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Abstract The dynamics of the subthalamo-pallidal complex in Parkinson’s disease during

deep brain stimulation (DBS) were studied using two models, a simple firing-rate model

and a population-based model. We extended the simple firing-rate model of the complex

formed by the subthalamic nucleus (STN) and the external segment of the Globus Pallidus

(GPe) to explore its dynamical regime during DBS. More specifically, the modulation of

neuronal activity (i.e., pattern and amplitude) during DBS was studied. A similar approach

was used with the population-based model. Simulation results revealed a gradual decrease

in bursting activity in STN cells when the DBS frequency increased. In addition, the

contribution of the stimulation current type (mono- or biphasic) to the results was also

examined. A comparison of the two models indicated that the population-based model

was more biologically realistic and more appropriate for exploring DBS mechanisms.

Understanding the underlying mechanisms of DBS is a prerequisite for developing new

stimulation protocols.

Keywords Deep brain stimulation · Subthalamo-pallidal complex · Population dynamics ·
Firing-rate models

1 Introduction

The use of deep brain stimulation (DBS) to treat motor disorders in Parkinson’s disease

(PD) (see Benabid [1] for a review) and neuropsychiatric diseases, such as Tourette’s

syndrome [2], is now widely accepted. PD is a neurodegenerative disease that gradually

J. Modolo (B) · A. Beuter

Laboratoire Intégration du Matériau au Système, CNRS UMR 5218,

Université Bordeaux 1, Talence, France

e-mail: modolo@idc.u-bordeaux2.fr

J. Henry

INRIA Bordeaux Sud-Ouest, Institut de Mathématiques de Bordeaux,

Université Bordeaux 1, Talence, France



352 J. Modolo et al.

destroys the dopaminergic neurons in the Substantia Nigra pars compacta (SNc). This

dopaminergic deficiency leads to abnormally synchronised, low-frequency activity in

several brain areas. Consequently, motor function is impaired and symptoms such as

tremor, rigidity, bradykinesia, and postural instability are observed [3]. Nowadays, the only

treatments for PD are symptomatic, including L-Dopa uptake or DBS (National Institute for

Neurological Disorders and Stroke, http://www.ninds.nih.gov). In PD, this non-destructive,

reversible, but invasive neurosurgical procedure, during which the patient is awake, consists

of placing a macroelectrode in the subthalamic nucleus (STN), a small, almond-shaped

nucleus belonging to the basal ganglia. The stimulator itself, implanted in the chest wall

of the patient, delivers high-frequency electrical stimulation (typically above 100 Hz). The

battery has a lifetime of about 45 months [4]. The stimulation parameters (amplitude, pulse

width and frequency) are adjusted by telemetry and modified regularly to maintain clinical

improvement despite the evolution of the disease. DBS significantly reduces the amount

of medication (L-Dopa) needed to alleviate the symptoms [3]. Interestingly, although

about 40,000 people worldwide benefit from DBS [5]; the origin of its clinical benefits

is still largely unexplained. However, several hypotheses have been proposed, including (1)

depolarisation block, in which the strong DBS current disrupts ionic currents, preventing the

triggering of action potentials [6]; (2) neuronal jamming, suggesting that the information

carried by the stimulated network is so strongly perturbed that this information becomes

meaningless [1]; (3) functional inhibition of the stimulated structure [7]; and (4) disruption

of pathological network activity [7, 8]. The picture that emerges is that DBS replaces a

pathological brain activity (abnormal synchronisation) in several brain substructures by a

new activity, more compatible with the satisfactory processing of sensorimotor signals [9].

Recent, innovative DBS stimulation protocols, such as coordinated delayed feedback of

neuronal populations [10, 11], have suggested that DBS desynchronises neuronal activity

in the STN. The explanation is not so clear for standard DBS stimulation protocols, which

involve chronic, high-frequency electrical stimulation.

