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Abstract: Despite real therapeutic successes, the fundamental physiological mechanisms
underlying the effect of deep brain stimulation are still not understood. Several attempts
have been made to explore these mechanisms with computational models. Unfortunately so
far mathematical models have not had a significant impact on mainstream research on deep
brain stimulation in Parkinson’s disease. In this paper we report our internship experience
working with a computational model proposed by Rubin and Terman in 2004 [1] which is
among the most realistic and comprehensive models published recently.
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Etude d’un modéle informatique
de la stimulation cérébrale de haute fréquence

Résumé : Malgré des succés thérapeutiques réels, les mécanismes physiologiques fondamen-
taux sous-tendant ’effet de la stimulation cérébrale profonde ne sont toujours pas compris.
Plusieurs essais ont été faits pour explorer ces mécanismes avec des modéles informatiques.
Malheuresusement pour l'instant ces modéles informatiques n’ont pas eu d’impact signifi-
catif sur la recherche principale sur la stimulation cérébrale profonde dans la maladie de
Parkinson. Dans ce papier nous décrivons notre expérience de stage sur ’étude d’un modéle
proposé par Rubin et Terman en 2004 [1] qui est parmi les modéles les plus réalistes et les
plus complets publiés récemment.

Mots-clés : stimulation cérébrale profonde, stimulation de haute fréquence, maladie de
Parkinson, modéle informatique, tremblement
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1 Introduction

The use of neuromodulation in general and DBS (Deep Brain Stimulation) in particular, in
alleviating symptoms has become a well recognized standard procedure not only in Parkin-
son’s disease (PD), but also in other neurological and psychiatric disorders. Since the pioneer
work of Benabid et al. 1987 [2], 1991 [3], new applications of HFS have been proposed reg-
ularly (Chang 2004 [4]). Despite these therapeutic successes, the fundamental physiological
mechanisms underling the effect of DBS on neural function are still not well understood.

In an effort to understand these mechanisms, several attempts have been made to math-
ematically model parkinsonian tremor and DBS (for a review see Titcombe et al. 2004 [5]).
Early modeling attempts provided little evidence that new models were constructed from
previous ones. There are few, if any, citations between papers indicating an awareness of
other modeling approaches. It is unlikely that until recently, mathematical models have yet
had a significant impact on mainstream research on PD and DBS. As the quality of physio-
logical information relevant to PD is improving, modeling is becoming more focused on the
known changes in neuronal activity in the brain and therefore more relevant (Titcombe et
al. 2004 [5]).

DBS is also refered to as HFS (High Frequency Stimulation) because its therapeutic
effects are only achieved at “high” frequencies (more than 100 Hz). In 2004 Rubin and
Terman [1] proposed a mechanism for HFS in PD based on single compartment Hodgkin-
Huxley-like cell models for four interconnected subcortical nuclei. This model is one of
the first to propose an explanation for the reduction of parkinsonian symptoms under HFS,
based on increasing firing rates in target cells, rather than shutting them down; in agreement
with recent experiments that support the former hypothesis (Garcia 2005 [8]).

In this paper we report our experience working with Rubin and Terman’s computational
model. Simulation results are commented and full mathematical details of the model are
explicitly documented in the appendix.

All simulations, were performed using XPPAUT, a software developed by G. B. Ermen-
trout [17] and available at Ermentrout’s home page:
http://www.pitt.edu/ phase/. The numerical method used for integration was an adaptive-
step fourth order Runge-Kutta method (Qualst.RK4 in XPPAUT) with a maximum time
step of 0.01 ms. The model’s mathematical details were extracted from an XPPAUT (.ode)
file generously provided by David Terman. We took this file as our main reference to the
model’s details and we documented them in the appendix.

2 Description of Rubin and Terman’s model

Four anatomical nuclei are represented in the model: external segment of globus pallidus
(GPe), subthalamic nucleus (STN), internal segment of globus pallidus (GPi) and thalamus;
where the first three nuclei belong to the basal ganglia (BG). Each of these structures
is modeled with a certain number of identical Hodkin-Huxley-like neuron models. Each
neuron model consists of a set of ordinary differential equations, that sum up a total of
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Figure 1: Structures included in the model network. Arrows with “-” signs indicate inhibitory
synaptic connections and inputs, while arrows with “+” signs indicate excitatory synaptic
connections and inputs. HFS denotes High Frequency Stimulation, which is applied to
subthalamic nucleus (STN) in some simulations.

150 coupled non-linear equations for the complete model. More than 100 parameters values
are needed to completely specify these differential equations. Inhibitory and excitatory
synaptical connections between cells of different nuclei or between cells of the same nucleus
(for the only case of GPe), give rise to the block diagram illustrated in figure 1, where
several individual connections of the same kind (i.e. inhibitory or excitatory) are grouped
together under a single arrow representation. Figure 1 reproduces de block diagram of
the computational model we extracted from the XPPAUT file we were provided. However,
some differences beetwen the extracted model and the one reported by Rubin and Terman [1]
should be noted. First, the block diagram reported in [1] includes connections from GPe to
GPi that are not present in the file we were provided. Second, the number of cells reported
for each structure in [1] are: 16 for GPe, 16 for STN and 16 for GPi; while in the provided
file are: 8 for GPe, 8 for STN and 8 for GP1i (as shown in figure 1). Third, the way in which
synapses from STN to GPi are modeled in the provided file, differs from the one reported
in [1] (we come back to this difference in section 3).

Functionally, the thalamus is viewed simply as a “relay station” where cells have the
unique role of responding faithfully to each excitatory sensorimotor afferent action potential
(see “sensorimotor input” in figure 1), even under the inhibitory influence of GPi activity.

Rubin and Terman consider two clinical states: “normal” and “parkinsonian” as different
states of the BG. Each of these states is characterized by a certain pattern of activity in
the output nucleus of the BG (GPi in the model), that determines the responsiveness of
thalamic cells to sensorimotor incoming pulses. Performing numerical simulations, Rubin
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and Terman [1] have shown the characteristics of these patterns of activity and their effect
on thalamic cells responsiveness.

In a “normal” state, output from GPi is irregular and uncorrelated among subpopula-
tions of GPi neurons. It turns out that this has a minimal effect on the responsiveness of
thalamic cells. In a “parkinsonian” state, GPi neurons fire bursts of action potentials at
3-8 Hz (which corresponds to tremor frequency). Morover, these bursts are synchronized
among subpopulations of GPi neurons. The resulting effect on thalamic cells of this phasic
inhibition, is that they are no longer able to transmit depolarizing signals faithfully.

