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The study of the effect of radiation on the brain and its cognitive functions
is currently an urgent problem. There are natural sources of radiation and
artificial, created by man. Natural radiation is cosmic radiation, the dose of
which increases with altitude. For flights at high altitudes, their effect must be
considered. Man-made sources of radiation require special precautions, such as
measures to control the operation of nuclear power plants, precautions when
handling radioactive materials, the inevitable dose of radiation when used in
medicine (radiation therapy). The aim of our work is a computer simulation
of radiation-induced disruption of the neural networks activity of the prefrontal
cortex for various options for doses of radiation. To do this, we used a working
memory neural network model, which describes neural activity at various input
parameters corresponding to different doses of radiation.
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1. INTRODUCTION

Estimation of radiation damage to the central nervous system has become an
on-going challenge for the last decades primarily due to the issues of brain tumor
radiotherapy [1] and radiation protection for manned flights beyond the Earth’s
magnetosphere [2-4]. The crew and passengers on high altitude air flights are also
facing some degree of cosmic rays radiation.
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When assessing the risk of radiation exposure during the prolonged manned
flight beyond the magnetosphere it is important to bear in mind the possible for-
mation of disturbances from the central nervous system of pilots and astronauts.
In experiments on the irradiation of laboratory animals with high-energy iron ions
at doses corresponding to the real fluxes of galactic iron nuclei, when flying to
Mars, various disorders from the central nervous system are detected [5]. They
are manifested in pronounced disorders of memory, spatial orientation, inhibition
of cognitive functions, which is associated with structural and functional changes
in brain neurons such as shrinkage in soma size, loss or regression of dendrites and
dendritic spines , and disturbance of synaptic transmission and plasticity [64|7].

In order to have predictive value for risks, biological pathways and their out-
puts need to be organized into mathematical models. Development of mathemati-
cal models for neural networks and structures seems to be an extremely important
part in such research. In neuroscience, a biological neural network is a series of in-
terconnected neurons whose activation defines a recognizable linear pathway. The
interface through which neurons interact with their neighbors usually consists of
several axon terminals connected via synapses to dendrites on other neurons. If
the sum of the input signals into one neuron surpasses a certain threshold, the
neuron sends an action potential at the axon hillock and transmits this electrical
signal along the axon. Biological neural networks have inspired the design of ar-
tificial neural networks. Biological neural network simulation have been applied
recently for the quantification of related phenomena in hippocampus [8]. This
model was used to compare predicted hippocampal CAl region network firing
statistics using input parameters from proton-irradiated versus control mice.

In present work we will study radiation dysfunction of neural activity in the
prefrontal cortex that is responsible for short-term retention of information about
the object (working memory).

2. MAIN EQUATIONS

Working memory is the ability to transiently hold and manipulate goal-related
information to guide forthcoming actions. The prefrontal cortex (PFC) is the
brain structure most closely linked to working memory. PFC neurons show el-
evated persistent activity 9] during delayed reaction tasks, when information
derived from a briefly presented cue must be held in memory during a delay pe-
riod to guide a forthcoming response. The activity is grouped within so called
memory fields related to selected object.

For modeling networks which produce persistent firing in response to novel
input patterns and thought to be important in working memory and other in-
formation storage functions one possible mechanism for maintaining persistent

18



AJAz: 2019, 14(1), 17-29 Computer simulation of radiation-induced...

firing is dendritic voltage bistability in which the depolarized state depends on
the voltage dependence of the NMDA conductance at recurrent synapses. Our
approach is based on modified version of the model by Sanders et al [10]. The
bistability here arises from the complementary nonlinear voltage dependence of
GABAB/KIR and NMDA synaptic conductances.

The network is composed of Np = 144 two compartment pyramidal cells (ex-
citatory population) and N; = 36 single compartment interneurons (inhibitory
population) according to typical architecture of a cortical module. Hodgkin-
Huxley-type conductance-based neurons in the model are connected with each
other by spatially structured synaptic contacts with three types of receptors. The
excitatory neurons had two compartments: a dendrite with voltage V; and a soma
with voltage V;. Separating the spike-generating conductances from the bistable
synaptic compartment allows bistability to be maintained during the large somatic
voltage fluctuations associated with action potential generation.

