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Abstract: Schizophrenia is a psychotic disease that develops progressively over years with a transi-
tion from prodromal to psychotic state associated with a disruption in brain activity. Transcranial
Direct Current Stimulation (tDCS), known to alleviate pharmaco-resistant symptoms in patients
suffering from schizophrenia, promises to prevent such a psychotic transition. To understand better
how tDCS affects brain activity, we propose a neural cortico-thalamo-cortical (CTC) circuit model
involving the Ascending Reticular Arousal System (ARAS) that permits to describe major impact
features of tDCS, such as excitability for short-duration stimulation and electroencephalography
(EEG) power modulation for long-duration stimulation. To this end, the mathematical model relates
stimulus duration and Long-Term Plasticity (LTP) effect, in addition to describing the temporal LTP
decay after stimulus offset. Moreover, we reproduce successfully EEG-power modulation under tDCS
in a ketamine-induced psychosis model and confirm the N-methyl-d-aspartate (NMDA) receptor
hypofunction hypothesis in the etiopathophysiology of schizophrenia. The model description points
to an important role of the ARAS and the 6— rhythm synchronicity in CTC circuit in early stage
psychosis.

Keywords: tDCS, ketamine, psychotic transition, EEG, modelling, thalamocortical circuit

1. Introduction

Schizophrenia is a psychotic disease that affects almost 1% of the worldwide pop-
ulation. This disorder has a multifactorial etiology which includes environmental and
genetic factors, and develops progressively along years before to manifest generally be-
tween 15 and 25 years old. During the prodromal pre-psychotic phase, first low-intensity
psychotic/positive symptoms insidiously appear [1,2]. About one-third of the at-risk
mental state patients will experience the psychotic transition, marked by the intensification
and worsening of psychotic symptoms over almost 2 years. This frequently culminates
in an acute episode of psychosis, and finally resulting to the chronicisation of the psy-
chotic syndromes [1,3,4]. For patients diagnosed with schizophrenia, pharmacological
and psychological therapy allow to alleviate symptoms and significantly improve patients
every-day-life. Nevertheless, finding treatments to prevent the psychotic transition would
be a precious lever for patients and psychiatry.

One of the promising non-invasive preventive approaches is the transcranial Direct
Current Stimulation (tDCS). It modulates neuronal activity by electric currents and is effi-
cient in the reduction of pharmaco-resistant psychotic and negative symptoms, as well as
improvement of cognitive performance in patients and healthy subjects [5-7]. For instance,
in patients suffering from schizophrenia long-lasting (several months) and robust reduc-
tion of negative and positive symptoms with low side-effects have been observed after
application an anodal tDCS protocol of few days [5,8,9]. While a large number of studies
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demonstrate the powerful potential of the tDCS as a treatment for psychotic disorder, the
questions of whether and how psychosis can be prevented by tDCS remains open. To
get closer to this aim, it is mandatory to understand better the mechanism of action and
electrophysiological influence of tDCS on neuronal networks.

The dysconnection hypothesis in schizophrenia allows to reveal links between the
pathophysiology of the disease and clinical signs, and indicates inter- and intra-structural
impairments in functional integration processes [10,11]. Indeed, Cortico-Thalamo-Cortical
(CTC) dysfunctions and disturbance in functionally associated neuronal oscillations were
reported from the prepsychotic phase of schizophrenia. These oscillopathies encompass an
increased power of prefrontal resting state activity in the broadband y—frequency (30 - 80
Hz) [12,13], as well as a reduced power in cortical low-frequency oscillations, like in the
0— band (1 -4 Hz) [14,15] and in non-REM sleep spindles occurring in the c— frequency
band (10 - 17 Hz) [16,17].

Interestingly, some of these prodrome-related osccillopaties can be transiently re-
produced in humans and rodents by a sub-anesthetic administration of the N-methyl-d-
aspartate (NMDA) receptor antagonist ketamine. A single sub-anesthetic dose of ketamine
induces psychotomimetic effects in healthy humans [18] and worsen positive symptoms in
patients suffering from schizophrenia [19]. Moreover, electrophysiological studies in rats
[20-22] and humans [23-25] showed that such a psychotomimetic ketamine administration
disrupts the CTC functional dynamics, and induces an increased power of v— oscillations
and a reduced power of slow wave, an effect reversed by the antipsychotic action of cloza-
pine [26]. Therefore, the sub-anesthetic ketamine provide a reliable animal model of a
transition to a psychosis-relevant state [27], and support the dysconnection hypothesis
for the etiopathophysiology of schizophrenia, more precisely via an hypofunction of the
NMDA receptors [28].

Here, we propose to explain the impact of anodal tDCS on psychotic brain dynamics
by the use of a mathematical model of the CTC circuit. This model encompasses the
CTC connectivity topology, as well as excitatory and inhibitory neuronal populations
in the network structures. At first, we have reproduced typical activity modulations
by tDCS, such as excitability and EEG power spectrum, to validate the neural model.
Then, the psychosis network dynamic is mimicked by modeling the action of ketamine
on glutamatergic neurotransmission. Finally, tDCS application in the context of psychosis
has been simulated and forecasts of tDCS action on CTC structures are provided. The
neuromodulatory action of tDCS has been modeled by a cortical constant input and a
change in the neuronal population transfer function. Cortical electroencephalograms (EEG)
have been computed numerically for all conditions and compared with literature. We
shed light on the essential neural mechanisms and CTC interactions that allow to mimic
prodrome-related oscillopathies and the observed effect of tDCS in psychotic patients.

