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Deep brain stimulation in the subthalamic nucleus for
Parkinson’s disease can restore dynamics of striatal networks
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Deep brain stimulation (DBS) of the subthalamic nucleus (STN) is highly effective in
alleviating movement disability in patients with Parkinson’s disease (PD). However,
its therapeutic mechanism of action is unknown. The healthy striatum exhibits rich
dynamics resulting from an interaction of beta, gamma, and theta oscillations. These
rhythms are essential to selection and execution of motor programs, and their loss or
exaggeration due to dopamine (DA) depletion in PD is a major source of behavioral
deficits. Restoring the natural rhythms may then be instrumental in the therapeutic
action of DBS. We develop a biophysical networked model of a BG pathway to study
how abnormal beta oscillations can emerge throughout the BG in PD and how DBS
can restore normal beta, gamma, and theta striatal rhythms. Our model incorporates
STN projections to the striatum, long known but understudied, found to preferentially
target fast-spiking interneurons (FSI). We find that DBS in STN can normalize striatal
medium spiny neuron activity by recruiting FSI dynamics and restoring the inhibitory
potency of FSIs observed in normal conditions. We also find that DBS allows the
reexpression of gamma and theta rhythms, thought to be dependent on high DA levels
and thus lost in PD, through cortical noise control. Our study highlights that DBS
effects can go beyond regularizing BG output dynamics to restoring normal internal
BG dynamics and the ability to regulate them. It also suggests how gamma and theta
oscillations can be leveraged to supplement DBS treatment and enhance its effectiveness.

basal ganglia | beta, gamma, and theta rhythms | medium spiny neurons | fast-spiking interneurons |
correlated noise

Deep brain stimulation (DBS) in the subthalamic nucleus (STN), the sole excitatory
nucleus of the basal ganglia, elicits a remarkable effect of rapidly restoring to almost
normal, the very disabling motor symptoms of Parkinson’s disease (PD). However, the
mechanism of DBS efficacy remains a mystery. It is generally thought that DBS works
though its systems-level effects on networks within and between the nuclei of the basal
ganglia (BG), thalamus, and cortex (1). The motor symptoms of bradykinesia and rigidity
are correlated with exaggerated beta frequency (∼15 to 30 Hz) oscillations in STN local
field potential (LFP) in PD patients (2, 3). Suppression of beta oscillations following
high-frequency DBS to STN correlates with augmentation of motor function in PD
patients (4). This suggests that some of the efficacy of high-frequency DBS in STN
for PD symptoms may lie in the ability of DBS to reduce the pathologically elevated
beta oscillations within the cortico-basal ganglia-thalamic (CBT) loop. Indeed, models
have proposed a mechanistic role for DBS in STN in disrupting the propagation of
aberrant oscillations to STN efferents (5) and normalizing output nuclei of the BG
(6, 7). This normalization is found essential to restore relay reliability in the thalamus,
which modeling suggests goes awry in Parkinsonian conditions due to abnormal BG
output (8–11). Restoring thalamic reliability is likely an outcome of network interactions
following DBS in STN, and it has been suggested that DBS engages a mechanism of
converging network-wide input onto the striatum to achieve regularity of firing at the
output of the BG (12). However, previous modeling work largely put the emphasis of the
effects of DBS on the BG output and ignored its effect on internal BG dynamics. While
restoring normal brain function indeed necessitates restoring reliable thalamocortical relay,
matching the intricacies of action selection and voluntary motor control further requires
the richness of the dynamics normally observed inside the BG nuclei.

Specifically, previous work from our group has shown that increased excitability in
striatal medium spiny neurons (MSNs) expressing D2 receptors, which results from loss
of dopamine (DA), increases beta oscillations in striatal networks (13) (see Discussion for
the role of striatum in creating pathological beta). These beta oscillations are generated
from inhibitory MSN interactions, in the presence of high cholinergic tone during
PD. Thus, a DBS mechanism effective at restoring BG function, and more particularly
striatal function, needs to be capable of rectifying this source of aberrant beta activity.
No such mechanism has yet been studied nor proposed. Furthermore, beta (14–17),
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gamma (�40 Hz) (18, 19), and theta (∼4 to 8 Hz) oscillations
(20, 21) are normally expressed in a DA-dependent manner in
striatal networks to drive behavior, and the loss of DA in PD can
disrupt the formation of these rhythms, as later shown. However,
their coexistence may be necessary for normal behavioral function.
The question we seek to answer is how striatal network level
dynamics are restored, through DBS in STN, despite persisting
cellular-level disruptions due to loss of DA. To answer this ques-
tion, building on established computational models of striatum
(13, 22), we explore network activity associated with a previ-
ously understudied but direct connection from STN to striatum
(23–28). Recent research shows that the direct STN to striatum
pathway projects strongly and almost exclusively to striatal fast-
spiking interneurons (FSIs) (28).

There is uncertainty about the effect of DBS on STN and
its efferents (29, 30). The major experimental evidence is that
high-frequency stimulation (HFS) (�100 Hz) of STN suppresses
somatic activity through depolarization blockade (31, 32) and
stimulates axonal terminals at a high frequency (33, 34). We
modeled DBS in STN as a combination of these two aspects:
DBS suppresses STN somatic activity, thereby suppressing the
beta activity in STN, and replaces it with high-frequency activity
at the level of STN axons. Our simulations show that HFS of
the STN-FSI pathway fully restores striatal network dynamics
including a reduction of beta and, most surprisingly, the reex-
pression of gamma and theta, striatal rhythms previously thought
to be dependent on high levels of DA (22, 35–37). Moreover,
our models suggest that the gamma/theta and beta dynamics can
be modulated by cortical input during DBS, rather than by DA,
thus allowing an alternative mechanism to DA modulation during
task performance. The diverse functions of striatal networks are
still elusive, but the network dynamics that underlie the possible
functions have been widely reported and characterized (14–21).
We thus confine our study of function restoration to an analysis
of restoration of striatal dynamics and leave the complexity of how
these dynamics enable various functions to further investigation.
Our study further highlights how the parkinsonian STN can
amplify beta in striatum and thus, throughout the CBT loop, via
this direct feedback pathway to striatum. We find that DBS not
only normalizes striatum but also interferes with this amplifying
feedback loop by its dampening effect on STN somatic activity.