The equations for the membrane potential of neurons are as follows:

C% = —3120(U; — Ep) — Ina — Ik — INMDA (1)
—Jampa — JaaBa, — Jnoise (2)
C'd;s’i = —9c(Vsi = Vi) =920 (Vsi — EL) — Ina — Ik — IGABA (3)
Cdzl/:’i = —9c(Vai — Vsi) — 9120 (Vai — Er) — INupa — Lampa (4)
—Igapa, — lcapag — Inoise + leat, (5)

where V; ;, Vg ; and U; are membrane potentials for pyramidal cells and interneu-
rons, respectively, indexes ¢ = 1...Np, 7 = 1...Nj correspond to cell number,
the membrane capacitance is C = 1 nF. Voltages are given in mV, time in ms,
conductivity in mS / cm?.

Ion currents are

6
7
8
9

INa = Gnaih;(Uj — (Ena + ZNa)),
Jk = gxii;(U; — Ex),

INa = gnamhi(Vii — (Ena + 2Na)),
Ix = gini(Vsi — Ex).

(6)
(7)
(8)
9)

General view of the kinetic equation for the gate functions of ion channels
corresponds to Hodgkin-Huxley approach:

dm

e am(l —m) — Bypm, (10)
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Z—? = au(1 —n) — Bun, (11)
= o1 =)~ i (12)
For interneurons

Q= _m7 By = 20e~(U+60)/18 (13)
oy = 0.35e”UH+8)/20 g — e_owi%)ﬂ (14)
P —e?‘gf(g;;)?’f)l, B, = 0.625¢(U+44)/80, (15)

where g = 0.1, Ef, = —65, gna = 35, Eng = 55, ik = 9, Ex = —90.

For pyramidal neurons

Om = —fai&&f’? D = e VI, (16)
ap = 0.07e~(VH8)/20 5, — e_ow_lﬂg)ﬂ (17)
o = —W, Bn = 0.125¢~(VH+44)/80, (18)

gr = 0.1, B, = =80, gng = 45, Eng = 55, gk = 18, Ex = —80.

First two types of synaptic connections coming from pyramidal cells are excita-
tory with glutamate as transmitter. Postsynaptic current formed by N-methyl-D-
aspartate (NMDA) receptors has nonlinear voltage dependence, which is referred
to the magnesium block defined by concentration Cy,.

For interneurons (k = 1...Ny)

Ui, — EnmbDA

5 . 19
B NMDA = gNMDAZNMDAT Civtg ox0(—0.08(Us — Exaroa)) (19)
NP
. Z Werli, k)si Nmpa[Vs,i(t)]. (20)
i=1,i%k
For pyramidal neurons (k = 1...N,)
Iy NMDA = gNMDAZNMDA Vaj, — ENMDA (21)
’ 1+ Cuy eXp(—O.O8(Vd7k — EnyvpA))
Np
: Z WEeEgli, klsi NnvpalVs,i(t)]- (22)
i=1,i#k
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Another excitatory current formed by a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors is linear with respect to postsynaptic
voltage.

For interneurons (k = 1...Ny)

Je,ampA = GampaZampra(Ux — Eanvipa)
NP
Z Werli, k]si anpalVsi(t)]- (23)
i=1 itk

For pyramidal neurons (k = 1...IVp)

Iiampa = gampazamprAa(Var — Eanvpa)
Np
> Wesli, k]si anpalVai(t)]. (24)
i=1,itk

Here ENMDA = EAMPA = 0, CMg = 0.15.

Inhibitory synaptic currents formed by gamma-aminobutyric acid (GABA)
type-A and type-B receptors are given by the following expressions:

For interneurons (k = 1...Ny)

Ny
TrcaBAy = §6aBa,(Us — Ecapa,) Y, Wili,klsigapa,[Ui(H)].  (25)
i=1itk
For pyramidal neurons (k = 1...IVp)
Ny
Iicgapa, = 964BA,(Var — EGaBa,) Z Wreli, klsigaa,[Ui(t)],  (26)
i=1itk

Ny 4 .
Gz(t) W[E[l, k]
IcaBAg = 9aABAR <0.25 +0.75 E —
P Gl(t) + Ky

‘ Var — EcaBag
1+ eXp(O.l(VdJC — Egapag + 10))’