2. Materials and Methods
2.1. The model

It is well-established that EEG originates from population activity in cortical layers [29,
30]. Neural ensemble models are well-known to provide a very good description of EEG
[30-33]. The model employed describes population activity in the supragranular cortex
layers I-III (SG) and the cortico-thalamic loop between granular/infragranular cortical
layers IV-VI (GIG), the thalamic relay cells and the reticular structure, see Appendix for
details. The network is sketched in Fig. 1. SG cells receive input from the brainstem, or more
generally from the Ascending Reticular Arousal System (ARAS) [34,35], and cells in input
layer IV exhibit afferent connections from thalamic structures and connect to infragranular
cortical cells in layers V and VI (Fig. 1(A)). Moreover, the GIG cells receive input from
thalamic relay cells in the CTC and project back to thalamic relay and reticular cells, cf.
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Fig. 1(B). GABAergic neurons in the reticular nucleus receive excitatory inputs from GIG
pyramidal cells and thalamic relay neurons, while the inhibitory reticular outputs are send
to the thalamic relay cells.
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Figure 1. Cortico-thalamo-cortical network model of neural populations. (A) The supragranular
layers I-III, granular layer IV and infragranular layers V and VI exhibit excitatory (represented by
squares) and inhibitory (circles) neurons. (B) Blue and red connections between cortex and thalamic
structures denote excitatory and inhibitory synaptic connections. The reticular and relay structures
includes inhibitory (circles) and excitatory (squares) neurons, respectively.

The principal brain rhythms investigated in the present study are the 6 — (1 — 4Hz), o —
(10 — 17Hz) and the y— rhythm (30 — 80Hz). Following previous modeling studies [32,36—
38], we hypothesize that the /— and o — rhythms originate in the cortico-thalamic circuit
(including both thalamic and GIG structures), whereas y—rhythms are generated in the SG
layers [38,39] in accordance to experimental findings [40]. The proposed model considers
interactions of excitatory and inhibitory local networks as the major rhythm origin in line
with previous modeling studies [41,42].

2.2. The action of transcranial Direct Current Stimulation

Transcranial Direct Current Stimulation is a neuromodulatory noninvasive brain
stimulation tool [43,44] known to be able to alleviate patients from symptoms in schizophre-
nia [5,8,9], major depression [45] or autism [46]. It generates a constant current between
two electrodes and current polarity distinguishes anodal and cathodal tDCS (a-tDCS and
c-tDCS).

To understand and describe the action of tDCS by a model, it is important to distinguish
short and long stimulations. Short applications, i.e. from seconds to a few minutes, of
tDCS result in altered membrane resting potentials and excitability shifts during stimula-
tion but no long-term after-effects [43,47]. A-tDCS increases excitability and the resting
potential, whereas c-tDCS diminish both excitability and resting potential. The present
work considers primarily a-tDCS and implements its impact by an increase of constant
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input and steepness decrease of transfer functions of both neuron types in all cortical layers.
As demonstrated in previous studies [39,48], the synchronous impact on both input and
transfer function steepness is a direct result of a modulation by Poisson spiking activity in
the ensemble, cf. the Appendix.

The excitability effect by tDCS has been demonstrated experimentally by several previous
studies [47,49]. Typically, neural responses are evoked by a different experimental stim-
ulus, such as transcranial magnetic stimulation (rTMS). Anterior experimental research
has demonstrated the increased (decreased) evoked response magnitude with increasing
a-tDCS (c-tDCS) current. To describe this effect, we have implemented a transient external
stimulation and evaluate the systems response magnitude and its baseline level subject to
the model tDCS current. Here, we model a-tDCS and c-tDCS currents by model currents
Iipcs > 0 and Iipcs < 0, respectively.

Conversely, stimulation of several minutes or longer can elicit prolonged after-effects
of several hours [44,50]. These prolonged plasticity effects request neural action evolving
on a larger time scale than the synaptic short-time action. A good candidate is Long
Term Potentiation (LTP), that has indeed been found as a probable underlying long-term
mechanism in long-stimulation a-tDCS [51,52]. The plasticity is triggered by anodal tDCS-
induced neural synchronization that induces complex dynamics of diverse ion channels,
cascade signaling and protein transcriptions. We describe the overall impact as an enhanced
excitatory synaptic efficacy in accordance to previous studies [51-53]. To this end, we
introduce a factor fipcs for the excitatory synaptic efficacy in both supra- and infra-granular
layers, cf. the Appendix for more details.

2.3. The action of ketamine

The anesthetic ketamine induces several diverse neural actions [54-56]. For instance,

it antagonizes NMDA-receptors in cortical and subcortical structure, increases the cortical
and subcortical glutamate concentration and affects the cortical dopamine system mam-
mals. As a major effect, at sub-anesthetic doses it is known to enhance the excitability level
in cortical and subcortical structures, possibly through disinhibition of excitatory cortical
pyramidal neurons [57,58].
Since the balance between excitation and inhibition impacts the oscillatory brain activity,
it is expected that ketamine modulates the EEG power spectrum. Indeed, ketamine in-
duces increased gamma power and a decreased power in lower delta frequency bands
in humans [23] and rats [20,21,58,59]. Moreover, a general — power reduction has been
observed in the entire CTC circuit [26,58]. Recent experimental studies on a slow-wave
sleep model in rats has shown a decrease of frontoparietal spectral power in the o-frequency
band [26,60]. We have implemented the ketamine modulation of excitation and inhibition
on neural populations, cf. the Appendix, to reproduce the EEG power spectrum modulation
observed in previous experimental studies.

