opening of a cationic

rel. - i t T
Hing /h= LGrel Ztr,kr,xo,{xj,k,-},r,o (rxo,krvxo CaChx,,R Ny by

where g,.; is the coupling constant, which is assigned to the
release phase. Compared with the loading Hamiltonian
H°% /h we extend this Hamiltonian by two channel
operators Cachlo and respectively cach, . In addition to the
condition (3.9), we require that for all released transmitters
similar restrictions are fulfilled:

R(xj, k5 xj41,kj41) #0;j =1,2,..,n (18)
if each pair of the released transmitters fulfills the two
conditions:

|xj - xj+1| < & = 2nm and |kj - kj+1| =g =1

Both epsilons ensure that only direct neighbors are
considered.

The whole cluster of the emitted (“ejected”) transmitters
unalterably stays in a very restricted, spatial region and does
not spread out in “all” directions. This requirement is
expressed by the two following suprema

sup{|xi - x]-|,i * j} =&, sup{|kl- — k]-|,i * j} =¢&. (19)

channel e.g. a Ca?" — channel. The open channel allows
inflow into the active region of the pre Ca®* — synapsis
(exocytosis). The impact of such channel operators are
denoted by cach}:o and cach,  which act at the axonal final
position x,,.

The release interaction Hamiltonian reads

_ T T T
R ntmtr,xn»km"n ”tm",xl,klCaChxonorxo,kr)

ntm",xn,k.,, ( 1 7)

The release process can also be considered as the
simultaneous, multiple outgoing of plane matter waves. Due
the fact that the k-value are approximately continuously
distributed within a small k-interval, the plane wave can
superpose to a wave packet. However, the surrounding
environment operate as a heat-bath, which cause damping
and fluctuations. Therefore, we assume that a wave packet
will dissolve and therefore will not represent a coherent state
(motion). However, we do not exclude that the wave packet
can remain stable and then represents a coherent state.

Equations of motion of the release phase

This step is characterized by four equations, which
describe the temporal derivatives of the operators
representing molecular robots, neurotransmitters, vesicles
and channels.

The dynamics of a molecular transport robot is
characterized by the simultaneously generation of n
neurotransmitters together with the simultaneous opening of
a CaZ channel (Cachlq) and the annihilation of the cargo

containing vesicle (vxq).
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Xq

b t t to, oot
T kp— Grel Ztr,kr.{xj gy R0y o gey oo M ke €ACHS Vs Vil fer

(20)

The time-dependent activities of an individual neurotransmitter is influenced by the coincident generation of all remaining
molecules, the opening of a channel and the destruction of the corresponding vesicle and molecular robot, where all these

activities occur at the same location x,,.

+

oot - t
ntmtr.xq.kq = IGrel Ztr,kr,{xj ,kj},r,o rxo,krvxo CaChxaR ntmrr,xz,,kz ntmtr,xn,,kn (21)
_ T
yntntmtr,xq,kq .
The equation of motion of the creator v;q of a vesicle takes the form
of = t t t t
vxq = Grel Z trky{x; kjhr R ntmtr‘xn_kn ntmtr,;\cl,k1 CaChxq rxq,kr - yvvxq : (22)
The creator of an open CaZ- channel operates according to the following equation
cachl =—g,u > rl o vIRnt nt - cachl (23)
xXq — IGrel trkr{x;j kj}r xq.kr Y MerX1,kq = " mpe,xn ky Ycacn Xq*

Figure 5 collects the behaviors of the solutions (real part (red) and imaginary part (blue)) of the three equations (21) to (23)
in a phase diagram. Both parts start together at the same position and end up at a same location. This show again the behavior
of the attraction of a fixed point. If the damping constant is decreased we observe the same principal behavior but with

dominantly more oscillations.

o M
T 1

t
ntmn-.xq.kq

»nhibomw s oo

-15

cachlq

+

X start
Ostop

&

Figure 5. Phase portrait of the three variables nt, _ oky v;q and Cachlqduring the release phase (equations (21) to (23)). The real part is marked by red; the

imaginary part is labeled by blue. The collective damping constant is y = 0.145, the damping constant gets the value g, = 0.1.

Equation (24) demonstrates the temporal change of the
density of a neurotransmitter at position x,; with wave vector
kg , which is characterized by the competition of two
processes. The first process denotes the creation of a
molecular robot together with a vesicle and the simultaneous
annihilation of the channel together with the
neurotransmitters. The second process delineates the reverse

da

process. Figure 6 portrays the time-dependent trajectories of
the real and imaginary parts of the density of the
neurotransmitters during the release step. At the “peak
position”, the real part (red) goes up, and then it goes down
and return to the null line. The trajectory of imaginary part
(blue) shows a reverse course.

a T — t T
dt (ntmgr,Xq,kqntmtrrxquq) = Yrel ZtrrkTVxOr{xj rkj}!rro ( rxg,kr vxo CaChxoR ntmtrrxq.kqntmtr'xz'kz ntmtr'xnrkn (24)

t ot
rel Ztrk N ( oy Vo cachxoR ntmtr,xq,kqntmtr,xz,k2 e M kn
MK, Xoy j, j. Il



European Journal of Biophysics 2016; 4(4): 22-41 30

+7%, k, Vs, cach}:o Rnt!