The switching from the “normal” state to the “parkinsonian” state is controlled in the
model by two GPe parameters: a constant current ! I %’; ¢ applied to each GPe cell (modeling
the level of striatal inhibition to GPe) and a synaptic conductance ggpe—.cpe between pairs
of GPe cells. In 2002 Terman, Rubin, Yew and Wilson [6] showed with a computational
model, how the combination of weakened intra-GPe inhibitory connections and strengthened
striatal inhibition in a structured sparsely-connected coupling architecture between STN and
GPe, can set the stage for synchronous GPe-STN oscillations and correlated rhythmic STN
output, in a sort of “tremor-like” activity. Their modeling approach to the normal and
pathological states of the BG, was motivated by Plenz and Kitai’s studies of basal ganglia
organotypic tissue cultures (Plenz and Kitati 1999 [7]). These authors propose that the STN
and GPe constitute a central pacemaker modulated by striatal inhibition of GPe neurons
and that this pacemaker should have far-reaching implications for basal ganglia function
and dysfunction. In the complete computational model, with GPi and thalamus included
(Rubin and Terman 2004 [1]), when set to the “parkinsonian” state, the correlated rhythmic
output of STN leads to rhythmic and synchronous bursting among GPi subpopulations that
negatively affects thalamic cells responsiveness to sensorimotor depolarizing signals.

In this scenario HFS is assumed to be an excitatory input identically applied to each STN
neuron and leads to a new pattern of GPi activity in which GP1i cells fire at high frequency
(indeed higher than the irregular firing of the “normal” state and the rhythmic bursting of the
“parkinsonian” state). Interestingly, the new tonic pattern of thalamic inhibition restores the
ability of the thalamus to relay sensorimotor input signals faithfully. The explanation given
by Rubin and Terman [1] relies on the intrinsic properties of the thalamic cells (particularly
the dynamics of a low-threshold T-type Ca®" current) under the effect of different activity
patterns of inhibition.

It should be noted that this explanation of how HFS may achieve a therapeutic effect
runs counter to much of the existing literature in the field. As it was mentioned before, HFS
is supposed to increase activity (Garcia 2005 [8]) in the stimulated nucleus (STN) and this
leads to increased tonic activity in GPi. This is certainly opposed to the view of HFS as a
way of silencing the pathologically overactive indirect pathway of the BG, as it is the case
in a therapeutic lesion (Olanow et al. 2000 [10]). Indeed, the goal of Rubin and Terman’s
work [1] was to demonstrate, with a computational model, the hypothesis that high firing
rates in the output nucleus of the BG caused by HFS, is not contradictory with restoring

1Other constant currents are also applied to STN, GPe and GPi cells but they are not represented in
figure 1 because they are not used to switch between “normal” and “parkinsonian” states.
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thalamic relay function; as it might be though when arguing in terms of firing rates and not
patterns of neuronal activity. In their model, the proposed mechanism for HFS is a natural
consequence of the properties of the cells involved.

3 HFS effectiveness dependence on stimulation parame-
ters

We performed simulations to examine the effect of HFS of STN for different levels of HFS
amplitude, frequency and pulse widths. More precisely, we numerically studied the depen-
dence of two performance socres that quantify the capability of thalamus to relay a periodic
depolarizing input, with respect to the three adjustable HFS parameters.

For the study of the dependence of HFS effectiveness on stimulation parameters, we
simulated the HFS signal as a depolarizing periodic smoothed square wave current applied
to each STN cell model (see appendix for details). We simulated the full model varying the
following stimulation parameters (same values as reported by Rubin and Terman [1]):

o pulse amplitude: ST € {0,21.43,42.86, 64.29, 85.71, 107.1, 128.6, 150.0,
171.4,192.9,214.3, 235.7, 257.1, 278.6, 300.0) 23

e period: THEY € {3.00,6.00,20.0,40.0} ms so that stimulation
frequency fot € {25.0,50.0,167,333} Hz; and

e pulse duration: wiLd € {0.150,0.300,0.600,0.900} ms.

Optimal clinical results are obtained, on an empirical basis, setting the parameters of the
implanted stimulator to (Garcia et al. 2005 [8]): 1 — 5V (amplitude), 120 — 180 Hz (fre-
quency) and 0.060 — 0.200ms (pulse duration). Selected stimulation frequencies for sim-
ulations ranged over therapeutic (“high” frequency) and non-therapeutic (“low frequency”)
ranges. Pulse durations were larger than the ones used for optimal clinical results, except for
the case wik® = 0.150 ms. This however, allowed us to use a maximum integration step at
least ten times smaller than the minimum pulse duration, while still being able to perform
simulations on an ordinary personal computer. Current density at a distance of 1 mm from
a Medtronic 3387 macroelectrode used for human HFS with a surface area of 6 mm? passing
a current of 3mA, is estimated to be 250 - n‘;‘Q (Lozano 2002 [18]). The range of stimulation
amplitude used for simulations was in this order of magnitude.

Each of the 150 state-variables of the model were initialized to zero at t = 0. After
five seconds of simulated time in the “normal” state, intra-GPe inhibitory connections and
striatal inhibition were instantaneously switched to the “parkinsonian” state. This means

that at ¢ = 5000ms the constant striatal current I$D¢ applied into each GPe cell was

switched from —0.5 (#pn‘?)Q (“normal”) to —2.3 (:’72‘)2 (“parkinsonian”) and intra-GPe synaptic
conductance g¢pe—cpe was switched from 1 22 (“normal”) to 0 2, (“parkinsonian”).
(um) (um) p

After other five seconds of simulation in the “parkinsonian” state, HFS of STN was turned
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on at t = 10000 ms. With the purpose of getting rid of transient phenomena, in quantifying
the effectiveness of HFS in restoring thalamic responsiveness to sensorimotor input, we used
only the simulation results of the last five seconds of a total of ten seconds of HFS simulation

(from ¢t = 15000 ms to t = 20000 ms).
We used another periodic smoothed square wave current to model sensorimotor input to
each thalamic cell. Amplitude, period, and pulse duration of this signal were respectively
JTh

same values as reported by Rubin and Terman [1]): =8 24 TThl — 50ms (which
SM umyz> L 5M
Thi

corresponds to 20 H z frequency) and wgy; = 5ms.