The reversibility of PD symptoms [12] led Beuter and Vasilakos [13] to qualify PD as

a dynamical disease. Mackey and Glass [14] defined a dynamical disease as abnormal

dynamics appearing when a control parameter, e.g., the concentration of a hormone or

neurotransmitter, is out of range. In PD, the main control parameter is apparently dopamine

concentration, which decreases as the disease progresses. When the first clinical symptoms

of the disease appear, 60% to 80% of the dopaminergic neurons in the SNc have already

degenerated [15].

There are several functionally segregated, parallel loops, linking the cortex to the basal

ganglia, then the thalamus, and back to the cortex [16]. One of the loops affected in PD is

the motor loop. The complex formed by the STN and the external segment of the Globus

Pallidus (GPe) is thought to induce a “pacemaker-like” activity in this motor loop [17]. An

illustration of this pacemaker-like effect is the switching of activity in this network between

the healthy and diseased states, from a weak, uncorrelated activity to a strong, oscillatory

activity [17–19]. The strong oscillations in the subthalamo-pallidal complex are assumed to

“drive” the motor loop at a low-frequency (3–8 Hz), oscillatory regime, not compatible with

satisfactory processing of motor information relayed by the thalamus [20]. Computational

models developed by Gillies and Willshaw [19], as well as Terman et al. [18], showed that

the STN–GPe complex exhibited different dynamics depending on the connectivity pattern

and striato-pallidal inhibition.

Approaching this problem from a dynamical perspective, Titcombe et al. [21] analysed

tremor dynamics in patients with PD receiving DBS in the STN, the internal segment of

http://www.ninds.nih.gov
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the Globus Pallidus (GPi), or the ventral intermediate thalamus (Vim) [22], and found that

a supercritical Hopf bifurcation occurred in tremor dynamics when DBS was switched

“on”. The bifurcation parameter was assumed to be related to a time-dependent amount

of neurotransmitter released during stimulation pulses. STN activity has been shown to

be tightly correlated with tremor dynamics [20, 23], which may suggest the presence of a

bifurcation in STN dynamics similar to the one in tremor dynamics. Thus, DBS may switch

the dynamical regime from a pathological to a more favourable one (in terms of thalamic

relay performance) via a second bifurcation. In that case, DBS would be, in some sense, a

bifurcation control-based treatment.

One difficulty in understanding the effects of DBS on the stimulated structure is due to

the analysis of multiple recordings of spike trains. Indeed, DBS current causes important

artefacts in neuronal activity recordings. However, refinements in experimental techniques

have resulted in “artefact-free” neuronal recordings in rat brain slices [9], and even local

field potential in patients with PD receiving DBS [24]. The problem is that, in brain slices,

the connectivity between subcortical structures is incomplete, as many axons are cut during

slice preparation. Thus, it is safe to say that in vivo neuronal activity in patients receiving

DBS is likely to differ from multi-site recordings in rat brain slices to which a DBS

current is applied. Consequently, until new experimental protocols become available, the

modelling approach represents a useful alternative for investigating neuronal activity in

the stimulated structure during DBS in PD patients. Therefore, the goal of this paper is to

compare two different modelling approaches for exploring the dynamics of the subthalamo-

pallidal complex subjected to various DBS currents. The first was a simple firing-rate model,

which revealed several limitations in understanding the effects of DBS in PD. The second,

population-based, model reproduced neuronal dynamics more faithfully.

2 Mathematical Models

2.1 Firing-rate Model

We extended the simple firing-rate model proposed by Gillies and Willshaw [19] by

applying a high-frequency stimulation current to the STN. Indeed, in its original form, this

model did not address the DBS issue. The subthalamo-pallidal dynamical model proposed

by Gillies and Willshaw [19] consisted of a set of two coupled differential equations

describing variations in mean STN and GPe potentials [25]

τ STN
d
dt

x = −x + āσ(x) − c̄ζ(y) + ICx
(1)

τGPe
d
dt

y = −y − b̄ζ(y) + d̄σ(x) + IStr
(2)

where x, y expressed in millivolts are the mean membrane potentials in STN and GPe cells,

respectively, ā, b̄, c̄, d̄, expressed in microvolts per Hertz, are the connectivity parameters

between and within the STN and GPe (a, b, c, d in Gillies and Willshaw [19], modified to

avoid confusion with the parameters of the Izhikevich model, see below), and ICx
, and IStr