100

T ) _ T
MerXq kg ™ ntmn.xn.kn Vntntm",xq,k”q ntmtr.xq.kq'

-300

-400

-500 L

1 ]

0 5 t

10 15 20

Figure 6. Dynamics of the density of neurotransmitters (equation (24)) which happens during the release phase (real part: red; imaginary part: blue). The
damping constant is set to Vn, = 0.145, the coupling constant takes the value g,.; = 0.1. The scale of time axis is characteristic for the release process; here

the numerical value 20 corresponds approximately 5 ms.
4.4. Fourth Phase: Transmission

The fourth phase is devoted to the transmission of the
neurotransmitters through the synaptic cleft. This process is
essential and complex therefore we present three essential
solutions for this process: multiple scattering, quantum-
diffusion and n-particle probability amplitude.

Approach 1: Multiple Scattering

The scattering process will be considered in the light of
quantum effects, which denote wave phenomena. A scattered
molecule experiences an interaction at a local potential,
where such a process can be described by the perturbation
theory of non-relativistic Green’s functions [12], [35]. The
Green'’s function for free Bosons is defined by

Go(xe,te; Xxg,t0) = =i 0(t, — to) (WP (xe, te) 1/J+(x0: to) —
YT (xo, to) Y (xe, te)) Do (25)

where 0 is the time ordering step function and 1) respective
P! represent quantum field operators in the interaction
representation. So, for example the creation field operator is
normalized in a box V and reads

Yt (x,0) = SXenth, , (0) eexrive, (26)

where by n~t:1tr’k(0) denotes a modified creation operator
without annotation of the spatial position x € V and the

frequency vy.
The interaction Hamiltonian is defined as

Hint(t) = f lp-l- (x' t) 1!’ (x' t) V(x’ t) d3x,

here V(x,t) represents a radial potential
molecules, e.g. the van der Waals potential

27

for small

Cle—br

C
Vopaw (1) = - T—g, where C;and Cg4 are constants, (28)
and the parameter b represents the inverse of the equilibrium
distance 7,4, at which the potential becomes minimal. A
typical value for this distance for small-size transmitters is
Teqm =~ 0.3 nm. The Lenard-Jones potential is given by

412 \yith the two constants Ag and A1,. (29)

_ 4
VL](T”) =76 T 1z

Both potentials have as well as a repulsive and an
attractive part (dispersion binding potential). The repulsive
forces typically exert their influence in a distance, which is

smaller than ca. i Toqm, Which in our field of application

means ca. 0.1 nm. The implication that repulsive or attractive
forces may exert their mutual influences cause the effect that
we may observe elastic scattering or inelastic scattering. In
the last mentioned case, the momentum of the impinging
molecule is strong enough, so it will not join to the other
molecule but continue his now deviated path. However, for
reasons of consistency of our quantum base objective we will
not go into such molecular details and continue with our
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previous executions.
The Green's function of a free particle is given by

Go (xe, te; xo,t9) = —i6(t, — to) %Zk etk (xe=xo)=ivilte=to) | (30)

In the following, we finally calculate the spatial
perturbation expansion of the scattered fields until the third
order. Hereby, we will in each order begin with the time
dependent field and then transform it in a corresponding
spatial and time representation. Both kinds of fields are also
defined in the interaction representation,

If a molecule is scattered once by a potential V' then we can
represent this process by the following field of first order

oM () = p(0) +3 [ [T (x, 1) p(x,7) V(x,7) $(0) d 7 d*x.

(€2))

The integration is carried out over all locations and times
(path integral). Hereby, we assume that the initial state is
settled by ¢(0) =T (xo,t9) ¢po . Such time dependent
fields wusually are applied to construct non-relativistic
Feynman graphs [16]. However, for reasons of brevity we
refrain from the description of such graphs in this article.

The calculation of the following expectation value with
respect of @ (¢t) provides us with the path of a molecule,
which is scattered once at location (x,t) and delivers to us
the searched Green's function

(ol (xe, )| PV (0)) = iGy (X, tes X0, t) +  (32)

%fotho (Koo te; X, ) V(x,7) Gy (x,T; X0, t0) d T d3x = Gy (Xe, te; Xo,to) + G (x,, te; X, to)-

Here, for reasons of generality the limits on the spatial integral have been expressed by too. In a practical case these two
limits are finite and are established by the applied potential. The second expression GV (x,, t,; X, t,) describes a particle

which is scattered once at the potential V( x, 7).

In the next step, we calculate the second term of the perturbation approach. Here, the time dependent field of double

scattering is given by

1 t
@ () = ¢(0) + Ef fl/f" (x1,71) Go (%1, T1; X0, 80) V(%1,71) o A%y d 7y +
0

i 2t Ty
(_ g) f f f f wT (xz , Tz) Go (xz »T25 X1, T1) V(xz , Tz) Go (x1,T1; Xg,to) V(x1 , T1)
o Jo

¢o d3x,d T,d3x,d 7.

(33)

The calculation of the corresponding expectation value is carried out as follows

(ol (x,, t PP (1)) = Gy (%o, te; X0, t0) +

(34)

i t
Ef f GO (xe y Ter x1 ’Tl) V(x1 'Tl) GO (xl y Ty xo, to) d Tq d3x1 +
0

i 2 t T2
(_ E) lf d Tz f f GO (xe ) te; xZ, Tz) V(xZ ,Tz) GO (xz ,Tz; xl, TI)V(xl 'Tl) :
0 0

Go (x4, t1; X0, to) d3x,d T,d3x,.