2.4. Functional connectivity

Our model network includes connected neural populations. To learn more on the
interaction among these populations, we evaluate the functional connectivity (FC) between
them. FC quantifies the time-dependent degree of interaction between two populations.
Several measures have been proposed to quantify it [61], such as spike-field coherence [37]
or other synchronization indices. We consider here the time-averaged phase coherence [37,
62] which represents the phase-locking value (PLV) [63] between two time series with
0 < PLV < 1. These time series represent the activity of different populations in different
frequency bands. It has been shown recently [64], that phase synchronization quantifies
the degree of information sharing in noise-driven models. For PLV = 1, two time series are
completely phase locked and their populations activity is maximum synchronized, whereas
PLV = 0 reflects a complete activity de-synchronization. The larger the phase coherence
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PLYV, the larger is the functional connectivity between two populations and the more the
two populations interact.

3. Results
3.1. Excitability

Excitability modification is one of the major features of short-term tDCS. Figure 2
shows model simulations of an event-related potential (ERP) (A) and its impact on the
resting state activity (B). We observe an augmented excitability for a-tDCS in the ERP.
For both GIG cortical and thalamic relay neurons, short-term tDCS induce an increased
(decreased) resting membrane potential for a-tDCS (c-tDCS). Conversely, the resting firing
rate is poorly affected. These results are in good accordance to previous experimental
observations [43,47].

(A)

°
1

mean evoked response
o
o
&l

| |
-05-03700 03 05 08 -05-03 00 03 05 08
IlDCS IQDCS

Figure 2. tDCS-induced excitability. (A) The evoked potential time course is shown for tDCS input
current Iipcg = 0.0 (dashed), Iipcs = 0.3 (dotted) and and Iipcg = 0.8 (solid). The larger Iipcs, the
larger is the response magnitude during transient stimulation (up to ~ 200ms). After stimulation, the
system response is almost identical for all input currents. (B) The relative baseline resting potential
(left panel) and firing rate (right panel) in the precursor time interval 50ms before stimulation input.
The value Vy(fp) is the baseline resting potential (resting firing rate) for absent input currents. The
lines denotes the summed up relative cortical resting activity in the cortical GIG neurons (solid line),
in the excitatory relay cells (dashed line) and the reticular cells (dotted line). We observe an increase
of the resting membrane potential (left) for Iipcg > 0 (a-tDCS) and a decrease for Iipcg < 0 (c-tDCS)
in cortical and relay cells, whereas no impact on reticular cells is found. Conversely, the resting firing
rate is poorly modulated by the tDCS current.

3.2. Anodal tDCS-effect on spectral power

Long duration a-tDCS stimulation is known to yield cognitive enhancement [6], in-
duces LTP [53] and may serve an important role in clinical psychiatry in the future [5,8,9,65].
To describe the involved plasticity, we have developed a model that relates tDCS duration
and plasticity effect. Figure 3 (A left panel) shows the major model idea: for short stimula-
tion duration, no plasticity is present, while the impact increases with longer stimulation.
It has also been found experimentally, that the plasticity impact saturates after some time,
i.e. the long-term effect of tDCS does not change anymore [44,66]. After a-tDCS offset,
the plasticity reduces but much slower, see Fig. 3 (A,right panel). The understanding of
both enhanced and diminished plasticity in the course of time is important since a-tDCS
stimulation protocols alternate between stimulation with a certain duration and current
intensisty, and stimulation pauses. Our temporal model postulates the tDCS impact on
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[
o

plasticity strength subjected to stimulation time and stimulation pauses. Figure 3(B) shows
the impact of the single stimulation duration in a stimulation sequence on the plasticity, :
similar to the tDCS studies described in [44]. We observe an increase in plasticity strength  1es
fplast with increasing stimulation duration Ts and hence a prolonged long-term effect after s
stimulation offset. For details on the numerical implementation, please see the Appendix.
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Figure 3. Modelled plasticity impact during and after anodal tDCS stimulation. (A) Left panel:
very short stimulus duration does not induce any plasticity (the synaptic plasticity factoris f ~ 1),
medium duration exhibits a strong plasticity effect (1 < f < fsat) that does not enhance anymore for
long duration stimuli [44] (f — fsat) with saturation factor fs,¢. For high and low a-tDCS currents
(black and green curve, resp.), the qualitative behavior is similar, but it takes more time to induce the
same plasticity effect for lower a-tDCS currents [66]. Our model describes this temporal evolution
of plasticity effect by a population growth model, see Appendix for more details. Right panel: after
stimulation offset the plasticity effect diminishes exponentially with time. Experimental studies [66]
indicate that the decay time scale is in the range of tens of minutes for typical previous stimulation
current (~ 0.5 — 1mA). (B) Simulation of the plasticity effect in a typical a-tDCS sequence motivated
by [44]. Arrows indicate stimulation periods. A single a-tDCS period had a duration Ts with a
stimulation pause of 12 hours, 10 repetitions and a final period of 34 hours, cf. Appendix for more
details. Further parameters are 55t = 3h and Tgecay = 500h.