(in millivolts) represent inputs from the cortex and striatum, respectively. Excitatory and

inhibitory relationships are illustrated in Fig. 1.
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Fig. 1 Schematic view of the

network formed by the STN and

GPe. Plus and minus signs
denote excitatory and inhibitory

relationships, respectively

Finally, σ(x) and ζ(y), expressed in Hertz, are the STN and GPe firing rates, respectively

(number of action potentials per cell per unit of time, related to the mean membrane

potential via a sigmoid function), and are expressed as [19]

σ(x) = σmax

1 + exp(−κ(x − xth))
(3)

ζ(y) = ζmax

1 + exp(−η(y − yth))
(4)

with σmax = 500 Hz, ζmax = 100 Hz, κ = 0.3 mV
−1

, η = 0.2 mV
−1

, xth = 15 mV, and yth =
10 mV [19]. Thus, mean membrane potentials are computed first, followed by the firing rate

for each population, using the two sigmoid functions in (3) and (4). As in the general case

of an excitatory–inhibitory neuronal network, the subthalamo-pallidal complex exhibits two

different types of dynamical regime in this computational model: stable and limit cycle

behaviours [26]. In the stable regime, the system goes back to the rest equilibrium after a

stimulus [27], whereas, in the limit cycle regime, the trajectory converges to a closed orbit in

the phase space. The main parameter controlling the transition from healthy to pathological

activity is the level of striato-pallidal inhibition, IStr
. Indeed, the level of striato-pallidal

inhibition increases following dopaminergic depletion and is associated with the release of

enkephalin and dynorphin, which weaken intra-GPe synapses [18].

A typical DBS current depends on pulse amplitude, frequency, and width. It is modelled

by a train of square impulses. The parameter values proposed in Gillies and Willshaw

[19] are used to simulate a pathological (low-frequency, oscillatory) behaviour of the

subthalamo-pallidal complex, i.e., ā = 54 μV Hz
−1

, b̄ = 100 μV Hz
−1

, c̄ = 120 μV Hz
−1

,

d̄ = 80 μV Hz
−1

, ICx = 9 mV and IStr = 13 mV. The time constants of STN and GPe

neurons are τSTN = 6 ms and τGPe = 14 ms, respectively [19]. The DBS current is included

in the evolution equation for the STN by adding the term IDBS(t) in (1). We numerically

integrated this system of differential equations using a first-order Euler method.

2.2 Population-based Model of the Subthalamo-pallidal Complex

We considered the complex formed by the STN and GPe, with recurrent and feedforward

connectivity. The addition of recurrent connectivity within the STN differs from the Terman

et al. model [18], while Gillies and Willshaw [19] found it highly relevant for understanding

basal ganglia dynamics. In our model, both nuclei are described by a population-density
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function p(−→w , t) where
−→w = (v, u) is the state of the neuron, v and u are the state variables

from the Izhikevich model [28], and t is the time [29, 30]. This function is such that∫ ∫
p(−→w , t)d−→w = N, where N is the number of neurons in the population (≈ 2 × 10

5
for

the STN [31] and for the GPe) and p(−→w , t)d−→w is the number of neurons in [w,w + dw].
The initial condition for the population-density function is in the form of a Gaussian

function [30]. The evolution of this function for one neural population is given by the

following conservation law [32]:

∂

∂t
p(−→w , t) = −−→� .