The last term of the expression (34) defines the Green's function for double scattering G (x,,t,; xo, to)-
If a molecule may be scattered triply then we have to calculate the following field of third order

DB () = ¢(0) + ifotfl/ﬂ(?ﬁ ,71) iGo (%1, 715 X0, t0) V(%1 ,7,) dxydTy +

(35)

i 2 .t Ty
<_ E) f def f lp-l-(xz ,Tz) GO (xz ) T2, xl, tl)V(xz ,Tz) * GO (xl »T1s xo, to) V(xl 'Tl) dxldTldxz +
0 0

<_ %)3 f:dT3 fOTS a2 forz fff W (x3,73) Go (%3, 735 X2, 72) V(%5 73) -

Go (5,725 21, 71) V(x2,72) Go (%1, 715 %0, 80) V(%1,71) dxydrydx,dxs.

The calculation of the corresponding expectation value is carried out as before

(ol (x,, t) PP (1)) = iGy (xe, te; X0, t0) +

(36)



European Journal of Biophysics 2016; 4(4): 22-41 32

i t
Ef f GO (xe ,te; xl, Tl) V(xl ‘Tl) GO (xl »T1s xo, to) dxldT1 +
0

1 2 .t rTp
(E) f f ff lGO (xe ) tE; xz, Tz)l/)‘r(xz ,Tz) lGO (xZ ,Tz; xl, tl) V(xZ ,Tz) "
0 Y0

iGO (xl »T1s xo, to) V(x1 'Tl) dTldxldxszZ +

iN3 rt (T3 T2
(_ E) f f f _U Go (e tes X3,73) Go (%3, 735 X2,T2) V(%3,73) -
o Jo Jo

GO (xz )T, xl, Tl) V(xz ,Tz) GO (xl »yT1s xo, to) V(xl ’Tl) dxldTldxszde3dT3.

Here, we tacitly assumed the time ordering restriction
t <13 <71 <719 <7y Equivalent restrictions are also valid
in the two previous calculations of order 1 and 2. The last
term of expression (3.32) defines the Green’s function of
third order, which describe the triple scattering of a particle
G(S) (xe' te; Xo, tO)-

In this subsection we are focused to scattering processes
therefore we are mainly concerned with the corresponding
Green’s functions of the three different orders. The total
amplitude for motion of a transmitter molecule from (x,, ty)

Grey ey (ter to) = =1 O(te — o) (P My, k, (L) NS 1 (E) D).

to (x,,t,) with any number of scattering is given by G, +
GO+ 6@ 4166 4o g,

So far, we have introduced the Green’s function in the
more accustomed (x, t)- representation. However, it can also
be defined in the (k, t)- representation, which corresponds to
the particle number representation of QFT. Here, the Green's
function of a free particle is denoted by

Gr(t) = —ie ™kt t > 0, otherwise 0.

The general Green’s function is defined by

37

Thus, for example the twofold scattering in this space is expressed by

Geg ki ey o (Ler E25 t1, t0) = 13 Gy iy (bes t2) Gy iy (2, 1) Gy ey (1, to)-

Approach 2: Quantum Diffusion

Our second approach describes the transmission as an
elementary quantum diffusion process, meaning that we e.g.
exclude in our approximation the description of a diffuse
modulatory system [4]. We begin our description with the
representation of a one-particle state and then extend this
approach to an n-particle system. The one-particle field
operator is normalized in a cube of volume V and is given by
a plane wave expansion

1 —~ ik
Yx,t) = N Yk My, (8) €% (39)
Thus, the respective density of a particular

neurotransmitter reads

px,t) =t(x, DY (x,0) =

1o —+ ik —~ ik
XNty i (t) e WX Y N, e (£) €% (40)
The corresponding particular molecular current density is

JjGx, t) = =DV, p(x,t), (41)

where D = % = ;—Zt = % (v) is the diffusion coefficient [10].
It is given in terms of the mean free-path / and the mean
velocity (v). Typical values are D =~ %10_8 cm?/s, I~
1078cm and the time T between two scattering processes
is T = 1078s. By the use of the mobility u = i, where m is

the particle mass, we can define a temperature-dependent

(38)

diffusion coefficient D = ukgT, with the Boltzmann constant
kg and the temperature T.

The divergence of the current defined by equation (39))
reads

Ve jx,t) = =D A p(x,t) =

D e . N
V [ Zk'k'(kz +k 2) nt;nr.k (t) ntmtr.k’(t)e k=) x].

(42)

The diffusion of the concentration of neurotransmitters
through the synaptic cleft is subjected to the continuity
equation

a .
ap(x, t)=—V," jlx,t) =D A, p(x,t). (43)

The written — out version of this conservation law in the
representation of creation and respectively destruction operators is

a — _ .
2 [ uk (Tl 0 T 0) €] = (40
b I:ézk,k'(kz + k,Z) ﬁf;‘ll-”ltr.k (t) ﬁmtr.k'(t)e_i(k_k,).x].

The integral form of the continuity equation given by
expression (3.36) reads

=, p(x )3 x = = [, j-nda=—[, V,-jdx, (45)

where V is the normalizing volume, n denotes the unit
surface normal, da represents the surface element, and the
last integral invokes the Gauss's theorem. The number
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operator Ny, which results from the integral over the volume
V of the corresponding particle density

No(®) = [, p(x,8) d*x = (46)

2k ﬁ;tr,k(t) N, i (8) =Xk Ni(t) = pr(t).