Two performance scores were used to evaluate HFS effectiveness: an error index (EI)
and a coeficient of variation (CV). The ET is defined, as in Rubin and Terman (2004) [1],
as the total number of errors divided by the total number of input stimuli. Two types of
errors are counted: false positives and misses. False positives consist of multiple spikes after
the most recent stimulus pulse. Misses are failures to respond within 10ms of the falling
edge of the most recent stimulus pulse. A band of + 1mV arround a threshold of —35mV
was used to define a thalamic cell spike response. If the thalamic cell membrane voltage
crossed first up and then down this band, we assumed that a spike response had occurred.
The CV is defined, as in Grill et al. (2004) [9], as the standard deviation of the interspike
time intervals divided by their mean. This coefficient is proposed, by Grill et al. [9], as a
measure of variability and information content of the output of a thalamocortical cell. For
the calculation of the C'V’ we used the same band of + 1mV arround the threshold of —35 mV’
to define a thalamic cell spike response. Each performance score was calculated for the two
thalamic cells of the model and the average over both cells was taken as the performance
score associated to the corresponding stimulation parameters. Although ET and C'V have
been proposed as performance scores to measure thalamocortical cell responsiveness, we
must be aware that by definition they can significantly differ on the performance evaluation.

When performing these simulations we found that for several combinations of stimulation
parameters, STN firing was not strong enough to drive GPi cells and GPi remained silent
with the consequence that thalamus was not inhibited at all. Of course this last picture is not
coherent with Rubin and Terman’s proposed mechanism for HFS action, which implies tonic
firing of GPi. Suspecting that this was related to the way in which STN to GPi synaptical
connections were programed, we modified the provided file in order to model these synapeses
in the same way as reported by Rubin and Terman in [1] (i.e. with their own synaptical
dynamics). With this modification, GPi fired for all combinations of stimulation parameters;
so we finally adopted the modified file for our simulations. Original and modified versions
of these synaptical connections are detailed in the appendix.

Results are plotted in figure 2. EI = 0 corresponds to one single spike response to each
stimulus pulse withing 10 ms of the falling edge of the stimulus pulse; C'V = 0 corresponds
to constant interspike time intervals. Both EI = 0 and CV = 0 are expected for a perfect
relay of a periodic input, but of course EI = 0 is not incompatible with C'V # 0 (for example
if pulses are relayed but timing is slightly affected) and C'V = 0 is not incompatible with
ET # 0 (for example if one stimulus pulse is relayed periodically every two or more input
pulses). For the parkinsonian unstimulated case (i.e. I35 = 0), EI = 0.54 and CV = 0.93.
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Figure 2: Error index (EI) (left column) and coeficient of variation (C'V') (right column)
dependence on HFS parameters. Each row corresponds to a different HFS period: a) 40 ms
(25 Hz); b) 20ms (50Hz2); ¢) 6ms (167 Hz); d) 3ms (333 Hz). Each plot contains different
traces, one for each HFS pulse duration: *) 0.15ms; x)0.3ms; o) 0.6 ms; ) 0.9 ms. Traces
consist of interpolated performance socres against stimulation amplitude in %. INRIA
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Regarding just the E I dependence on stimulation parameters, we observe that for a stim-
ulation period of 20ms (f5Lh = 50 Hz), HFS actually worsens thalamic relay capability
with respect to the unstimulated case for almost all stimulation amplitudes and pulse dura-
tions. This is in qualitative accordance with Rubin and Terman’s observation that at “low”
stimulation frequencies parkinsonian-like STN and GPe bursts still occur, but they become
longer, leading to prolonged phases of strong inhibition from GPi to thalamocortical relay
cells. As the stimulation period decreases (i.e. frequency increases), certain improvement is
attained for a range of stimulation amplitudes and pulse durations, but this improvement
is not as impressive as is tremor reduction in clinical experimentations. This is also the
case for Rubin and Terman’s reported results. Finally, for a stimulation period of 3ms
(fE¥ = 333 Hz), we observe that improvement with respect to the parkinsonian unstimu-
lated case is achieved at lower stimulation amplitudes as pulse duration is increased. This
is also in qualitative agreement with Rubin and Terman’s results.

The CV dependence on stimulation parameters follows a similar tendency to decrease
with stimulation frequency for a range of stimulation amplitudes and pulse durations, but
similarities with the EI dependence can not be taken too further.

We could reproduce Rubin and Terman’s results qualitatively but not quantitatively.
Several differences may contribute to this impossibility. In addition to the already mentioned
differences in the number of cells included in each structure and the missing GPe to GPi
connections, we can mention the following: 1) to compute the FI, we used the last 5s
of simulated time (instead of a 1s interval as in [1]) 2) we discarded the first 55 of HFS
simulated application with the intention of avoiding the effect of transient phenomena (a
similar procedure was not reported by Rubin and Terman [1]) 3) the criteria we used for
defining a thalamic cell spike response may be different from that used by Rubin and Terman
(not reported).

Certainly the large amount of details necessary to completely specify the model is a
source of reproducibility difficulties and is one of the costs associated with a fine detailed
biologically realistic model.

4 Robustness

Rubin and Terman studied the robustness (section 3.4 in [1]) of the differential thalamo-
cortical cells responsiveness to sensorimotor stimulation under “normal”, “parkinsonian” and
“parkinsonian with HFS of STN” conditions, with respect to noise in the sensorimotor input
time course. They found that for the three conditions, the model is robust to random time
intervals selected from both a uniform distribution and a Poisson distribution.

We next consider a simple parameter perturbation example to illustrate the sensitivity
of thalamic capability to relay a periodic depolarizing input (quantified by an error index
(ET) defined as in section 3), with respect to a pair of thalamic cell model parameters.

First, we took a set of HFS parameters (I55s = 150 %, THEN = 6ms and wkh =
0.3ms) that achieves an error index of ET = 0.16 (average over the two thalamic cells) in
the thalamic capability to relay a periodic smoothed square wave excitatory input current
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(Igféf =8 pA TThi

Gmyz> Tsar = 50ms and w

Thl _
SM —

5ms) in the “parkinsonian with HFS of STN”

condition. Then, we simulated the full model for exactly the same conditions except for
the fact that two parameters of the model were modified by 5%. For the perturbation

example we perturbed parameters

6Thl and o

Thl
T

Simulation methodology was the same as described in section 3.
In table 1 we show the computed ET for each of the two thalamic cells of the model (ET;

(as defined in the appendix) by a 5% each.

and El) and the average thalamic error index (ET) for the unperturbed and perturbed
case. Note that one of the thalamic cells switches from perfect relay function (i.e. EI = 0)
to completely unfaithful responsiveness (i.e. ET = 1).

Unperturbed Perturbed
oIn = —84 | 9" = —79.8
ol =105 | oLl =11.025
EI 0.34 0.74
EI, 0 1
Bl = EL1EL 0.17 0.87

Table 1: Sensitivity of thalamic capability to relay a periodic depolarizing input with respect
to a particular parameter perturbation that affects two parameters of the thalamic cell
model. FI; and EI5 are the error indexes of the two thalamic cells of the full model and
ET is the average between the former two and the associated index to the thalamus relay
capability.