The plasticity effect is accompanied by spectral power enhancement, as shown in 12
Fig. 4. We demonstrate that long duration a-tDCS induces EEG power enhancement in the  10:
60—, 0— and y— frequency range, which decreases with time after the stimulation ends. 104
Experimental observations during sleep in healthy subjects similarly report an increased 195
power of the sigma frequency band after a slow oscillatory a-tDCS application [67,68]. 106
Moreover, it is show in [69] that oscillations in the delta frequency band are enhanced o7
following a-tDCS. 108
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Figure 4. Long duration-anodal tDCS impact on EEG. (A) Upper panels: simulated EEG time
traces before a-tDCS stimulation and immediately after. Lower panel: the corresponding power
spectral density distributions for activity before (dashed line) and immediately after (solid line)
stimulation. (B) Relative power change with respect to power before stimulus for different time
periods after stimulation. Plasticity effects are modeled by an increase of excitatory efficacy with
factors fipcs = 1.2 (Omin after stimulation), fipcs = 1.1 (20min after stimulation) and fipcg = 1.05
(40min after stimulation). We have assumed a stimulation duration time of 12 min implying the
plasticity time scale Tp,st = 1 min and a decay of the plasticity effect with Tyecay = 30 min. In
addition, the excitatory synaptic efficacy to ARAS input is ftrle)scps = fipcs-

The model simulations also permit to predict population activity in the thalamic
structures, cf. Fig. 5. We observe a relay cell population activity, which is very similar to
the EEG activity. Conversely, the reticular population exhibits a much weaker y—activity
but a strong J—activity. The a-tDCS appears to have no impact on the activity of thalamic
structures.

.04
=
0.3 ! L relay |
101 . 102
504
>
0.3 , reticular |
101 time [s] 102
& 6
=)
- reticular
2 4
9]
o
S 2}
[&]
a
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10 20 30 40 10 20 30 40
frequency [Hz] frequency [Hz]

Figure 5. Long duration-anodal tDCS impact on subcortical activity. Upper panels: time series of
simulated population activity for a-tDCS stimulation with fipcg = 1.2. Lower panels: spectral power
density distribution of relay and reticular population activity in the absence (dashed line, fipcs = 1.0)
and presence (solid line, fipcs = 1.2) of a-tDCS stimulation.

3.3. Impact of anodal tDCS in psychosis model

Previous experimental studies on humans [23,24] and rats [59,70,71] under ketamine
have shown that the experimental setup represents a reasonable psychosis model. The
subjects exhibit pathological ketamine-induced enhanced y— and diminished c— and
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é—activity [20-24,60]. These spectral features resemble the power modulation in at risk
mental state patients for psychosis. It has also been shown experimentally that an addi-
tional long duration-anodal tDCS stimulation reverses the impact of ketamine [60] which
resembles the clinical impact of a-tDCS in human psychosis patients. Figure 6 presents EEG
and subcortical activity in the control condition (no ketamine, no a-tDCS), under ketamine
but no a-tDCS and in the presence of ketamine and a-tDCS. Under ketamine, the EEG
power decrease in the §— and o—frequency range but increases in y— frequency range.
The relay cell population responds similarly but the ketamine impact is less prominent.
Conversely, in the reticular cell population ketamine enhances slightly spectral power in
the d—frequency range only.

Now applying a-tDCS enhances EEG power in the — and ¢—frequency band and moves
the spectral EEG power from the y—frequency band to lower frequencies. Relay cells
respond to the a-tDCS by a similar power increase in the §— and o—frequency, while
y—activity is retained. In the reticular population, the a-tDCS stimulation enhances the
é—power but does not affect the spectral power in larger frequencies.
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Figure 6. Cortical and subcortical activity under ketamine and anodal tDCS. (A) Model activity
time courses of EEG (upper panels), relay cell population (center panels) and reticular cell population
(lower panels) under different conditions. (B) Power spectral density distributions of EEG (top panel),
relay cell population panel (center panel) and reticular cell population (bottom panel). Parameters
are fipcs = 1.05 corresponding to stimulation duration of 4min with Tyjast = 1 min, fretamine = 0.7

in the cortico-thalamic loop and fyetamine = 0-8, ftrgsgs = 2.0in SG layers.

These ketamine-induced effects are summarized in Fig. 7(A), where cortical and relay
cell power decrease in the §— and o— frequency band with ketamine, while ketamine en-
hances §—power in reticular cells. Additional a-tDCS stimulation enhances further cortical
and relay cell population power in the — and —band, while the impact on reticular pop-
ulation is weak. Conversely, y—activity is strongly enhanced by ketamine in cortical cells
and diminished by a-tDCS. The sub-cortical y—activity is poorly affected by the a-tDCS
application. Despite a difference in the §— band reticular response to ketamine, theses
findings show good accordance to previous experimental findings in rodents [26,60] and
patients suffering from schizophrenia [9].

To reveal more details on the brain dynamics in psychosis, functional connectivity
between brain areas provide some insights [72,73]. We have computed the phase coherence
in the CTC between their involved neural populations, cf. Fig. 7(B). Ketamine enhances FC
in the /—frequency range between the cortical GIG, the relay and the reticular cells, while it
diminishes FC in the 0 — range between these populations. The FC is also reduced between
cortical and thalamic relay cells and between the thalamic structures in the y—frequency
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range under ketamine, whereas it does not affect the cortico-reticular connectivity. Now
adding a-tDCS, FC increases between almost all areas and frequency bands, except in
the intra-thalamic connections in the y—band. Hence, a-tDCS inverses the ketamine FC
reduction in the ¢ —band between all areas and in the y—range between GIG layer cells
and relay cells.