Only the integration over the whole space (continuum
normalization) would yield a time-independent total number
operator [26]

N = ["7p(x,t) d*x = Tyntt, . (0) Mty x(0). (47)

After this remark we come back to the previous
accomplishment with box normalized field operators and calculate
the expectation value of the local number operator N, (t)

(D] Ne(®bmy) = (b T, 4 (0) M, 1 (D) Dy} = (e,
(48)

1 — —~
m2k=g(¢{n}| nt:ntr_k(t) ntmtr,k(t) |¢{n}) =1, where Ny = Zk=o(nk)-

which denotes the average number of particles of state k at
time z. Even more, we can say that this expression can be
interpreted as the probability to find a single neurotransmitter
in quantum state k at time ¢, provided the following two
conditions are fulfilled. At first, the function ¢,y which is
not time-dependent and represents the simultaneous
eigenstates of Ny , Ny,,..., Ny, by the appropriate number
of creation operators

Fot) e (TS )" o (49)

172 (?l#t;rnw,k1 )nk1 nit,,

Py =

(n"l !nkZ!.A.nkn!)

= |nk1,nk2, ....,nkn >

is normalized. At second, the following condition must be
fulfilled

(50)

Both conditions are fulfilled; therefore, we consider each normalized matrix element

1 — — 1
v bl Ty 1o (O M k() 1600) = 5Py PO Ppy). ke = 01,2, .

(5D

as an element of the time-dependent, diagonal, density matrix p(k,t) in the particle representation. The equation (49)
corresponds to the normalization of this matrix, trace p(k,t) = 1.
The expectation value of non-diagonal elements of matrix p(k, t) is expressed by

(Dol Tt 1o (0) Wy g () [ Dimy) = (i) Tl Sragomy-

(52)

Expectation values of a pair of different creation operators, which may occur in interaction Hamiltonians

(D) Ty 1, (©) Wi, (D) by} =

In the next step we carry out the calculation of the
quantum information

inf (py(0)) = —trace(p(k,0) Inp(k,0) ) at time t =0.
We evaluate inf(p(k,0)) att = 0 because we are interested
in energetic steady-states which correspond to the
Hamiltonian H = Y, Hy = Y hwy N, . This Hamiltonian
represent the energy of a field of non-interacting spinless
particles. It is obvious, that we get with this calculation
without any remarkable, additional effort also the final

The second parameteris 1, = 8 = 1/ksT.

Snkink)., ifkj = ki, ..., ky; otherwise 0.

(33)

expression for the density matrix for N, (0) = Y, N,. We
accomplish the energy-based evaluation the density matrix by
the aid of the following general formula [17]

pr(0) = e*~HH, (54

where the two parameters A and A, are Lagrange parameters.
The A parameter is determined by
e* = Z and Z defines the partition function

The calculation of inf (p;(0)) is carried out by the application of equation (A)

e MAY T exp{—A hwr)™] + A,

This expression can be cast in a simplified form if we insert the definitions of the two Lagrange parameters

Z = trace (e‘BH) =Y, e PEk =¥, e Phorni = Zke(_ﬁhwk)nk- 55)
inf((p(k,0)) = e *[Atrace(e ") + A;trace(e~")H] = (56)
Tieo exp{=A1hwp)"k hayny,

21050:0 exp{—21, hwy)k
[ = — (~Bhay"k Tkeo exXp{=Bhwp) "k hwgny,
inf((p(k, 0)) = In (1 Lie ) +h Yo exp{—Bhwi) "k (57

This result can be more simpler reproduced (except the

factor k) if we calculate the entropy S which is defined in
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thermodynamics by the formula nf((p(k,0)) =—In (1 _ e—Bha) + gff . (59)
eBh@_
3
S =kg (ln Z-B ﬁln Z ) (58) The conservation law (43) in integral form is given by
This conformity is not accidental but reveals the close 9 pe(t) = 9 o ;{f;l NG ;ﬁmt () = (60)
connections between quantum statistics and classical physical ot ot o "
Z;attrl(s)g}c/s. Therefore, inf (p(k,0)) is also called information 2D[ 3y K2 m;tr‘k(t) M),

The expression (57) is equivalent to the corresponding  hereby each particular term possesses the solution
expression for a quantum oscillator if we assume that the

frequencies are not k-dependent but all are equal to a mean
frequency wjy = @, then we get the result

— —~ t —~ — —~ —~
ity (&) Ay, 1(8) = 2D [ K2 AL () My, (D) dr + 7L, (0) iy, 1(0). (61)
We continue the description of the diffusion process by passing over to the n-particles states

PGt Xngy s X030 = =t (R, YT (01, €)oo 9T (0, 8) = (62)

Li Al ® e ~tknxn ~al ®) e tk1xy
yn/2 N kn MerKn K Mmerky

describes the creation of n equal particles at different positions x,,, X,,_4,..., X; at the time t.
The corresponding n-particle spatial density is expressed by

pa(lxi} t) = (63)
A (e 0 (o 0T (s 0 (R 8) e 1, 00 (1, 1) =

1
Hp(xn' t) .- P(x1: t)a

where the reordering of the last line is permitted by our assumption that all field operators obey the Bose-Einstein statistics and
therefore they commute under position exchange at the same time.

If we replace in expression (60) the field operators by their decomposition in plane waves then the n-particle density
operator can be reformulated as follows

pa(fr;},t) = (64)

11 . 5t ~ —i(kn—kp)-
7 = (s, W O L, (6) 7 len~nrxn )

L=t — N
(Zk1,k1 Nl iy (®) ntmtr.ki (t) e~itka—ky)x )
By integration of this density over {xj} we obtain the n-particle density in k-representation in direct analogy to equation (44)

pu({k 1) = J, proc ({21 )8 {27} = 1, ()P4, (1), (65)

where py, denotes the density of the nth transmitter which is in state ky,, py,_, represent the density of particle which are in
state k,_,, etc. Moreover, we anticipate that all transmitters are of identical type (sub-index m,, is fixed) because they are
released from one vesicle, thus n = 103 to 10%.