5 T-type Ca’>" current

Rubin and Terman [1] provided insight into the HFS mechanism underlying their simulation
results. Analyzing their thalamic cell model (both in its full and reduced forms), with phase
plane techniques, time scales separation and bifurcation diagrams; they show the prominent
role of the low-threshold T-type Ca?* current in affecting the thalamic cell responsiveness to
depolarizing input pulses, under different patterns of thalamic inhibition from GPi: “normal”,
“parkinsonian” or “parkinsonian with HF'S of STN”. From this analysis, for the “parkinsonian”
case it turns out that:

e As soon as an inhibition phase starts, the thalamic cell cannot fire in response to
depolarizing input pulses until its T-current is sufficiently deinactivated. The slow
building up of the available T-current is a cause of the new sustained higher inhibition
level.

e As soon as it is released from an inhibition phase, the thalamic cell has an excess of
T-current that (coupled with sodium deinactivation) leads to a burst response that

INRIA
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Figure 3: Effective “time constant" % in ms against thalamic cell membrane voltage

vIM in mV for the “ordinary" (continuous) and the “fast" (dashed) T-current.

interferes with the (normal) single spike response to each depolarizing input pulse.
The burst extinguishes when the T-current is sufficiently inactivated.

Thus the T-current (increasing during an inhibitory phase and decreasing after an inhibitory
phase) behaves as a compensatory system that allows the thalamic cell to respond even
under phases of BG inhibition. The problem arises when these phases of inhibition appear
periodically (with a period similar to the time it takes for the compensatory system to
accommodate to the new situation). This causes lack of responsiveness at the onset of the
inhibition phase and bursting after the end of the inhibition phase. This is why Rubin
and Terman suggest that faster T-current inactivation and faster T-current deinactivation
should improve thalamic cell responsiveness to depolarizing inputs even under “parkinsonian”
inhibition from GPi.

To test these observations on the full computational model we performed simulations with
two kinds of T-currents. An “ordinary” one, and a “fast” one obtained from the “ordinary”
one by changing two parameters of the voltage-dependant “time constant” of the inactivation
variable.

For the “ordinary” T-current we took all parameter values as specified in Terman’s file.

To simulate a “fast” T-current we decreased 7' and increased o (see the appendix

for the definition of these parameters). In figure 3 the voltage-dependent effective “time
Thl Thl

constant" ”q}# (where ¢, = 2.5) of the T-current inactivation variable r is shown for

T
the “ordinary"” and “fast" cases.

We set intra-GPe inhibitory connections (ggpe—.gpe) and striatal inhibition to GPe
(I, gf;e) so as to simulate a “parkinsonian” state in which the STN-GPe peacemaker generates
rhythmic tremor-like clustered activity. Under this “parkinsonian” state, we studied the effect
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Figure 4: a) Total inhibitory synaptic input from GPi to each thalamic cell in the parkinso-
nian case. The almost periodic phases of inhibition occur at “tremor” frequency (= 6.H z).
b) and c) thalamic cells’ responsiveness to an excitatory periodic signal for the “ordinary”
and “fast” T-current cases respectively, under the same “parkinsonian” inhibition represented
in a). For each of the two conditions represented in rows b) and c) two subfigures are re-
produced for each cell: one with the thalamic cell membrane voltage in mV (lower trace)
in response to the excitatory periodic current in % (upper trace) and a lower subfigure
with the corresponding evolution of the thalamic cell deinactivation variable . Time axis
has been shifted for clarity; ¢ = 0 in the figure corresponds to t = 19000 ms in the simulated

time course.
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on the thalamic cell’s responsiveness, of changing the “ordinary” T-current by the “fast” one,
as previously defined.

In figure 4 we reproduce 1 s of simulated thalamic cells’s responses to excitatory periodic
pulses, under “parkinsonian” inhibition from GPi, for the two different cases. For the “fast”
T-current case, the deinactivation variable r reaches higher levels than in the the “ordinary”
case, but transitions beetwen low and high levels of deinactivation are faster than in the
“ordinary” case (note the sharper edges in the r time course). In table 2 we report the
error indexes for the two different cases. From this table, it is clear that speeding up the
T-current dynamics improves the responsiveness of the thalamic cell. This suggests that a
chemically induced speeding up of T-current dynamics in thalamocortical relay cells, may
provide an alternative treatment of parkinsonian motor disorders if Rubin and Terman’s
model is essentially valid. We do not know if this selective speeding up of a ion current is
possible in practice. If it is possible, further experimentation in this direction could serve to
develop a new drug-based therapeutic strategy. In any case, it could be a way of validating
the proposed mechanism for HFS action.

“Ordinary” T-current | “Fast” T-current
1M = 28 ms I = 5ms
olhl = 10.5mV olhl = 15mV
EnL 0.36 0.030
El, 0.39 0.080
E] = ELIED 0.37 0.055

Table 2: Thalamic capability to relay a periodic depolarizing input with an “ordinary” or a
“fast” T-current. E'I; and EI, are the error indexes of the two thalamic cells of the full model
and EI is the average between the former two and the associated index to the thalamus
relay capability. Only 1s of simulation is reproduced in figure 4, but the error indexes were
calculated with 5 s of simulated time (from ¢ = 15000 ms to t = 20000 ms)

6 The thalamic cell model

Following Rubin and Terman’s analysis it turns out that, two key points account for the
explanation of the proposed HFS mechanism: 1) The pattern of activity (either phasic or
tonic) that sums up over all inhibitory afferents of a thalamocortical cell and 2) the intrinsic
properties of the low-threshold T-type Ca?T current of the same cell. If the pattern of
inhibition is phasic, then the cell is seriously disrupted to relay the pulses that reach its
excitatory input. But if the pattern of inhibition is tonic, then the cell is able to relay the
excitatory pulses.