2

cortical - relay

power cortical cells

ket 1, I, ket Iy 1 ket I, I, ctrl ket 1,

cortical - reticular

power relay cells

cil ket T

relay - reticular

35050504

%

SRR

TITLLZTIA

X

XX

power reticular cells

%
B3

ket Iy T, ket I, T, ket I 1,

2

ket 1, ctrl ket I,

Figure 7. Relative spectral power and phase coherence PLV in the cortico-thalamic circuit. (A) The
ratio of power spectral density averaged over frequencies in the corresponding frequency band and
the corresponding average power spectral density in the control condition. The power in cortical cells
consider GIG cells. (B) Degree of phase coherence (PLV) between excitatory cortical GIG population
activity and the excitatory relay population activity (top panel), the excitatory cortical GIG layer and
the reticular population activity (center panel) and between the reticular and relay cells (bottom panel).
To notice, there is no cortico-reticular phase coherence in the basal condition. Model parameters
Tesp

are fncg = 2.0, fipcs = 1.03 and fipcs = 1.05 for stimulation input I; and I, > I, respectively.
Ketamine parameters are identical to parameters used in Fig. 6.

4. Discussion
4.1. Excitability and spectral power

We present a neural population model which permits to reproduce major experimental
EEG data features observed under tDCS. This model implies a cortico-thalamic feedback
loop that generates the — and o—rhythm. This loop includes GIG cortical cells, relay
cells and reticular cells with corresponding excitatory and inhibitory synaptic connections.
Moreover, a SG cell population is the origin of the y—rhythm in good accordance with
previous experimental results [74,75]. The reproduced features include an increased (de-
creased) excitability for a-tDCS (c-tDCS) in good agreement with previous experimental
findings [47,49]. The presented excitability study is very brief and demonstrates a fun-
damental excitability modulation with tDCS. Future work should evaluate the presented
evoked potential model much further, e.g. comparing modeling results to previous detailed
expertimental results [76].

In addition, long duration a-tDCS enhances EEG power in good agreement with experimen-
tal studies in humans [9,67-69,77,78]. Our model assumes LTP-like long term potentiation
of excitatory synapses and corresponding model simulations reproduce well the EEG
power enhanced by a-tDCS. We propose to describe the rather complex neurophysiological
plasticity effects by a simple modulation of the synaptic excitatory efficacy. Moreover, we
present a stimulation-timing model that relates a temporal stimulation protocol with the
plasticity effect. Future studies will evaluate this model by comparison to experimental
tDCS effects as described in [79,80].

Since this model simplification reproduces EEG power features successfully, the present
work supports the LTP-like effect of a-tDCS. The model also permits to predict the a-tDCS
impact on thalamic cells and we find a poor effect on the thalamic power. Future exper-
imental work will evaluate and verify this finding. As an additional well-known effect,
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long-term impact of tDCS on the brain decays after some time. This effect is central in
patients whose possibly successful tDCS impact decay after some months after treatment
stop [5,8,9,44]. We have proposed a decay model of the plasticity effect which describes
well the modulation of the tDCS after stimulation ends, cf. Figs. 3 and 4.

Several previous studies have modeled the electric field induced by tDCS [81-83]. Such
studies provide some insights into the spatial location of tDCS impact, but does not allow
to explain the dynamic impact on experimentally observed data. A different recent model
study has focused on the tDCS impact on single neuron activity in neural populations
considering homeostatic structural plasticity [84]. This impressive work takes into account
different stimulation protocols in more detail than our work does. However it does not
explain major tDCS effects on neural oscillatory brain activity that has been observed vastly
in previous studies. The present work provides such an explanation in the context of psy-
chosis taking into account recent neurophysiological hypothesis. Moreover, the ensemble
model does not exhibit a realistic brain topology such as our CTC model and hence is less
realistic concerning the brain network structure.

4.2. Spectral power in the psychosis model

We have further extended the neural model to describe EEG under psychosis assum-
ing a ketamine model [25,27]. Identifying the brain state induced by ketamine with the
psychotic state and the control brain state as a healthy state, we observe a drop of — and
o—power in the simulated EEG in the psychotic state compared to the healthy state. Con-
versely, the psychotic state exhibits a strong v— power enhancement. These findings are in
good agreement with experimental data in humans [23-25] and rats [20-22]. Nevertheless,
we also show an increase in the — power of reticular cells in the simulated psychotic
state. This result defer from recent findings in which all CTC structures present a — power
decrease after acute ketamine treatment [26,58]. Also, previous experimental studies have
shown that a-tDCS may alleviate psychosis patients from symptoms [5,8,9,85]. Our model
predicts an enhancement of §— and c— power and a reduction of y— power by a-tDCS,
which well replicate ancient experimental findings in an animal ketamine model [60].