After the calculations of p,, in the x-space and the k-space we continue our execution by focusing to the evaluation of
continuity equation for both just mentioned notations. The current density for n particles in the configuration space is given by

jn({x;}t) = -DV, pu({x;},¢) = (66)

_DL 1 [( v, w*(xn,t)) W (2, ) YT (g, ) o W (00, ) (21, 8)

vn/2 )

e (2, P (2, T (s, 1) o (20, 8) (Vap (20, 0) ).
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The divergence of this current is denoted by

Ve jn({x;},6) = =DA jn({x;} ¢) =

11
Doz Zk

nk'n

(67)

(K2 + K2) A Tyt () e—i(kn—k'n>-xn]

[ Sk ks ne ke (O W e () e~ ilkn-1-Kn-1)xn-1]

[ Zkl,kll ﬁfj;ltrrkl (t) mmtrrk& (t)e—i(k1—k'1)'X1] +

oy~ o~ —i(ky—K'1)-
[Zk1,k’1(k% + k%) N e Wme i, () € i1 —k"1) "1]

[ anvk’n ﬁf;trrkn (t) ﬁmtrrk'n (t) e_i(kn_k,n)-xn] U

[ Zkz'k'z ’n\f‘ftltr,kz ﬁmtrrk'z (®) e_i(kz_k,Z).xz]'

In the next step we integrate equation (66)

=D [, Arjeor({xi} £) d*xp

d3x, = (68)

1 —~ —~
2D ; [(an k%nt;"'knntmtr’kn (f)) pkn—l (t) e pk1 (f) +

(an_1 k%—lﬁ;tr,kn_lﬁm",kn_l(t)) Py (8) Py, (). P, () +

(Biey IETES,._ Wy i ()P (e}, 0Pt (1) iy (ED)].

This rearrangement of the number operators n~t;tr‘ki nt,, «rk; 18 permitted since they all commute (simultaneous eigenstates).

The conservation equation can be expressed as follows

[(%pkn (t)> Py, () o i, () +

(69)

(2 6402 ©) P1n© kO -, 41, © (200, O )]

=2D[(Zs, k2nt;,

MerKn (t) ﬁmtr,k’n (t)) Pl (t) oo Pry (t) +

(an_1 k%—lﬁ;tr,kn_lﬁm",kn_l(t)) Py () Py, (0. P, () +...

(S, 1 T, e, Wy by () Pry_y (P, (©) . 1, (0]

A comparison of each corresponding term from the left
and the right hand side of this continuity equation yields the
solution as given above by equation (60).

Here, we point out that the conservation law is modified if
during the diffusion process several neurotransmitters are
eliminated (e.g. annihilation by particular enzymes). In our
notation, we have to introduce an additional sink. The
integral form of the modified continuity equation reads

d . .
ENV = fV Vs * Jloss A%y d%n_1 — fV Vs i % ... d>x1, (70)

where j;,ss declares the loss current and j, comprises all
molecules. For example, we assume for a better ease of
understanding of equation (69 that only two
neurotransmitters with vectors k,, and k,,_; are eliminated.
Then the written—out expression of the violated conservation
law is given by

(71)

ZD[(an_z K, ﬁ;rnt,,kn,zﬁfm",kn_z(15)) Prn_s () Pryr_y () eeee pre, () +

2 [Pen(®) - P, ()] =

S K2os T e sy () Py (8) Py () vee Piey (8) +o

(Zkl k? ﬁ;tr,klﬁmtr,ki (t))Pkn_z G OPry_g1 ) oo Py (t)]-

Approach 3: Probability Amplitude of an
n-Particle System

The initial point to calculate the amplitude of an n-particle
system W(xq,x5,..., X,; t) is the Schrédinger equation of n
equivalent and not interacting particles which are subjected
to a general potential V (x):



European Journal of Biophysics 2016; 4(4): 22-41 36

ih W (X, X, X ) = HO, (72)
n? .

where H = Y7, H; = Y4 [_EAXL + V(xl)] is the sum of
one particle solutions. The potential is set as a drift potential
which is characterized by a force F = vgyi¢ /1, where p is
the mobility and the force operates in a fixed x-direction,
V(x) =—F-x.

The special solution ¥ of equation (72) is a product of the
particular solutions

iEjt

iEpt
w(x,t) =wx)e n , Wy, xp, ..., xp; t) = [T wi(x,t). (73)

These eigenfunctions form an orthonormal and complete
set of the n-particle Schrodinger equation. The general
solution of is a linear combination of such special solutions,
[7]. However, in our context we are more interested how
many particles are in the particular steady states of definite
energy u;(x;). The corresponding occupation number n;

denotes this. In other words, we are looking for a probability
amplitude which is both a solution of the n-particle

Schrodinger equation (72) and establish the relation of the

. nkp)? .
occupation number n; of the energy level E; = % with a

particular position x;,i = 1,2, ...,n. Notice, that there exist
no conflict with respect to the Heisenberg uncertainty
relation between k; and x; because +k; and —k; contribute
both to the same energy. The wanted relation is assigned by
the following scalar product

(X1, X5, ooy Xy g, Ny, o, s E), (74)

where N denotes the number of one-particle energy levels. We
select the particular scalar product (x4, x,, X3; t |n4,ny, N3, Ny)
to explain in more details the expression (74). Moreover, we
assume that the four individual energy levels (N = 4) have the
following multiplicity: ny = 2, n, = 1,n3 = 1,n, = 2. Then
this commitment yields the following formula for the scalar
product

(%1, X2, X3 |14, Mg, Mg, My £) = uq (Xq, DU (X, UL (X3, 8) + Ug (0, DUy (X3, DU (X, £) + Uy (03, DUy (0, g (x4, 8) +

Uz (X1, D uy (X2, DUy (X3, 1) + uz (X, us (X3, Uy (x4, 1) + uz (X3, )us (X4, DUy (X3, ).