In order to explore this, we performed simulations with the isolated thalamic cell model.
A prescribed time-dependent total inhibitory synaptic input s(¢) to the thalamic cell was
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Error index Thalamic cell responsiveness Coef. of var. Thalamic cell responsiveness
1.0

sl @R
0.6
0.44
0.21

0.0

f(Hz) f (Hz)
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200

Figure 5: Error index (EI) (left) and coefficient of variation (CV') (right) associated to the
thalamic cell model responsiveness capability, for different frequencies of the the inhibitory
signal. Pulse duration of the inhibitory signal was always equal to half of the period.
Performance scores were computed using the last 5 s of a simulation time interval of 10 s.

used to model GPi inputs. We studied de dependence of the thalamic cell responsiveness on
the fundamental frequency of s(t).
We prescribed s(t) to have a periodic smoothed square wave form:

s(t) = SY (sin (27 finn(t — dinp))) (1 =Y (sin (27 finn (¢ — dink + Winn))))
-1
where the sigmoidal function Y () has the form Y (:) = (1 + exp (_E» with oy =
0.001. The amplitude S = 2.5 was selected according to the usual values observed in the
simulations carried out with the complete model (see figure 4a to compare amplitudes of
s(t)). Time shift d;,,, = —90 ms was selected arbitrarily. The fundamental frequency f;,p of
s(t) was varied selecting values from a linearly spaced set of frequencies between 1 Hz and
200 Hz in order to emulate GPi firing in the “parkinsonian” (“low” frequency) and “HFS-
driven” (“high” frequency) states. Pulse durations where selected equal to half the period:
Winh = %ﬁ
The periodic excitatory input current was kept unchanged with the form:

iemc(t) - Iemc Y (Sin (27Tfemc(t - demc))) (1 - Y (Sin (27T.femc (t - demc + wemc))))

where I.,. = 8 %, Texe = 25ms (which corresponds to 40 Hz frequency), weze. = 5ms,
deze = 80ms and Y (+) is the same sigmoidal function already used.
The error index (ET) and coeficient of variation (C'V') associated to the thalamic cell

responsiveness to its excitatory periodic input was calculated as explained in section 3. Fig-
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« . . 9 . g « . 9 s o1 g
Parkinsonian” inhibition HF'S-driven” inhibition
s Total synaptic input s Total synaptic input

3.0 3.0

257 2.57

2.0q 2.0q

1.57 1.59

1.04 1.0
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0.0 0.04
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Figure 6: “Low” (left) and “high” (right) frequency prescribed inhibition signal s(¢) applied
to the thalamic cell model and the corresponding thalamic cell responsiveness to the same
excitatory input current (plotted in % in the same subfigure as the membrane voltage
v for comparison porpoises). Fundamental frequencies of s(t) for the “low” and “high” fre-
quency cases are 11.5 Hz and 116 Hz respectively. Time axis has been shifted for clarity,
t = 0 in the figure corresponds to ¢ = 8000 ms.
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ure 5 shows the FT and the C'V against the fundamental frequency of s(¢) (finn). From
these figures it is clear that “high” firing rates into the inhibitory input of the thalamic cell
model are not contradictory with optimal relay of excitatory incoming pulses. Indeed these
“high” firing rates excite the thalamic cell model dynamics in such a “fast” way that the
T-current deinactivation remains almost constant. On the contrary, when the thalamic cell
model is inhibited by a “low” frequency “parkinsonian-like” signal, the T-current deinactiva-
tion fluctuates trying to catch up with this “slow” inhibitory signal and the responsiveness
to excitatory pulses is compromised. Two representative simulation results are reproduced
in figure 6.

These results confirm Rubin and Terman’s main result: tonic firing of GPi at high
frequency can restore the ability of the thalamus to relay its sensorimotor input faithfully.

Moreover Rubin and Terman’s explanation for HF'S action, poses an interesting math-
ematical problem that could deserve deeper analysis if their explanation turns out to be
physiologically valid: study of the synchronization of an excitable system (the Hodgkin-
Huxley-like thalamic cell model) to an excitatory signal, under the inhibitory influence of
patterned (i.e. “parkinsonian” or “HFS-driven”) interference.

7 Conclusion

We examined some few aspects of the model by Rubin and Terman. The model relies on
the physiological hypothesis that the main function of thalamus is to relay sensorimotor
excitatory signals faithfully, even under the inhibitory influence of GPi activity.
Performing numerical simulations of the model dynamics we confirmed the claim that
high firing rates in the output nucleus of the BG caused by HFS, is not contradictory with
restoring thalamic relay function. Nevertheless, the beneficial effects of HFS measured by
two performance scores (FI and CV), turned out to be much more clear in the simulation
case of a an isolated thalamic cell with a prescribed inhibitory input signal (section 6) than
in the full model simulation case (section 3). Clinically, it is well known that HFS efficiency
in alleviating parkinsonian tremor, is strongly dependent on the stimulation frequency. This
clear dependence was only observable in the isolated thalamic cell simulation results. More-
over we found that minor parameter perturbations can dramatically affect HFS efficiency
in restoring thalamic relay function (section 4). This, suggests that although the full model
provides a valuable qualitative explanation for HFS action, it still needs validation and
adjustment against experimental data if it is supposed to be used as a predictive tool.
Focusing on the essential mechanisms that underlie HFS action in the proposed model we
found, as pointed out by Rubin and Terman, that the T-current dynamical properties express
in each thalamic cell in such a way that low frequency (“parkinsonian”) inhibitory input
signals are allowed to interfere with the normal relay function, while high frequency (“HFS
driven”) inhibitory input signals are prevented from interfering on normal relay function
(see figure 5). Hence, in the model context, the basic action of HFS is to set a pattern
of activity in GPi that is above the frequency domain of response of the thalamic cell T-
current dynamics. This non-linear filtering effect poses an interesting mathematical problem
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that deserves deeper investigation: study of the synchronization of an excitable system (the
Huxley-like thalamic cell model) to an excitatory signal, under the inhibitory influence of
patterned (i.e. “parkinsonian” or “HFS driven”) interference.

Based on the insight provided by Rubin and Terman’s explanation for HFS action, we
experimented numerically with an attractive possibility that could become an alternative
treatment to HFS if practicable. That is to speed up the T-current dynamics in order
to make use of its compensatory effect against phases of inhibition (section 5). If the
T-current deinactivation can follow the phases of inhibition sufficiently fast, the thalamic
cell hyperpolarizes with each inhibition phase, but is still able to respond to excitatory
stimuli even under this inhibitory phases because its T-current is sufficiently deinactivated
(see figure 4). In this alternative, the frequency domain of response of the thalamic cell
T-current dynamics is widened in order to follow the “parkinsonian” phases of inhibition.

Thus, in the context of the proposed model, the parkinsonian motor dysfunction arises
when the the main frequency of inhibition to a thalamic cell is comparable to the charac-
teristic “cut-off” frequency of its T-current dynamics. Separation of these frequencies may
be achieved by two alternative ways: increasing the frequency of inhibition much higher
above the cut-off frequency of the T-current dynamics (this is HFS), or increasing the “cut-
off” frequency of the T-current dynamics in order to allow T-current deinactivation to follow
quickly the “parkinsonian” phases of inhibition (this is speeding up the T-current dynamics).