−→J (−→w , t) (5)

where the neuronal flux term
−→J (−→w , t) can be expressed as the sum of two terms: one for

internal dynamics (streaming term) and one for imposed dynamics, such as synaptic events

(interaction term). These terms may be written as

−→J s(
−→w , t) = p(−→w , t)−→F (−→w ) (6)

−→J int(
−→w , t) = êvσ (t)

∫ v

v−ε

p(ṽ, u, t)dṽ (7)

where
−→F (−→w ) = (Fv, Fu) is the Izhikevich model [28] that includes four parameters

a, b, c, d, where

Fv = dv

dt
= 0.04v2 + 5v + 140 − u + I(t) + IStr(t) (8)

Fu = du
dt

= a(bv − u) (9)

v > 30 mV → v = c , u = u + d (10)

and ε, expressed in millivolts, is the amplitude of the EPSP/IPSP (excitatory/inhibitory post-

synaptic potential), assumed to be instantaneous; σ(t), expressed in Hertz, is the average

spike reception rate per neuron; êv is a unitary vector in the v direction; and IStr(t) (in

picoamperes) is the striatal inhibitory input applied to GPe cells. Let us note that the

parameters a, b, c, d completely define the Izhikevich model. The dynamics of STN and

GPe neurons are described by the following system of partial differential equations for an

excitatory–inhibitory network [29], where the population-density function for each structure

follows (5) above:

∂

∂t
pSTN(−→w , t) = −−→� .

{−→F STN(−→w )pSTN(−→w , t)

+ −→e v

[

σ STN

exc
(t)

∫ v

v−ε

pSTN(−→w , t)dṽ − σ GPe

inhib
(t) (11)

×
∫ v+ε

v

pSTN(−→w , t)dṽ

]}
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∂

∂t
pGPe(

−→w , t) = −−→� .

{−→F GPe(
−→w )pGPe(

−→w , t)

+ −→e v

[

σ STN

exc
(t)

∫ v

v−ε

pGPe(
−→w , t)dṽ − σ GPe

inhib
(t) (12)

×
∫ v+ε

v

pGPe(
−→w , t)dṽ

]}

where σexc(t) and σinhib(t) are the mean individual reception rates of excitatory/inhibitory

inputs, respectively, expressed as a function of STN and GPe firing rates. For a single

population with a constant axonal delay τ , σ(t) is expressed as

σ(t) = W
N

r(t − τ) (13)

where W is the mean number of afferent connections per neuron, N is the total number

of neurons in the population, and r(t) is the total firing rate of the population at time t,
computed as the flux in the v direction through the v = 30 mV boundary, so that

r(t) =
∫ dv

dt
|v=30 p(s, u, t)du. (14)

The system of conservation equations is solved using the finite-volumes-based numerical

scheme described in Modolo et al. [30].

For the sake of neurophysiological plausibility, we adjusted the Izhikevich model to

exhibit similar responses to those recorded experimentally in STN projection neurons.

Then, the corresponding term
−→F (−→w ) was included in the population-based model. The

main neurophysiological features of STN neurons, according to Bevan and Wilson [33], are

(1) a spontaneous spiking activity between 3 and 20 Hz; (2) increased spiking activity in

response to an excitatory input current; and (3) a post-inhibitory rebound burst followed

by a quiescence period, caused by the inactivation of the low-threshold Ca
2+

current. The

membrane potential variation in response to excitatory and inhibitory inputs, respectively,

in our modified Izhikevich model, is presented in Fig. 2.

Fig. 2 Variation in membrane

potential for an STN projection

neuron, based on the Izhikevich

model, defined by (Fv, Fu), with

a new set of parameters:

a = 0.005, b = 0.265, c = −65,

d = 1.5 [used in (9) and (10)]
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Figure 2 shows that this new discharge mode of the Izhikevich model matches the

main STN neurophysiological features listed above. Consequently, we used these parameter

values in our main population equation (conservation law) to simulate a population of STN

glutamatergic projection neurons. GABAergic GPe neurons were modelled using the set of

parameters defined as fast spiking by Izhikevich [28] (a = 0.1, b = 0.2, c = −65, d = 2).

The fast-spiking regime has similar parameters to the low-threshold spiking regime, both

exhibited by inhibitory neurons [28]. This simple model for GPe neurons did not include

a post-inhibitory rebound, as it was not necessary to generate STN–GPe oscillations [20].