The six terms represent the permutation of the three
arguments applied on two different series of the u; functions.
The plus sign of the second series usu,u, is typical for
Bosons, where W(x4, x,,...,x,;t)) is symmetric, while for
Fermions is W(xy, X5,..., X,; t) is antisymmetric. In the last
mentioned case, we have to set in each of these three last

1 yN

(75)

terms a minus sign in front. This sign change can be achieved
by the use of the corresponding Slater determinant.

The general, normalized n-particle solution for Bosons is
given by

W(xy, Xp, .., Xy t) = T 2y =1 c(Ny,..., Ny) (X1, Xg, o) X |Nq, N, e, s E), (76)
where the sequence of the indices ny,..,n, of each
coefficient c(n4,...,n,) has to be interpreted in directly 1 &m =1 c(ny, ..., Ny) > (77
coincidence to the order of the spatial variables. The density
must be normalized [|W(xy,X,,..., Xy O)|?d3x, ... d3x, = s Mgy ey ) =+ (e, My ey My ). (78)

1 and it must also be invariant under the exchange of
arguments. That is, the two following conditions have got to
be fulfilled:

1
W(xy, x5, x35t) = ﬁz%l,...,n‘;:l c(ng, nj, i) (Xq, Xz, X35 t [Ny, My, N3, Ny)

For reasons of clarity we go back to our previous example,
given by (74) in order to describe the corresponding function

(79)

= —[c(n, = L,n, =1,n3 = Duy (g, u (X2, uy(x3,t) +c(ng = 2,n, =1,n3 = 1)

V3l

Uy (X2, )ug (X3, Uz (X4, 0) + c(ng = 1,1y = 2,13 = 1) uy (X3, U (X2, ug (x4, 1) +

c(ny = 3,n, = 4,n3 = 4) uz(xy, Huy (X, uy(xs,t) +c(ng =4,n, =3,n3 =4) X

U3 (X2, U (X3, DU (X1, 8) + c(ng = 4,1, = 3,13 = 4) uz(x3, )uys(xq, DUy (X2, )]

This example amplitude ¥ reveals more energy quants (N
= 4) than positions (n = 3), thus, only three occupation
numbers can be indicated in each coefficient. This inequality
is expressed by the notation (n;, nj, ny) € {ny, ny, ng, ny}.

The calculation of the coefficients c¢(n4,..., n,) can be
done if we wuse (77), which demands the pairwise

6

Here we used the abbreviation ¢; (i = 1, ...,6) for the six

2 2 2 2 2 2
Bl =020 < 02,120 < 02,140 < 013,120 = .43, %0 = 043,

symmetrical exchange of the occupation numbers. That is, if
we know one of these coefficients then we can calculate the
remaining n! — 1 coefficients. If we again consider the
example amplitude (75), then we can evaluate the following
probabilities for the given distribution of occupation
numbers:

(80)

coefficients in (75).
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4.5. Fifth Phase: Reception

Hamiltonian of the reception step

Receivers are frequently transmitter-gated ion channels,
which can differ from one another in two principal ways.
First, channels are very selective to the type of released
neurotransmitters. Second, channels are highly selective
which ions they let pass across the postsynaptic membrane.
Here, we bring into focus that we consider only a selected
spectrum of receptors e.g. acetylcholine-gated cation channel
and voltage—gated Na*, respectively Ca®* channels. Thus,
we presume that several (ionotropic) creation operators of

receivers rc;;tr‘s‘xrc exist, where m,;, specifies the type of

the neurotransmitter which can bind to a receiver. For ease of
understanding we consider the three states e.g. of an
acetylcholine receptor. The three states of this receiver are
denoted by s and are characterized as follows: unoccupied
and closed (s = 1), occupied and open (s = 2), occupied and
closed (s = 3). From the state s = 3 it goes back to state s = 1.
The location of a receiver is marked by x,.. In addition, we
assume that only the reception of two neurotransmitters can
cause the transitions between the different receiver states.
Since a receptor opens a corresponding channel, we define

also a creator operator of an ion-channel chIT x,, and

respectively chy, ., . Both operators determine the impact of
channels and are strongly connected to the receiver type and
also model the inflow of cations like Na* and even describe
the case of no flow through the postsynaptic plasma
membrane. The position of the ion-channel is indicated by
Xcp -

To simplify the calculations of the equations of motion we
introduce the following state flip and inversion operators:

t T

aTC.l = rcmtr,Z,xrc rcmtrrlrxrc ’ (81)
S | _ .t
Oreq = rcmtr.z.xrc TCmer2,xrc rcmtrrlyxrc TCmer,1xrc -
T
Are2 = Tomy 3,20 Tompr2,%rc (82)

N . |
Orcz2 = rcmtr,3,xrc rcmtrr3rxrc rcmtr.z.xrc rcmtrvzvxrc .
t ot
Are3 = Tomy1,20c Tomer300c (83)
Gpeq = TCT rc —rct rc
re,3 T UMMy, Lxye | My LXrc Mey,3,%pc |~ Mer,3.Xrc”
For example, the flip operator a;,, destroys the ground

state 1 of the receiver and transfers it in the upper state 2. The
inversion operator, e.g. 0., , describes the difference
between the occupation numbers of the upper state 2 and the
lower ground state. Thus, the interaction Hamiltonian that
describes the receiving phase is denoted by

lerfta/h = igrc (84)