A Details of Rubin and Terman’s model

In this appendix we describe the mathematical model extracted from an XPPAUT file pro-
vided by David Terman. Each cell type is modeled with a single-compartment conductance-
based biophysical Hodgkin-Huxley-like model. Every modification we made to the original
file in order to perform our own simulations is indicated explicitely.

A.1 Differential equations associated to each cell model

For clarity, dependences of ion currents on membrane voltage and gating variables are omit-
ted. See subsection A.2 of this appendix for the details of these dependences.

A.1.1 Differential equations for STN cells

vVied{l,...,8}:

. STN,j .STN,j .STN,j .STN,j .STN,j .STN,j .STN,j . STN | .STN,j
d,STN,j —'r “'Na 'K “taHpP "'Ca —tr —igpesrntILo Tiurs
dt "M - Cf{TN

. hiTN pSTNGY _pSTN,j
%hSTN’] = ¢£TN ngy\Ir ;N,j
Th s (UJW )

TN,j

inSTN,j _ ¢STN niTN( b .7)_”STN J
dt - ¥n STN (,,STN,j
)

TN r

irSTij _ d)STNTfCTN(UIW J)iT.STN J
dt r T;S'TN (U]%{TNYJ)
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d xSTNJ — $STNSTN _Z»STN,J‘ _ Z»STN,J‘ _ kSTNxSTN,j
dt*Ca — Yrca “Zca Ca T Ca Ca

d (STN,j _ o STN (1 _ ¢STN,j) STN (,STN.j _ gSTN\ _ gSTN (STN,j
S =« (1—s ) HE; (’UM o, B8 s

A.1.2 Differential equations for GPe cells

vVied{l,...,8}:

.GPe,j .GPe,j .GPe,j .GPe,j GPe W GPe,j GPe J 5J GPe GPe
d UGP&] _ Tip “'Na "'k " —'apP —'Ca 25 iGpel ape—igtn sapetils Happ
@' = cer

) hS: GPe,j\_},GPe,j
%hGPe,] ¢GP (GZ\;( szeyj

Tn \Ym
GP(UGPe,j) GPe,j

d GPe,J ¢GP"
d .,.GP UGPE ¥i
( GPe, ]) #GPe.j
M
TGP

d .GPe,j GP ooG
r e,] — 15
dt ! 7

4 GPej _ GP (_,GPeyj  GPej kGP GPe,J

dt*Ca — *xca Ca ir

d GPe,j _ GP (1 _ GPe;j\ gGP (,GPe,j GP\ _ gGPe GPe,j
pr =a%" (1-s JHS (’UM -0, BY"¢s

A.1.3 Differential equations for GPi cells

Vj e {1 ...,8}:

GPid _jGPii _GPii_GPii_GPij_GPig_GPi GPi
d UGPLJ _ 'z ‘Na ‘AP —i¢e  Tir isTNoapi T lapp
dat "M - cGP

o h GPi,j)_},GPij
%hGPm ¢GP (c]g( G)Pi,j
h M
GP(UGPz,j)inGPi,j

TGP (WG
GPi,j GPi,j
i

d GPZ,J ¢GP n

d .GPi,j GP ooG
1, —
Lr I =¢

d xGPm — (GP ZGPm GPi,j kGP GPz,J

dt*Ca — “xca Ca ip

d GPi,j _ GP _ <GPij GpP (,GPij GP\ _ AGPi GPij
pr =a%" (1-s JHS (’UM -0, B85 s

A.1.4 Differential equations for thalamic cells

Vje{1,2}:
4 Thlg _ =i iy =i M i M i gy iy
dat“M - c]’];]hl

d pThl,j _ +Thl e O R
Eh J = (bh oo 7T (U;{hl,j)
. Thlj — GThi L O R
dt T T;fhz(vflhl,_])
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A.2 Ion currents
A.2.1 STN cells’ currents

Vie{l,...,8}:
-STN,j _ STN (,STN,j STN
ir =9r (”M -V

3
STNJ STN STN (, STN,j STN,j (,STN,j STN
'Noe ~ T 9Na (moo (UM )) h / (UM -Vy )
:STN,j _ STN{(, STN,j\4 (, STN,j STN
(37¢ =9k ( j) U - Vi
STNG _ STN (,STNj _ /STN i
tAgP” = 9AHP \VM K TN L STN

2
-STN,j _ STN(.STN (,STN,j STN,j STN
ZCa g Ca (SOO (UM UM V

3
.STN,j _ STN( STN (,STN,j STN (,.STN,j\\2 (,STN,j STN
tr =dr (aoo (U )) (boo (T J)) Unr VCa
STN.j STN.j _ STN,j
lgGpeSTN = YGPe—STN |\ Vpy GPe—STN ) SGpPe>STN

STN STN STN )
o IFERY (sin (wifFst) — aifs) (Terman’s file)
lgrs = STNv (o 2t . tHw Y . .
HFS IgEsY (bln (TS”TN 1—-Y (sin % (Our simulations)
HFS HFS
A.2.2 GPe cells’ currents
Vie{l,...,8}:
GPe,] GP GPe,j GP
=9r \Ym
3
-GPe,j __ GPe,j GPe,j (,GPe,j GP
INg - gNa (m ( )) h J (UM - VNa )
GPe,J GPe,j\4 GP@J GP
(” ) - Vg

;GPed _ ,GP (GPej _yaP) __2dg"
tagp = 9Anp \YM T VK ) jCPei 5GP

2
GPe,J _ GP GPe,j GPe,j
Loa gCa ( oo (UM V

) (13 ]

iGPG;J — ggP (aoGoP (’U]C\:/[PE’J)) ,r,GPe,] ( GPe,j V )
GPe,] GPe,j Vv GPe,j
lgPeGPe = YGPe—GPe \Upf — VGPe—GPe ) SGPe—GPe
.G Pe,j GPe,j V. GPe,j
LsTNGPe — YSTN—GPe | Ups — VSTN—GPe ) SSTN-GPe
A.2.3 GPi cells’ currents

vie{l,...,8}:
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3 )
:GPi,j _ _GP Gp (, GPi,j GPi,j (,GPi,j GP
'!Noe = = 9Na (moo Ung h Unpm - VN.
‘GPi,j _ GP(,GPij\*(,GPij _ 1,GP