The amplitudes of instantaneous EPSPs and IPSPs were equal in absolute value, namely

ε = 1 mV. The DBS current IDBS(t) was applied directly to the neuronal membrane in the

STN neuron model.

dv

dt
= 0.04v2 + 5v + 140 − u + IStr(t) + IDBS(t) (15)

du
dt

= a(bv − u) (16)

This is justified by experimental evidence that DBS excites STN neuron membranes [34].

3 Results

3.1 Simulations with a Firing-rate Model

The objective was to investigate the effect of stimulation frequency on the dynamical

behaviour of the STN–GPe complex. Initially, we did not include the DBS current and

used the set of parameters presented by Gillies and Willshaw [19] to simulate pathological

behaviour of the subthalamo-pallidal complex. Throughout the paper, the term “phase

diagram” describes a graph plotting “STN activity” vs “GPe activity”. The activity and

phase diagram of the STN–GPe complex with this set of parameters are shown in Fig. 3.

Figure 3 (right) shows that, in PD, the subthalamo-pallidal complex exhibits a limit cycle,

with a 5-Hz oscillation frequency similar to the tremor frequency, as shown in Fig. 3 (left).

Furthermore, experimental evidence indicates a correlation between tremor bursts and the

abnormal oscillations in the STN [23]. This empirical relationship between bursting activity
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Fig. 4 Effect of DBS current frequency on the phase plane of the STN–GPe complex for I0 = 100 mV (left)
and I0 = 500 mV (right)

in STN cells and tremor is used below in Section 3 to provide a rough qualitative estimate

of tremor modulation during DBS.

In the following simulations, we applied a DBS current in the form of a monophasic

square-pulse train to the STN, using a pulse width of 150 μs (therapeutic value) and an

amplitude from I0 = 100 to 2,000 mV. The pulse frequency was increased gradually from

20 to 200 Hz. In clinical practice, only stimulation frequencies higher than, or equal to,

100 Hz are used.

Interestingly, these simulations showed that a low-frequency DBS current still produced

limit cycle behaviour (with large amplitude) in the subthalamo-pallidal complex. This is

consistent with experimental observations, reporting that low-frequency DBS does not

improve, but can actually worsen, motor symptoms [35, 36]. A new dynamical behaviour

emerges in subthalamo-pallidal complex activity at therapeutic stimulation pulse amplitudes

(between 1 and 2 V) and high frequencies, as shown on the phase plane plots (Figs. 4 and 5).

In fact, this is still a limit cycle, but the amplitude tends towards 0. Thus, this high-activity

state is described as a “quasi-stationary” state. These findings suggest that DBS switches the

dynamical regime to a quasi-stationary, high-activity state (different from the healthy state

that is stationary with low activity), thus breaking the limit cycle regime imposed by the

evolution of the disease, i.e., the increase in striato-pallidal inhibition, among other factors.

 0

 20

 40

 60

 80

 100

 0  100  200  300  400  500

G
P

e 
fir

in
g 

ra
te

 [H
z]

STN firing rate [Hz]

No DBS
20 Hz DBS
40 Hz DBS
60 Hz DBS

100 Hz DBS

 0

 20

 40

 60

 80

 100

 0  100  200  300  400  500

G
P

e 
fir

in
g 

ra
te

 [H
z]

STN firing rate [Hz]

No DBS
20 Hz DBS
40 Hz DBS
60 Hz DBS

100 Hz DBS
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3.2 Simulations using a Population-based Model

The population-based model presented in Section 2 was used to simulate the STN–GPe

complex, by means of a system of partial differential equations [29]. In the remain-

ing section of the paper, “healthy state” refers to a weak, almost constant activity in

the subthalamo-pallidal complex and “pathological state” refers to low-frequency, high-

amplitude, oscillatory activity. It is possible to switch from a healthy to a pathological

state by increasing the constant striato-pallidal inhibition level. We illustrate this in our

population-based model with two different levels of striato-pallidal inhibition, which

impact the activity pattern of the STN–GPe complex. The recurrent connectivity pattern

is WSTN→STN = 50, WGPe→GPe = 25 synaptic afferent connections per neuron, feedforward

connectivity WSTN→GPe = 15, WGPe→STN = 15, with an EPSP/IPSP amplitude of 1 mV in

absolute value. Time delays caused by axonal conduction were 1 ms for all connections.