§ t t
[ Ureq Mimyprxp ntm:r.xj.kj Chxch
tT.xirkirxj.kj.xrc Xch

_ t t
: Are1 ntmtr.xj.kj ntmtrrxi;ki ch
trxpkixjkjXrc Xch

+ Z
tr,xi,ki,xj,k]-
t

_ t
E Qrc o ntmtr‘xj‘kj ntmtr,xi.kiChxch
tT.xirkirxj.kj.xrc Xch

Xch

t T
Ure2 Mimyyxik; ntm:r.x,-.k j Chxch
Xrc.Xch

T t
+ z C(‘I'C,?) ntmtr.xi.ki ntmtr,xtr].,ktr}. Chxch
tr,xl-,ki,xj,kj,xrc Xch

_ t T
Ztr,xi,ki,xj,kj,xrc Xch Are3 ntmtr,x)-,k)- ntmtr,xi,ki("hxch ]

The corresponding coupling constant is called g,.. We
again emphasizes that the indices which represent the
different molecules are not equal and we again require that
the distances between a receiving molecule and two
incoming neurotransmitters, as well as the k-space distance
of wave number vectors, is governed by the following
restrictions:

|xrc —xi| < &, resp. |xrc —xj| < & |ki - kj| SeguVij=1,...,n (85)
As well, the channel position (opening of the receiver) should be very close to the receiver position |X., — X, | < &.
Equations of motion of the reception phase
The three equations of the flip operators are given by the following expressions:
b t t +
aTC,l - _gTC Ztr,xi,ki,xj,kj,xrc Xch otr O-T'C,lntmtr,xi‘ki ntmt‘r'rxj'kj Chxch - )/TC,la‘rc,l' (86)
S t t t
Arco = —Gre Ztr,xi,ki,xj,kj,xrc Xch o tT UTC,Zntmtr,xi,ki ntmtr,xj,k)-["hxch ~ Yre2%rc,2- (87)
S t t t
arc,3 = —Orc Ztr,xi,ki,xj,kj,xrc Xch o tr U‘rc,3ntmtr,xi_ki ntmtr,x)-,kj["hxch - y‘rc,larc,S' (88)
Here, we again indicate that in addition to the already elucidated by the first expression (86). The transition

aforementioned restrictions (equation (84)) we demand the
compliance of the two restrictions x; = x, t &, |ki - kq| <
&k, (equivalent for x; and k;).

The significance of the equations (86) — (88) can be

from state 1 to state 2 is initiated by the increase of the
occupation number of state 2 and the decrease of the
occupation number of state 1 (o, ;). This is equivalent to the
creation of two neurotransmitters in the very close vicinity of
the receptor, and the annihilation of the channel because it is
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closed.
The dynamics of the three inversion operators are
described by the following expressions:

. — t t
Urc,l - 29rc Ztr,xi,ki,xj,kj,x” Xch [arc,lntm[r.xi,ki ntm[r,xj,kj Chxch + (89)
t t t
arc,lntmtr,xj,kj ntmtr,xi,kiChxch - er,laTC,l’

- T t
Orc2 = Zgrc Ztr,xi,ki,x}-,k,—,xn Xch [arc,zntmtr,xi,ki ntmtr,xj,ijhxch +

(90)
t t t
arc,zntmtr,xj,kj ntmtr,xi,ki["hxch ] = Yrc20c,2:

- — t T
Or¢c3 = Zgrc Etr,xi,ki,xj,kj,xrc Xch [arc,3ntm",xi,ki ntmtr,xj,ijhxch + (91)

" _ t t t t
ntm"'xq'kqi “Gre Ztr'xj'ki'xrc Xch (aTCrl T eyt arc.3) Nl xk; chy,,

ntt

t t
Qe 3Nt mtr.xi,kiChxch “Yrc30rc3:

mtr,xj,kj

In the following, we again consider the first equation (86)
to outline the behavior of an inversion operator. The change
of this inversion operator (initial state s = 1) is governed by
the flipping of state 1 to state 2, the annihilation of two
neurotransmitters in the direct environment of the receptor
and the creation of an ion channel. Alternatively (initial state
s = 2), the inverse process occurs.

The creation of the inversion operators, the annihilation of
a neurotransmitter and the creation of a channel operator
regulate the dynamics of a created neurotransmitter operator.

(92)

_ T
yntntmtrrxq.kq :

nt o t
Chxq = ~Irc Ztr,xi,ki,xj,kj,xrc (arc,l + Qpep T arc,S) ntmtr,xi,ki n

¢t (93)

mtr,xj,kj

1.
~Yen Chxq .

The selection of one particular flip operator out of the
three flip operators is determined by the given initial state. If
we chose s = 2 as the initial state then we have only to
consider a,.; in equation (92). The state of the receiver
makes a transition from s = 2 to s = 1 (regular transition

cycle) and two neurotransmitters are also created.
The temporal spatial and momentum density of arriving
neurotransmitters reads
d( .+
dt (ntmtrrxquq
+

ntmtr,xq,kq) = —Grc Ztr,xj,kj,xrc Xch (%94)

T T T
[arc,lntmtr.xj,kj ntmtr.xq.kq Chtr,xch + aTC,lntmtr,xj,kjntmtr,xq,kq Chxch +

af

T t
arc,3ntmtr.x j.k 7 ntmtr,xq,kq Chtr,xch

t T T
rc,zntmtr,xj,kj ntmtr.xq.kq Chtr,xch + arc.zntm",xj,kj nt

+ Q3 nt!

ch

mtrquykq Xch

-l-
MerXjKj ntmtr'xq.kq Chxch ]

_ t
yntntmtr,xq.kq ntmtrvxq.kq .