5% = g% (n ) O)Y: Vi

GPid _ jap (,GPij _yep) _ 23t

tanp = 9aP\m =~ — VK 2CT™I TGP

2
.GPi,j __ GP GPi,j GPZ,]
Loa - gCa ( oo (U M V

- NN 3 .
:GPi,j _ GgP( . GP (,GPij GPij (,GPi.j GP
tp =97 % \Um r T oar ™ = Ve,

GPij Gpi,
GPij gstn—api (Va0 = Vsrn—api )Y (USTNQGPZ 9STNHGP2’) (Terman’s file)
{2 7 )
STN—GPi — GPi, GPi, . .
gsrN—apri (V) 7 = VsTNocpi ) SSrar-cpi (Our simulations)

A.2.4 Thalamic cells’ currents

Vie{1,2}:
jThli _ Thl Thl,j _ /Thi
tr Unpm L
AN 3
‘Thl,j _ Th Thi,j Thl,j Thl,J Thl
NG (moo (’UM )) h vy = Vi
Thl,j _ Thl Thi,j\\4 (, Thi,j Thi
3% ( ( —h ])) (]V - Vi

2
Thl,j _ _Thi(,Thi (,Thlj Thl,j (,Thl,j Thi
ip " =gr (poo (vM i oy = Vg

Thl,j Thl7j v Thl,j
tapi_rhn = 9GPi—Thi — VaPi—Thl ) SGgpi—Thi

05 _ rnry (et Ly (i (2Rt T
tsm SM Tg]@l TL;:FA;/LIL

A.3 Gating functions
A.3.1 STN cells’ gating functions

STN _ 1
LS () - —STN
1+exp( —STN )
STN —
hse ™ (1) = 55T
1+exp( i )
7h
STN —
Moo () - _9STN
1+exp| — —%x
STN _ 1
Sco () - _9STN
Itexp| ——sTN
STN ( ) — 1 _
[e’e} - ._9STN
1+exp 7ﬁ
STN _ 1 1
boo ( ) - —9STN - 9STN
1+exp(7 SbTN ) l+exp< %‘TN)
b b
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STN —
T'so () - _¢STN
1+exp( UST:TN )
STN
STN _ STN T
Th ( ) Tho T hl,QSTN
1+exp( S%"TN)
hr
STN
STN _ STN Tni
Tn ( ) — 'n0 + _9STN
1+exp( US”TTN )
nT
STN
STN _ STN Tr1
Ty () — r0 + __¢STN
1+exp(7;§¥w)
HSTN (1) = .

A.3.2 GPe and GPi cells’ shared gating functions

mGP () = —— e
1+exp<—T7 7}‘3 )
m
hoGoP () = ﬁ
1+exp(7th)
noGoP ()= 9GP
1+exp(— UG”P )
n
Sgop ()= : 9GP
1+exp(_ UGSP
s
aoGoP ()= +9cp
1+exp(7 reid )
Tg;op () = 1,,9GP
1+exp(gc;7rp)
GP
P () =Tl + e
vresn( i)
GP
TEP ( ) = %P + Tn,l,QGP
1+exp( US”‘LI;' )
HO%P( ) - L _9GP

A.3.3 Thalamic cells’ gating functions

mgohl () = 1,,9Thl
1“”3"1)(_ —ThT )
m
hZOhZ () = 1,,9Th_1
1+exp(oT7*;1l>
h
() =

._gg"hl
1+9Xp(_—aghl )
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Thl _ 1
T'so () - _oTht
1+exp UTTM
Thi (. _ Thl —oT
a," (1) = apg" exp (— ST
Thi _ bTh.l
bh (.) — ho__gThl
1+exp<— Tb"{LL )
1 “bh

T}z—'hl () = 'az;hl(_)+bgjhl(_)

Thi
Thi (N _ Thi Thi —gT!
Ty () = Tro + Tp1 exp (_ oThl )

A.3.4 Auxiliary sigmoidal function
Y()= — 1

V=m0
A.4 Connections among cells

A.4.1 From GPe to STN
STN,1

SGPesSTN 01 001000 sGPel
S%ev;gsm 1 0000100 sGPe2
Sggﬁsm 00010001 sgPeﬁ
SGPQ;STN _ 0O 01 0 0 0 10 Sgie’:
So 010007100 sGPe,
soINS 10001000 sGPe6
$STNT 00100001 sGPeT
8%’%’&?85” 00010010 §GPes
GPe—STN
A.4.2 From GPe to GPe

GPe,1

5¢Pe—GPe 01 100000 sGPel
Ghe2 GPe,2
SGre—GPe 1 000100 0 sGPe,
Scpi’che 0001000 1 §GPe3
cpi’?cpe [t o0o100000 sgiz
SCPoCPe 00 00O0OT1T10 s
sGbes 01001000 §GPes6
eI 00100001 sGPeT
SGPETGPE 000 100T10 §GPes8
GPe—GPe
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A.4.3 From STN to GPe
GPe,1
58‘7];]2/2—»GP5 0001 00O0TUO0°1 §5TN:1
88‘71;]\/’3—(}P5 001 0O0O0T10 §STN,2
SSQE)]%ZGPe 10001000 §STN 3
SN R
& 1 1 S ’
SSTN—GPe
GPe,6 STN,6
SGTE0 e 001 00O0T1TF0 SSTN?
s?ifvl op 01 001000 s ’
GPeg ¢ 1 00007100 s5TN.8
SSTN—GPe
A.4.4 From STN to GPi
LGPl _ LSTN.1 $COPi1 _
TN GPi 1 000O0O0O0OD Mona e
STN~GPi 01 00 0O O0O0OTP O ”g/[TNB STN-GPi
Vor NG pi 00100000 Vg SoTN oGP
Sﬁ]i}iGPz 00001000 UI\S/ITN’5 rman qulfzi}icpi
Pi.6 0000010 0 LITN6 GPi6
e e 00000010 ¥rn s apr o
UsSTN—GPi U SSTN—-GPi
pPi8 00 0 0 0001 STN,8 GPi8
USTN—GPi Unpm SSTN-GPi
100 0 0 0 00 §STN,1
01 00O0O0O0OTO §5TN,2
001 000TO0O0 s5TN,3
00010000 ST (Our simulations)
000 O0O1O0O0TO0 §5TN:5
0000 O0OT1TO0TFO gSTN,6
00 00O0OO0OT1FO §STNT
0000 O0O0OT 01 §5TN.8
A.4.5 From GPi to Thl
$GPi,1
$GPi2
$GPi.3
<s§g£_ﬂl):<11001100> sgiz
SapPLTh 001 10011 SGPi76
sGPi,
SGPiT
SGPi8
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A.5 Parameters
A.5.1 STN cells’ parameters

e Membrane capacitance:

Parameter | Value
1

(um)?