(27)

where EG’ABAA = —70, EGABAB = —90.
The dynamics of slow type-B GABAp receptor is controlled through a cascade
of chemical interactions. Here

dG;
dt

= K3R; — KyG;, (28)
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dR;
e K\Ti(1 — R;) — K2R, (29)
dB;
e ki\T(By, — B;) — (k=1 + k_2)B;, (30)
T, 1
d W T(Bm— B) + k1B —Tijmp,  (31)

dt 1+ exp(—Ui(t)/2)
K4 =17.83, K; = 0.18, K3 = 0.0096, K3 = 0.19, K4 = 0.06, k1 = 30, k_; = 0.1,
ko =0.02, B,, =1, 7p = 10.
Presynaptic signal functions s are defined by the following equations:

dsjGABAA _ K fcaBa,
dt 1+ exp(=U;(t)/2)

(1 —5sj,caBAs) — KrGABALSj,GABA,s  (32)

Kfaapa, =12, Krgapa, = 0.1,

dsiampa _ K fampa
dt 1+ exp(— Vi

1— s, _K - 33
t)/2)( 5i, AMPA) TAMPASi, AMPA,  (33)

Kfampa =12, Krapypa =1,

ds; MDA — 8 Si.NMDA
% = Oésl'i(l 3i7NMDA) 91, NM ’ ( )
dz; o 1 — 35
% z ( lj) - ,Bx$ia ( )

it T+ exp(—Vii(1)/2)

as = 0.1, 85 =0.01, ap = 10, B, = 0.5.
The spatial distribution of network connections is defined through the synaptic

weights:
Wegli, k] = \/%’ZE exp [—W] : (36)
Wpili, k] = \/%%jm exp [—”EQ;;II’“)T , (37)
Wrrli, k] = \/237:; —exp [W] : (38)
Wigli, k] = \/;W;fuz exp [—W} , (39)

where g = Ng /360, 0; = N;/360,
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The inputs to the network were simulated as follows. The axons representing
the pattern to be remembered fired a train of action potentials that was generated
by current pulse I.,+ = 30 during the first 100 ms.

Noise was implemented as independent excitatory and inhibitory conductance
noise rand drawn at each time step 300 ms from a uniform distribution.

Jk’,noise - gnoz’se(Uk - Enoise) Z gi,noise [vnoise,i (t)]7 (40)
i#£k
Ik,noise = gnoise(vd,k - Enoise) Z gi,noise [Vnoise,i (t)]7 (41)
i#k
dS; noi K froi - ~
z,;tozse = fnozse (1 - Si,noise) - Krnoisesi,noisea (42)
1+ exp(~Vnoise.(t)/2)

where 9noise = 10; Ervise = 07 Kfpvoise = 127 Krpoise = 1.

To simulate random function Vj,ise(t) the considered time interval is divided
into segments of 300 ms and a random moment of time tg is generated on them
with a normal distribution function over the section being considered

Vioise(t) = =80 + 100 ) _exp(—(t — t0)?). (43)

to

To solve the system, the two program codes were written in MATLAB and
C++. Finally the systems of these equations was solved by the Runge-Kutta
method. Typical simulation result is shown in Fig[l]

EFFECT OF RADIATION ON THE NEURAL NETWORK OF THE
PREFRONTAL CORTEX

At the current level of knowledge it is not possible to develop self-consistent
theoretical model of radiation-induced damage to critical sites of neurons. Exist-
ing models of charged particle interaction with neurons are only available to count
energy deposition events in critical sites of neural cell [11]. Therefore, we will fol-
low the approach introduced in [8], which is based on the usage of experimentally
determined change in parameters of neural network. In our case required set of
model parameters should be estimated from existing experimental data.

Here we will consider the effect of radiation-induced perturbation of brain neu-
rochemistry. The concentrations of monoamines and their metabolites in different
brain areas including the prefrontal cortex were shown to be affected by ionizing
radiation [13/14]. It is suggested that the effect of dopamine on working memory
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Fig. 1. The activity of neural network (pyramidal cells from 1 to 140 are shown). Four

groups of stimulated pyramidal cells (bars correspond to spikes of action potentials)

do not spread their activity to other cells. Single neurons in the activated column
maintain their firing after external stimulation ends(¢ = 100 ms).

performance is mediated by D1 receptors. Dopaminergic modulation via the D1
receptor affects transmission through the AMPA and NMDA receptors, persistent
sodium current, and the spontaneous activity of interneurons.