The results of these simulations are presented in Fig. 6, where the firing rate is defined as

the number of spikes per time unit per cell.

Consistent with experimental data [37], increasing striato-pallidal inhibition gradually

caused synchronous activity between the STN and GPe, with a tendency towards bursting.

DBS current was then applied to the STN with the subthalamo–pallidal complex in a

pathological state, by adding a term consisting of DBS pulses, width 	 = 150 μs, in a

frequency range from 20 to 100 Hz, with a pulse amplitude of 250 pA. The activity of the

subthalamo-pallidal complex at different stimulation frequencies is presented in Fig. 7.

These simulations showed that low-frequency DBS (e.g., 20 Hz DBS, Fig. 7, top left)

had no major effect on the subthalamo-pallidal pattern, which remained in a low-frequency,

bursting mode. However, it did affect the frequency, as activity bursts became phase-locked

with DBS pulses. As mentioned above, the bursting activity of STN neurons is associated

with the presence of symptoms. Thus, our results are qualitatively consistent with the

observations that patients with PD who received low-frequency DBS did not experience

any improvement in motor symptoms, which even worsened in some cases [35, 36].

In contrast, the bursting activity of the STN disappeared under high-frequency DBS

current (100 Hz and above). Thus, the effect of gradually increasing the stimulation

frequency was to reduce pathological bursting activity in the STN and promote tonic

activity. Interestingly, in our population-based model, the DBS frequency that evoked tonic
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Fig. 7 Effect of DBS current frequency on the mean firing rate per cell in the STN–GPe complex: 20 Hz

(top, left), 40 Hz (top, right), 60 Hz (bottom, left) and 100 Hz (bottom, right)

STN activity (100 Hz) was on the order of magnitude of stimulation frequencies used in

DBS in patients with PD (120–180 Hz, Benabid [1]).

A phase plane plot for the mean firing rate per STN/GPe cell at different stimulation

frequencies (20 to 100 Hz) is presented in Fig. 8 (for the sake of clarity, only results obtained

at I = 250 pA are presented). As seen in Fig. 8, the limit cycle was more complex than that

obtained with the firing-rate model. This was due to the greater accuracy in describing

individual unit dynamics in the population-based model. However, this phase plot for

STN–GPe activity shares a common feature with the results obtained using the firing-rate

model, i.e., the amplitude of the STN–GPe complex limit cycle decreased significantly as

stimulation frequency increased. The limit attractor for higher frequencies was apparently a

limit cycle with a much smaller amplitude than in the pathological case (i.e., without DBS).

The phase plane representation of STN–GPe activity was similar to the phase plane

generated with the firing-rate model. The amplitude variations in GPe activity were smaller

than in STN activity and the amplitude of the limit cycle was smaller at high stimulation

frequencies (Figs. 5 and 7). Furthermore, low stimulation frequencies (e.g., 20 Hz) increased

the limit cycle amplitude in both models. This result was similar to driven oscillations:

when a system is forced at stimulation frequencies close to its intrinsic (near resonance), the

system response amplitude increases, whereas, at higher frequencies, the system is driven

with a smaller response amplitude. However, we observed considerable differences between

the two models, commented on in Section 4. Interestingly, at high stimulation frequencies,

GPe activity decreased markedly in the population-based model, and the STN had a high-

frequency, tonic activity.
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Fig. 8 Effect of DBS current

frequency on the phase plane of

the STN–GPe complex in the

population-based model
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Variations in STN response to DBS at frequencies between 5 and 180 Hz were

systematically investigated, as shown in Fig. 9. The differential response is defined as the

ratio of the maximum firing rate during one activity burst of the STN, in response to one

DBS pulse, to the maximum firing rate during one activity burst without DBS.