4.3. Connectivity modulation in the psychosis model

The functional connectivity between brain areas reflects the brains ability to pass and
share information between the structures. For instance, brain networks in mental disor-
ders exhibit diminished FC between brain areas and thus a network fragmentation [86].
Enhanced functional dysconnectivity has been found in early psychosis [87] and reduced
conscious access in psychosis is related to diminished long-range structural connectiv-
ity [88], then supporting the dysconnection hypothesis in schizophrenia [10,11]. This
fragmentation can be reversed by psychotherapy in combination with a placebo or anti-
psychotics [89] and by a-tDCS [73]. It is interesting to note that a-tDCS not only enhances
FC in psychosis patients but also in healthy subjects [90]. This indicates that a-tDCS may
enhance brain FC in general. We have investigated this effect by computing FC in our neu-
ral model and found equivalent results. In the o — and y— frequency range, FC decreases
in the ketamine model compared to the control condition. Conversely FC between all CTC
structures increases in the 6 — frequency band during the ketamine condition suggesting a
J— hypersynchronisation in the entire CTC network in the psychotic state. This new result
adds to the previous finding of intra-thalamic y— synchronisation [26] driven by cortical
"y— noise" [22]. Interestingly, for all frequency bands, a subsequent a-tDCS stimulation
re-enhances FC. The only exception is the intra-thalamic FC in the oy— range that decreases
by a-tDCS.

4.4. Strength and limits of the neural model

The proposed model permits to reproduce experimental results on excitability and
spectral power of EEG originating in cortical layers, as well as excitability and spectral
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power of neural activity in non-cortical brain areas. Moreover, the model allows to predict
FC in the cortico-thalamic circuit and elucidates how tDCS augments information sharing
between brain areas. To gain these insights, the neural model considers recent hypothesis
how tDCS affects synapses and neuronal populations. For instance, we assume that tDCS
induces an intrinsic Poisson-noise activity in single neurons that represents a modulated
input current and transfer function in the population [48]. This allows to describe the
well-known modulated excitability by short duration-tDCS. Moreover, the simple assump-
tion that long duration-anodal tDCS reflects an augmented excitatory synaptic efficacy in
cortical neurons similar to the effect of LTP permits to describe the EEG power modulation
under a-tDCS.

To describe the anodal tDCS-impact in psychosis-related prodrome, we present a neu-
ral ketamine model that considers both the hypofunction of NMDA receptors and the
ketamine-induced disinhibition. Both mechanisms appear to be essential to reproduce the
o—power diminution and y—enhancement found experimentally. Since ketamine both in-
hibits excitatory cells and inhibitory cells and the latter inhibition yields disinhibition of the
population, it is an open question how the different power responses emerge. Our model
explains this by actions in two sub-circuits. Neuronal populations in the cortico-thalamic
loop, including granular/infragranular cortical layer, thalamic relay cells and reticular
neurons, experience primarily the ketamine-induced hypofunction generating the power-
diminished o—rhythm. Simultaneously, the cortical supragranular layer neurons and the
ARAS are affected by the ketamine-induced disinhibition. Since the thalamus and ARAS
are known to project to the supragranular layer neurons generating the v—rhythm [38], the
ketamine-induced disinhibition yields a y—power enhancement as observed experimen-
tally.

Now recalling that a-tDCS has been found to enhance the brain, it appears counter-
intuitive that the additional a-tDCS diminishes the y—power in the ketamine model as
shown experimentally [60]. To resolve this seeming contradiction, our simulations indicate
that the combination of the cortical Poisson-neuron input and ARAS input in the supra-
granular layers yields a power shift from the y—frequency range to lower frequencies, and
hence a drop in y—power. This power shift explains the y—power drop, but remains to be
shown experimentally.

The presented model is a rate-coding population model that considers firing rates
of single neurons but neglects the timing of single spikes and spike train modes. This
simplification is reasonable to describe mesoscopic population activity such as Local Field
Potentials or EEG [33]. However, tDCS modulates both spike patterns and spike timing [91]
and may affect the spectral power of neural populations without modulating neuron firing
rates [92]. Our neural model does not describe such a spike train effect, making it unable to
capture such rhythm modulations. This represents a limit of the population rate model.

Moreover, the model does not specify the underlying neuron type but implies a
general type-I neuron [93]. It also does not specify details of intra- and inter-network
connections, such as realistic spatial neural networks in single brain areas and topographic
thalamo-cortical mapping. At a first glance, this may represent a strong limitation of the
model and questions its validity. However, we argue that we are interested in the general
underlying neural mechanism of tDCS and its impact in psychosis valid for all mammals.
Since tDCS in different subjects of different mammalian species trigger similar EEG neural
responses [44,51,65,66], it is important to choose a general rather simplistic population
model that captures essential neural features and hence is independent of specific model
choices. Here, the essential features are the nonlinear transfer function between synaptic
input and population firing rate, realistic synaptic response models and a brain network
topology of realistic polarity, i.e. with realistic excitation and inhibition. For instance, the
emergence of a reticular 6 —activity observed in Fig. 4 matches experimental findings in the
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thalamus [94,95] and results from the chosen network topology as shown previously [32].

Future work should improve the neural model by including neural mechanisms of
spindles since these are known to represent important EEG markers in psychosis and
their prodrome [26,96,97]. Incorporating spiking modes of the reticular population should
allow to reproduce such dynamics, switching from bursting mode in the control/healthy
condition to single action potential /tonic mode in the psychosis/ketamine condition [26].
In addition, there is strong evidence that the 6 —rhythm originates in the cortico-thalamic
loop [98,99] and its role in psychosis remains to be revealed [100]. Future work will ad-
dress the function and origin of  —rhythms in psychosis in more detail. Essentially, the
present work demonstrates how to describe mathematically neurostimulation impact on
EEG and how to predict brain activity. This may trigger models for other neurostimulation
techniques over the scalp, such as transcranial Alternating Current Stimulation (tACS),
transcranial Magnetic Stimulation (TMS) or cerebellar neurostimulation. Indeed, most
neuromodulatory approaches have attracted increasing attention in recent years and seem
to represent promising tools for future clinical treatment and prevention in psychiatry [101].