e Leak current related parameters:

Parameter Value
g7 TN 2.25 ﬁ
VTN —60mV

e Sodium current related parameters:

Parameter Value
gne" | 375 oo
VTN 55 mV
5T -30mV
oS TN 15mV
07T -39mV
o TN 3.1mV
>IN 1ms
>IN 500 ms
g7V —57TmV
o STN 3mV
o TN 0.75

e Potasium current related parameters:

Parameter Value
A T
VTN —80mV
5T -32mV
oSTN [ 8mV
TN 1ms
oI N 100 ms
65T —80mV
oSTN [ 26 mV
¢ TN 0.75
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e High-threshold calcium current related parameters:

Parameter Value
g™ 0.5 255
VETN 140mV
5T —39mV
oSTN 8mV

Low-threshold T-type ca

Parameter Value
gr " | 05 Gy
oSN —63mV
oSTN 7.8mV
65TN 0.25mV
o TN 0.07mV
ooTN —67TmV
oS TN 2mV
TN 7.1ms
oI N 17.5ms
05T | 6’ mV
o TN 2.2mV
p7TN 0.5

lcium current related parameters:

e Calcium-activated voltage-independent “afterhyperpolarization” potasium current re-
lated parameters:

Parameter Value
gSTN 9 nS
AHP (um)2
kaN 15
STN pA
kg%N 22.5 G
e 0.75 ]
egg(fv 5x107° —(“prz‘) (ms)~t

Synaptic state-variables related parameters:

Parameter Value
o5TN 5
BTN 1
()gTN 30mV
0T [ —30mV
TN | SmV
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Afferent synaptic currents related parameters:
Parameter Value

9GPe—STN 09%
Vape—srn | —100mV

e Constant current (used to multiply by the cell index number to create slight imbal-

ance):
Parameter | Value
STN A
15 2 (MPM)2

e HFS related parameters (Terman’s file):

Parameter Value
A A
Ity 0 25 (no HFS) ; 400 25 (HFS)
T 052
e 0.0

e HFS related parameters (Our simulations):

Parameter Value
A
LN 0 —(#pm)2 (no HFS) ;

21.43,42.86,64.29,85.71,107.1, 128.6, 150.0, 171.4,
192.9,214.3,235.7,257.1, 278.6,300.0 24 (HFS)

(um)?
oL 3.00, 6.00,20.0,40.0ms
Wy 0.150, 0.300, 0.600, 0.900ms

A.5.2 GPe and GPi cells’ shared parameters

e Membrane capacitance:
Parameter | Value
GP pF
Crr

(um)?

e Leak current related parameters:

Parameter Value
G 012
VEer —55mV
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e Sodium current related parameters:

Parameter Value
9Sr 120 25
Ver 55 mV
osr —37mV
oGP 10mV
oc" —58mV
U,?P 12mV
T,%P 0.05ms
sl 0.27ms
GETP —40mV
U,?TP 12mV

,(L;P 0.05

e Potasium current related parameters:

High-threshold calcium current related parameters:

Parameter Value
95" | 30 G
VEP —80mV
05" —50mV
oGP 14mV
&P 0.05ms
TGP 0.27ms
ocr —40mV
olr 12mV

ar 0.05
e

Parameter Value
g&r 0.1 ;25
VCGaP 120mV
Sk —35mV
oGP 2mV

Low-threshold T-type calcium current related parameters:

Parameter Value
ggp 0.5 ﬁ
6cr —57TmV
oGP 2mV
6cF —70mV
oGP 2mV
&P 30ms
il 1
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e Calcium-activated voltage-independent “afterhyperpolarization” potasium current re-
lated parameters:

Parameter Value
9Stp 30 ﬁ
[k 30
GP pA
kCa 20 (,um);
Sl 1x1074 (‘LPLA)(mS)_l

e Synaptic state-variables related parameters:

Parameter Value
aCF 2
65" 20mV
()g’}f —57TmV
og’}f 2mV

A.5.3 GPe cells’ non-shared parameters

e Synaptic state-variables related parameter:

Parameter | Value
pGre 0.04
e Afferent synaptic currents related parameters:
Parameter Value
JGpPe—cpre | 1 (N’;f)g (normal) ; 0 % (Parkinsonian)
Vape—GPe —80mV
JSTN—GPe 0.3 ﬁ
VsTN—GPe 0omV

e Constant current (used to multiply by the cell index number to create slight imbal-

ance):
Parameter Value
G Pe pA
1§ 0.3 Gon?

e External applied current:

Parameter Value
I’ —05 % (normal) ; —2.3 % (Parkinsonian)

A.5.4 GPi cells’ non-shared parameters

e Synaptic state-variables related parameters:

Parameter

Value

6GP1’

0.08
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o Afferent synaptic currents related parameters:
Parameter | Value
nS
gsTN—GPi | 1 gmyz
Vsrn—gpi | OmV
Osrn—gri | OmV

External applied current:

Parameter Value
GPi A
Loy -1.2 —(#pm)g

A.5.5 Thalamic cells’ parameters

e Membrane capacitance:

Parameter | Value
Thi v
u' ! Gy

Leak current

related parameters:

Parameter Value
gihl 0.05 ;55
Vi —70mV

Sodium current related parameters:

Parameter Value
Ina 3 iy
VL 50mV
gInt —3TmV
Tl TV
o1 —41mV
ol 4mV
alll 0.128 (ms)~*
T —46mV
o 18mV
pInt 4 (ms)~1
oL —23mV
ol 5mV

Th 1
h
Potasium current related parameters:

Parameter | Value
98" | 5 Gy
Vi —90mV
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e Low-threshold T-type calcium current related parameters:

Parameter Value
Thl nS
Ir O Gumy?
Vi 0mV
91? ht —60mV
ag h 6.2mV
gIHl —84mV (but see note 1 below)
o THT Tmv
I 28 ms (but see note 2 below)
el 1ms
gTm —5mv
oI 10.5mV (but see notes 1 and 2 below)
Tw 25
Note 1: For the perturbation example we took §7" = —79.8 mV and o2 = 11.025mV.
Note 2: For the simulation of a “fast” T-current we took 7" = 5ms and oI =
15mV.
e Afferent synaptic currents related parameters:
Parameter Value
gcpi—tht | 0.15 (Nﬁ)g
Vepimrm | —85mV
e Sensorimotor signal related parameters:
Parameter Value
gy 8 (oo
TIH 25ms (Terman’s file) ; 50ms (Our simulations)
wihl dms
ari 80ms
¢ Auxiliary sigmoidal function related parameter:
Parameter | Value
oy 0.001
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