As seen in Fig. 9, the 10-Hz DBS current resonates with the intrinsic frequency of STN

neurons. Thus, it tends to exacerbate pathological activity in the same frequency range,

possibly explaining why low-frequency DBS is ineffective. We suggest that the differential

effects of DBS at different stimulation frequencies are due to a possible resonance between

the stimulating frequency and the eigen frequency of STN neurons. This observation

suggests that, for future applications of DBS targeting other structures, resonant stimulation

frequencies should be avoided to prevent possible exacerbation of pathological activity.

This can be achieved by measuring the eigen frequencies of target structures.

Fig. 9 Differential response of

modelled STN neurons to DBS

currents at varying frequencies
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Fig. 10 Activity of the

subthalamo-pallidal complex

under biphasic, charge-balanced

stimulation current at 100 Hz
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3.3 Case of Biphasic Stimulation Current

Previous simulations investigated the dynamics of the subthalamo-pallidal complex under

external stimulation by DBS current, modelled as a train of simple square pulses (e.g., Rubin

and Terman, [20]). However, in practice, DBS stimulators use either monopolar or bipolar

stimulation mode. In monopolar mode, the stimulator device plays the role of the anode and

one of the four active contacts of the DBS electrode acts as the cathode. In bipolar mode,

one of the active contacts is the anode and another plays the role of cathode. Furthermore,

stimulation pulses can be monophasic (only a positive or negative pulse) or biphasic

(a positive or negative pulse, followed by a negative or positive pulse, respectively).

Monophasic stimulation may cause an accumulation of charges in neural tissue, potentially

leading to tissue damage [38]. During charge-balanced, biphasic stimulation (such as those

used currently in DBS), pulses with negative and positive components of equal amplitude

are applied in turn. Consequently, we tested a biphasic, charge-balanced DBS current with

a pulse width of 150 μs (the first half of the pulse was positive and the second negative) and

a pulse amplitude of absolute value 250 pA, at a frequency of 100 Hz. The activity pattern

was qualitatively similar to that obtained using monophasic current, with a considerable

reduction in the amplitude of neuronal activity in both the STN and GPe, as shown in

Fig. 10. Thus, future models should be tested using more realistic biphasic, charge-balanced

stimulation currents, as the results differ markedly depending on the pulse form.

4 Discussion

This section discusses the similarities and differences observed between two mathematical

models used to investigate the dynamics of the subthalamo-pallidal complex under low- and

high-frequency DBS. It then examines the effect of two different current types and, finally,

offers a possible interpretation of the effect of DBS on the subthalamo-pallidal complex.

The results of the firing-rate and population-based models show some similarities, but

also several important differences. First, the GPe appeared more active in the firing-rate

than the population-based model. This issue does not seem relevant, however, as these
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approaches use very different ways of implementing neuronal coupling. Second, the limit

cycle of activity for the subthalamo-pallidal complex during high-frequency electrical

stimulation is much smaller in the firing-rate model. This is due to an intrinsic limitation

of firing-rate models, which are unable to capture fast transients [32], and DBS pulses are

certainly very short (time scale, 100 μs). The network input is assumed to vary slowly in

firing-rate models, which is obviously not the case for DBS pulses, where DBS current

switches instantaneously from zero to a high value. Thus, the firing-rate model may miss

the fast response of STN neurons to stimulation, which are, however, captured by the

population-based model. This results in a larger limit cycle in the population-based model.

Indeed, the firing-rate model indicated a roughly constant firing rate at ≈ 500 Hz, whereas

the population model revealed a more complex picture of short, high-frequency responses

to DBS. Population models, unlike firing-rate models, are independent of network input

(DBS pulses) variation rates. Third, individual neuron dynamics are taken into account

in a radically different manner. In firing-rate models, a sigmoid function provides the

relationship between the mean neuron membrane potential and the firing rate. However,

in the population-based model, neuron dynamics are given by the Izhikevich model,

more accurately reflecting the dynamical response of neurons to stimulation. In contrast,

the simple membrane potential-firing rate sigmoid function of firing-rate models cannot

describe a post-inhibitory response, a major characteristic of STN cells. Finally, firing-rate

models are limited in their description of synchronised population dynamics [26].