Figure 7 represents by a phase diagram the temporal dependence of the real part (red) and imaginary part (blue) of the
kg (equation (92)) and chiq (equation (93)).

+

operator a:c_l (equation (86)), Mg

nt!

Meraxghy

N
m’l,,‘a

al

re,l

Figure 7. Graphical representation of the temporal behavior of the real part (red) and imaginary part (blue) of the three operators “:c,1 (equation (86),
nt;l"'xq'kq (equation (92)), and ChIq (equation (93). The common damping constant is set to y = 0.05.
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Figure 8 describes the temporal trajectories of the density of neurotransmitters during the reception phase (equation (94)),
where the real (red) and the imaginary (blue) part are separated.

t ] 100

Figure 8. Density of the impinging neurotransmitters in the timespan of the reception phase (equation (94)). The real part is shown in red; the imaginary part
is marked by blue. The damping constant is Y =0.05, the coupling constant is g,.. = 0.1. The scale of time axis is characteristic for the release process, here
the numerical value 100 corresponds approximately 1ms.

The dynamics of the three receivers is characterized by their strong coupling:
. T _ t S t
rcmtr,lrxrc = Grc z (rcmtr,?’.xrc rcmtr,zrxrc) ntmtr'xi'ki ntmtr'xj'kj["hxch
tr,xl-,ki,xj,kj,xrc Xch
-, ret 95)
el My 1xrc”
. T _ t P t
rcmtr,zrxrc = Grc z (rcmtr,l.xrc rcmtr,3rxrc) ntmtr'xi'ki ntmtr'xj'kj["hxch
tr,xl-,ki,xj,kj,xrc Xch
—Yyeret (96)
TCT My, 2, Xrc”
. T _ t P t
rcmtr,3rxrc = Grc z (rcmtr,z.xrc rcmtr,lrxrc) ntmtr'xi'ki ntmtr'xj'kj["hxch
trxikixjkjxrc Xch

_yrcrcjntr‘S,xrc- CH)

The solutions of these three coupled differential equations are required to describe the time-dependent density of a receiver
which is in the state “unoccupied and closed” (state 1). The corresponding result is given by

i rel rc =— al nt nt chi
dt Mer,1,Xpc Mer, 1,Xrc Ire re, 1" i mepxpky imerxj kit xcp
trxjkjXxrc Xch tT
_ t T _ T
arc_lntmmxj’kj ntmtr,xi.kiChxch ] Yre Cmey 10re TCmer 1,07 (98)

If we compare this result with that one we obtained for the three inversion operators (equations (89) — (91)) then it will be
obvious that the right hand side of equation (98) is formed by the sum of the expressions of the previously mentioned
equations. Figure 9 illustrates the time dependent density of a receptor in state s = 1 (equation (98)) whilst the reception phase,
where again the real part (red) and the imaginary part (blue) are together outlined.
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Figure 9. Depiction of the temporal variations of the density of receptors (equation (98)). The real part is marked by red; the imaginary part is labeled by
blue. The damping constant is set to y,. = 0.05; the coupling constant takes the value g,. = 0.1. The scale of time axis is characteristic for the reception

phase, where the numerical valuel 00 corresponds approximately 1ms.

5. Conclusions

In our approach, several dominant quantum effects
characterize the whole transmission cycle in chemical
synapses. First, the interactions of all involved molecules of
the five modelled, principal phases are specified by the
Hamiltonians, which model the simultaneous reciprocal
actions of the creation operators and corresponding
annihilation operators. This interplay defines the resulting
molecular dynamics.

Second, the molecular dynamics of the loading process is
characterized by a competitive balancing between loading and
unloading. The transport of neurotransmitters along axonal
microtubules is regarded as an efficient replacement of the
diffusion process. The synchronization of the vesicle transport
is done by the stepwise motion control of the load carrying
molecular robots. Third, the release of the neurotransmitters
can also be represented as the multiple outgoing of plane
matter waves, which superposes to wave packets, where their
group velocities correspond to particle velocities.

Fourth, the transmissions through the cleft is represented
by three different approaches: multiple scattering, quantum
diffusion and n-particle system. In the first attempt, we use
Green's functions to calculate the probability of finding the
final location of manifold scattered transmitters. Similar
calculations can be performed with respect to the final -
value by the declaration of Green's functions in the k-space.
The quantum based diffusion mainly operates in the particle
representation of the QFT, thus all densities, flows, transition
elements, density matrix, etc. are calculated by the use of
corresponding number operators and continuity equations.
Hereby, we regard the quantum information, which is
generated with the aid of the density matrix as one of the
basic Dbiological features that is relevant for the
interconnections of neural populations (plasticity). The third

approach uses the n-particle system, which obey the
Schrodinger equation to establish the combination of the
configuration space and the particle space. Hereby, we
calculate the amplitude whose squared modulus give us the
probability to find at n different positions at the same time ¢,
n, particles with energy E;, etc.

Fifth, the receptors can undergo quantum-based transitions
into three different states, where these transitions are
subjected to the rate of the incoming neurotransmitters. The
interplay between sender and receiver is also governed by the
loss rate of the neurotransmitters that directly influence the
resulting gain.

In summary, this contribution shows the entry point of a
path, which may ends up with the proved statement that
quantum processes occur in the brain. One important, still
open question is, do coherent states (matter waves) exist in
the brain and can we therefore observe interference effects by
experiments (whether in vitro or in vivo).
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