5. Conclusions

The present work provides a mathematical description of tDCS impact on brain activ-
ity in the context of psychosis and give track to improve experimental setups. To reproduce
the ketamine-induced oscillopathies, usually used to mimic the schizophrenic prodrome-
related EEG, the essential neural mechanisms are a reduced cortical inhibitory efficacy
and an increased ARAS input to cortical structures. This supports the NMDA receptor
hypofunction hypothesis in schizophrenia. Moreover, the simulation of tDCS influence on
EEG can be achieved by simple modulation of synaptic efficacy, with a temporal dimension
to mimic long-term plasticity effects. Finally, these findings support the idea that a-tDCS
could reduce, or even normalize, schizophrenia prodrome-related oscillopathies, indicating
its powerful potential as a preventive treatment.
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Appendix A Mathemtical details of the population model
Appendix A.1 The population model

The model describes population activity in the cortex layers I-IIl and the cortico-
thalamic loop between cortical layers IV-VI, the thalamic relay cells and the reticular
structure. The layer I-III excitatory (inhibitory) mean potential is u (v), the excitatory
(inhibitory) mean potential in the layer IV-VI neurons is denoted as V. (V;), the variables
Vine and Vi, ; denote excitatory and inhibitory mean potentials in the thalamic relay cells
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and V. denotes the mean potential in the reticular structure. In a good approximation for
large networks, these variables obey

dV,(t
w0 — () £ BTIV(t)  Vilt)] + R Vit — ) — Vit — 1)
+ Fccxse[u(t)] + e + I + Pe(t) + Cll(t)
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(A1)

with the transfer functions

Tulx] = ;(1erf< \/;Um» (A2)
Sulx] = ;<1—erf<—ﬁ’;cm>> (A3)

and the delay time 7 in cortical-thalamic and cortical-reticular transmission. The noise
pm(t) represents finite-size fluctuations and is uncorrelated in time, it is independent to
other fluctuations &, (t), it has zero mean and variance Dy /N, i.e.

(E0) =0, (G(E() = 2oud(t—t).

Here, N is the number of neurons considered in the underlying network and D is the
variance of the input noise in population x = ¢, i, {th,e}, {th,i}, ret, ce, ci.

We point out that the population model is a mean-field model originating from a neuron
network [37,39,102-104] and additive noise input shapes the transfer functions T), and S,
by the corresponding noise variance 0, 0cm. In more detail, the variance o2 in the transfer
function (A2) is in a good approximation

2 D, Di 2 Dth,e Dth,i 2 Dret
T o= A = oy =
Te T Tthe Tth,i Tret
2 Dee 2 Dci
Oe = — + Ug=—"-
Tee Tei

Appendix A.2 Implementation of tDCS

To describe the impact of tDCS on the brain, it is important to distinguish short-term
and long-term stimulation. For short stimulus periods, no plasticity effect occurs. Anodal
tDCS induces an increased input current I and increased variances ¢ and ¢, [39,48].

For long-term stimulation, we assume an increased excitatory synaptic efficacy in cor-
tical layers with F. — fipcsFe, Fet — fipcsFet, Feex = fipcsFeex, pe — fipcsple, le —

419

420
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Table A1l. Parameter set of model (A1).

parameter description value
Te exc. decay time (infragranular) 10ms
T inh. decay time (infragranular) 50ms
Tih e exc. decay time (relay) 5ms
Tih,i inh. decay time (relay) 30ms
Tret exc. decay time (reticular) 8ms

Tee exc. decay time (supragranular) 5ms

Tei inh. decay time (supragranular) 20ms

T cortico-thalamic propagation delay 35ms
F. exc. synaptic strength 1.0

F; inh. synaptic strength 2.0

Fet synaptic strength (relay — cortex) 1.2

Fic synaptic strength (cortex — relay) 1.0

Fy synaptic strength (reticular — relay) 1.0

Ft synaptic strength (relay — reticular) 0.3

F. synaptic strength (cortex — reticular) 0.6

FY% synaptic strength (exc. — exc.) 2.18
M, synaptic strength (inh. — exc.) 3.88
F synaptic strength (inh. — inh.) 2.18
Mg, synaptic strength (exc. — inh.) 3.88
Feex synaptic strength (supragranular — infragranular)  0.05
Fexth synaptic strength (thalamic relay — supragranular) 0.1

He exc. noise input (infragranular) 0.1

I exc. resting input (infragranular) 0.2

Ui inh. noise input (infragranular) 0.0

I; inh. resting input (infragranular) 1.7
Hine exc. noise input (relay) 1.2
Wth,i inh. noise input (relay) 1.0

Wret exc. noise input (reticular) 0.0

Uee exc. noise input (supgragranular) 0.05

Ice exc. resting input (supragranular) 1.1

Uei inh. noise input (supgragranular) 0.05

I inh. resting input (supragranular) 04

D, exc. input noise variance (infragranular) 3-107°
D; inh. input noise variance (infragranular) 0.001
D, e exc. input noise variance (relay) 25-107°
Dy, i inh. input noise variance (relay) 12.6-107°
Dret exc. input noise variance (reticular) 10.9-10~°
D¢e exc. input noise (supragranular) 2.107°
D¢ inh. input noise (supragranular) 8-107°
N number of neurons 1000
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fiocsle, De = fincsDe, €1 = fipcser and Fy — fincsFey, Mg — fipcsMy and the plas-
ticity factor fipcs > 1.