In a similar model was used to simulate the impairment of working mem-
ory in schizophrenia. Using a biologically plausible prefrontal cortical circuit
model, authors simulated sustained activity during a simultaneous, multitarget
working memory task. Hypodopaminergic modulation resulted in imprecision and
a reduced capacity in working memory primarily due to decreased NMDA con-
ductance. Increasing NMDA conductance ameliorated both impairments. We can
use such model under conditions of radiation exposure.

The modulation of conductivities in our model depends on parameter z, as in
12).

For exitatory neurons:

1.0 + 6_1‘0/0'6 1.3+ e(2.0—,zz7la)/0.6
1.3 4 ¢—10/06 1 () + ¢(2.0—2da)/0.6’

ZAMPA =

1.0 4+ e~ 10/06 9 ( 4 (2.0-2da)/0.6
2.0 + ¢—10/06 1.0 + ¢(2.0—2da)/0.6”
1.0 4+ e~ 10/06 () 4 4 £(2.0-2da)/0.6
0.4 + ¢—1.0/06 1 () 4 (2.0—2da)/0.6’
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Fig. 2. Simulation of neural network activity after irradiation of 170 MeV protons
with doses of 1 Gy (a) and 2 Gy (b) . The initial conditions are the same as in control

shown in Fig.1.

2Na = 1/(1 + e(2—zda)/0.6) _ 1/(1 + 6(2_3)/0'6).
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Fig. 3. Simulation of neural network activity after irradiation of 600 MeV/n iron ions

with doses of 0.25 Gy (a) and 0.5 Gy (b) . The initial conditions are the same as in

control shown in Fig.1. All four groups of stimulated pyramidal cells have lost their
ability to maintain firing after external stimulation.

For inhibitory neurons:

~ _ 1.0 + £0-5/0.75 1 3 + e(3.-5—2da)/0.75
FAMPA = 7977 05/0.75 1) 1 ¢(35—2da)/0.75
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1.0 + 60'5/0'75 2.0+ 6(3.572da)/0.75
2.0 + e0:5/0.75 1 + e(3.5—2da)/0.75’

ZNMDA =

1.0 + £0-5/0.75 () 4 + e(3-5—2da)/0.75
T 0.4+ e05/075 1) 4 e(35—2da)/0.75

ZL
INg = 1/(1 + 6(3‘5—zda)/0.75) _ 1/(1 + 6(3‘5_3)/0’75).

In normal state zda = 3.

In [13] it was shown that irradiation with heavy charged particles leads to
more severe cognitive deficits than when exposed to light particles.

For 170 MeV protons (1 and 2 Gy) we have zda = 2.47 and zda = 2.38 respec-
tively, and for 0.6 GeV /u 56 Fe ions (0.25 and 0.5 Gy) zda = 2.175 and zda = 1.65
according to the experimental data retreived from [1314] . The reason for men-
tioned alterations in not firmly established yet. Along with direct damage to
sensitive structures from traversing particle tracks there may be secondary effects
such as oxidative stress caused by reactive oxygen species.

In our model simulation with data for 170 MeV protons (1 and 2 Gy) gives
weak disturbances in the working memory Fig, while irradiation by 0.6 GeV /u
% Fe ions (0.25 and 0.5 Gy) gives a strong deterioration in the working memory
Figh|

This results correlate with recent experimental findings |15], where uncertainty
attending to the possible disruption of cognitive performance caused by proton
irradiation was found at the doses of several Gy. The experiments with acceler-
ated iron ions [16| revealed cognitive disorders with doses an order lower than for
protons. Such observations support the reliability of our model.

CONCLUSION

We have developed biophysical conductance-based neural network model of
working memory for study of radiation-induced impairments. The model can be
used to show how known dose-dependent changes in basic parameters of neu-
rons affect network spatiotemporal dynamics. It is demonstrated, that radiation-
induced alterations in the properties of synaptic receptors cause loss of stability
for specific patterns of activity. This instability arises at very low doses of heavy
charged ions, but than for protons.

Proposed theoretical approach provides an insight on how can new knowledge
and data from molecular, cellular and tissue models of CNS adverse changes be
used to estimate CNS radiation risks.
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