In summary, although firing-rate models provide some useful information, they are

inappropriate for understanding dynamical phenomena on such small-time scales. In line

with experimental observations [9], the results of our population-based model show that

the STN switches from pathological, bursting activity to regular, tonic activity in response

to high-frequency DBS. On the contrary, both models found that low-frequency DBS

exacerbated low-frequency oscillatory activity in the STN, which is consistent with previous

experiments [35] and modelling [20]. Thus, when the stimulation frequency is increased,

the bursting behaviour gradually disappears and is replaced by tonic activity at high

frequencies. This suggests that a bifurcation in STN activity occurs when high-frequency

DBS is switched on. Experimental findings [17] and modelling studies [18] revealed that

oscillatory activity in the subthalamo-pallidal complex was subject to two conditions: (1)

an increase in striato-pallidal inhibition and (2) a weakening of intrapallidal connections.

The population model results are consistent with these findings, even if the weakening of

intra-GPe connections was not investigated.

The results obtained in the population-based model with monophasic stimulation cur-

rent suggest a possible explanation for the paradox that similar improvements in motor

symptoms are observed with both subthalamotomy (STN lesion) and STN high-frequency

stimulation. Functional models are unable to resolve this paradox as they cannot explain

how a lesion (irreversible destruction) has similar effects to high-frequency stimulation,

assumed to excite STN neurons and increase their activity. In our dynamical system

approach, we assume that the STN can hardly respond to external inputs (e.g., cortical

afferences), as our results indicate that DBS causes a sort of saturation in neuronal activity.

If the STN is incapable of responding to external inputs during DBS, then is it really

different from a lesion, which also prevents the STN from responding to external inputs?

One obvious difference is that the STN output has a high frequency and is tonic during

DBS, but nonexistent after a lesion. In fact, tonic activity of the STN–GPe complex is

associated with a tonic inhibition of the thalamus by the GPi [20]. Furthermore, this tonic

activity takes place in the γ band (30 to 80 Hz), associated with voluntary movements [39].
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Thus, the high-frequency, tonic STN activity in the γ band is compatible with appropriate

sensorimotor signal processing by the thalamus. However, this conclusion was disproved

by the effects of biphasic, charge-balanced stimulation current, highlighting the importance

of using an appropriate stimulation current type in simulation studies.

Our results suggest the following scenario: when the STN is stimulated at high frequen-

cies, its tonic output strongly activates GPe cells that inhibit each other via their collaterals.

This explains why, in our simulations, GPe cell activity was weak during DBS. This is

qualitatively consistent with experimental findings revealing a slight decrease in GPe cell

activity during DBS [40]. The STN and GPe are the two main afferent inputs to the GPi,

a structure that sends inhibitory projections to the thalamus. In PD, GPi cells exhibit an

abnormal, low-frequency bursting activity, similar to that found in the STN or GPe. GPi

cells have the same post-inhibitory rebound feature as STN and GPe neurons. Therefore,

we hypothesise that, during DBS, the decrease in GPe activity weakens GPi inhibition, as

well as post-inhibitory rebounds in GPi cells. Combined with a tonic, high-frequency input

from the STN, this decrease reduces or suppresses bursting activity in GPi cells and causes a

high-frequency, tonic driving in GPi cells. Interestingly, GPi and STN DBS produce slightly

different motor improvements in PD patients (for an example concerning tremor, see Beuter

et al. [41]).

5 Concluding Remarks

This study focuses on STN and GPe dynamics during DBS. Of course, the interactions of

these structures with other nuclei in the motor loop, such as the GPi, thalamus or motor

cortex, may also impact the behaviour of the subthalamo-pallidal complex. However, the

role of this complex appears highly relevant to understanding rhythm generation in the

motor loop. One interesting prospect is to extend this subthalamo-pallidal complex model

by “closing the loop” with a population of cortical cells and exploring the interactions

between these two populations. Cortical stimulation to control basal ganglia dynamics may

offer an alternative, less invasive treatment for motor symptoms in PD, despite the fact that

experimental results have not yet been convincing [42].
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