The plasticity factor is chosen as a fixed value in the majority of simulations, but here
we provide a model to describe how it may evolve in time during and after tDCS. Fol-
lowing the strong relation between synaptic plasticity and LTP which may originate from
tDCS-induced neural synchronization, we assume that the plasticity effect reflects a certain
degree of synchronization and thus is low for short tDCS and saturates at a maximum
value for long tDCS. Then the growth of fipcg with stimulation time may obey the growth
law of populations. With fipcg = 1 4 f we postulate

L= pin - i) (A)

with the plasticity birth process obeying a logistic equation

pif) = rfjit (1 e 1)

and the plasticity death or decay process

f

Tdecay

() = -

The time constant T,jast and Tgecay represent the time scale at which tDCS enhances and
diminishes plasticity-induced excitation, respectively. Experiments show that plasticity
is enhanced rather fast (tens of minutes) compared to long-term plasticity (hours and
days). Hence, we choose Tyjast K Tdecay- Moreover, when tDCS is applied itis Iy = 1 and
otherwise Iy = 0.

For illustration, neglecting the decay of plasticity (Tgecay — )

fsat -1
14+ fsat};_foe_t/rplast

fiocs(t) =1+

where ¢ is the stimulation time and fj is the initial plasticity fy = f(t = 0). This is the
logistic function shown in Fig. 3(A, left panel). For absent tDCS (Iy = 0), the plasticity
decays by

fiocs(t) = foe ™!/ Tecay,

cf. Fig. 3(A, right panel).

In addition, model equation (A4) permits to describe the a-tDCS impact of a certain stimu-
lation protocol with intermittent periods of stimulation. Fig. 3(B) shows solutions of model
equation (A4) for different a-tDCS duration. According to typical a-tDCS stimulation
protocols, one applies a-tDCS with a duration T; (typically tens of minutes) and pauses
between stimulations (typically several hours or days).

Appendix A.3 Implementation of evoked potentials

We assume an input current as a sum of a constant tDCS current I;pcs = const and
a time-dependent stimulus-evoked current Igp(t), i.e. I(t) = Iirpcs + Igp(t). In addition,
the evoked current affects the system transfer functions yielding 02 — 02 + y11(t) and

2 = 0%+ 71(t), 02 — 0% + y31(t) with some factors 71, 72, 73 > 0.

The evoked stimulation Igp(t) is modeled as a sequence of periods with durations T with
I P = 0.05, while these periods have an equally distributed random duration in the interval
180ms< T < 220ms. The stimuli exhibit a random interstimulus interval ISI, which is
equally distributed in the interval 370ms< ISI < 530ms. A simulation time of 90s yields

~ 200 trials, whose average represents the Event-related Potential component (ERP). Its

443

444

451

453
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magnitude illustrates the degree of excitability of the system, i.e. the larger is the response
the more excitable the system is. Moreover, we define the baseline activity in the interval
just 50ms before the stimulus onset in each trial. Its trial average indicates the system
excitability as well, similar to the response magnitude, cf. Fig. 2.

Appendix A.4 Implementation of ketamine impact

The anesthetics ketamine is an antagonist of NMDA receptors [54,55] and affects the
brain dopamine system [56]. Ketamine has several diverse actions. At sub-anesthetic doses
in humans, it induces an hypofunction of NMDA receptors and increases the release of
glutamate in cortical structures [105,106]. Similar results were found in rats [107]. This
counterintuitive excitation effect could be due to the preferential and markedly inhibitory
action of ketamine over GABAergic cortical interneurons [57] and thalamo-reticular neu-
rons [26,58]. Since the NMDA hypofunction at GABAergic neurons diminishes their activity,
an effective disinhibition of glutamatergic neurons of cortical layer IV and the thalamus
is triggered. At subcortical levels, sub-anesthetic ketamine induces a discharge reduction
in reticular and thalamic neurons [58]. According to previous experiments on rats [60],
we assume sub-anesthetic doses implying a major disinhibition and an inhibition effect at
NMDA receptors. In our model, we implement these effects by a factor fi,; < 1 in the corti-
cal inhibitory efficacy parameter F; — fi,,F;, in the excitatory cortico-thalamic connection
to the relay cell population F;c — fi,;Fic, in the inhibitory reticular-relay cell connection
Fiy — fyetFir, in the excitatory relay-reticular connection F+ — fy.F+ and the excitatory
cortico-thalamic connection to the reticular structure F,. — f.;Fc. Moreover, ketamine
diminishes the inhibitory synaptic efficacy in layers I-IIl and we choose MZ, — fi.sMZ,.

In addition, the neurophysiological impact of ketamine proposes a strong disinhibition
in subcortical structures, indicating an enhanced ARAS input to cortical structures [108,109].
Since cortical layers I-I1I receive ARAS input, we consider enhanced activity noise input to
these layers. In our mathematical model, this input is taken into account by o¢e ~ 1/ fyet,
where ¢, is the noise input variance to layer I-IIl neurons. Together with the excitatory

plasticity factor for input response ftr]gscps > 1, we choose o¢e — ftr];scps/ SretOce-
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