Results

BG Dynamics in Normal Conditions Show Intrinsically Gener-
ated Beta, Gamma, and Theta Oscillations. To study striatal
dynamics, we developed a biophysical networked model of inter-
acting neuronal populations in the BG and studied it in different
conditions: normal, parkinsonian, and parkinsonian with DBS.
DA levels fluctuate in normal conditions with effects on striatal
dynamics. We refer to the baseline condition as the normal
condition with baseline levels of DA and separately introduce a
normal condition with high levels of DA.

The core of our model consisted of a striatal population of
MSNs inhibited by FSIs. We further modeled a population
of STN neurons projecting sparsely to the FSIs (Fig. 1A) and
completed a loop in the BG by modeling a population of
external globus pallidus (GPe) neurons that project to STN
and receive MSN projections (Fig. 1A). This MSN-GPe-STN-
FSI-MSN loop defines a neural pathway that partially goes
through the indirect pathway of BG and offers the anatomical
substrate for beta oscillations to be sustained and amplified,
in PD. In baseline conditions, MSNs fire at an average rate
(mean ± SD) of 1.21± 0.08 spk · s−1 (Fig. 1B). Overall, our

model shows an absence of beta oscillations throughout the
network, as evidenced by the spectra of the four populations
(Fig. 1C ). However, an isolated MSN network in baseline
conditions does exhibit weak low-beta activity (13) (see
SI Appendix, section A.1 and Fig. S1 A–C for details). But, in the
core striatal model, we find that FSIs exhibit sparse gamma oscil-
lations (22) (see SI Appendix, section A.2 and Fig. S1 D–F for de-
tails) that suppress MSN beta activity (see SI Appendix, section A.3
and Fig. S2 A–C for details). The behavior of the core striatal
model remains unaltered when connected to the greater network
comprising GPe and STN (see SI Appendix, section A.4 for
details). The generation of beta in the MSNs is immediately
suppressed by the FSIs and is not allowed to propagate throughout
the loop.

Nevertheless, beta oscillations in normal condition do appear in
MSNs, and the BG more generally, through bursts of beta activity
(38–40), usually on the timescale of half of a single theta cycle
(∼150 ms) (39). At high DA levels, the FSI excitability and gap
junction conductance are increased, pushing the FSIs to spike
at nested theta/gamma oscillations (SI Appendix, Fig. S3A). FSI
activity then comprises synchronized bursts of gamma activity,
interleaved with quiescence, appearing at theta cycles, observed
in spiking activity and in spectral content showing peaks at theta
(7.27± 0.46 Hz) and gamma frequencies (77.23± 3.14 Hz).
The bursts of gamma activity have the ability to momentarily
suppress the MSN network, leaving it to rebound during the FSI
quiescence period and generate bursts of beta oscillations (22).
These theta-modulated bursts then appear in spiking activity and
are also reflected in the aggregate population activity of MSNs.
This activity mode emerges from the interactions in our core
striatal model (SI Appendix, Fig. S3 B–D) and remains unaltered
when connected to the greater network comprising GPe and STN.
Synchronization of FSI activity into nested theta/gamma cycles is
at the heart of enabling switches in cell assemblies representing
different motor programs (18, 41), with beta oscillations sustain-
ing cell assemblies (20, 42). We detail these results in later sections
showing how DBS recovers such dynamics that are lost in PD.

Loss of Dopamine in PD Leads to Resonating Beta Activity
throughout the BG. In PD, there are two effects that we included
in our model: the loss of DA (43, 44) and the up-regulation
of striatal cholinergic levels as a result of DA depletion (45–
47). We modeled the changes in dopaminergic and cholinergic
level through biophysical perturbations (Fig. 2A). We find that
these changes result in an increase in beta frequency power in the
striatum, the GPe, and the STN, consistent with what is observed
clinically (13, 48–50).

Our simulations show that an isolated D2 MSN network
(SI Appendix, Figs. S4 A–C and S5 A–C ) and our core striatal
model (SI Appendix, Fig. S5 D–F ) produce beta oscillations
during PD (see SI Appendix, section A.5 for details). Embedding
our core striatal model into the closed loop (Fig. 2A), to
include STN and GPe, amplifies beta-band activity during
PD. We observe beta-band activity in all four populations
MSN, FSI, STN, and GPe, directly through spiking activity
(Fig. 2B) and through spectral power peaks in the beta
band (at 15.80± 0.43 Hz in MSNs) (Fig. 2C ) appearing in
all four populations. The closed-loop system further creates
resonance at beta frequencies as evidenced by additional
power at harmonics, appearing in the spectra of population
activity (Fig. 2C ) (see SI Appendix, section A.6 for details).
It is the increase of excitability of the MSNs that generates
beta activity in the striatum (SI Appendix, Fig. S6 A–D) (see
SI Appendix, section A.7 for details). This activity reaches the
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Fig. 1. Population dynamics in baseline condition. (A) Schematic illustrating the network structure of the biophysical neuronal model, composed of MSN, FSI,
GPe, and STN neurons. (B) Raster plots showing spiking activity of MSN, FSI, GPe, and STN neurons, all in baseline condition (MSN firing rate: mean ± SD =
1.21 ± 0.08 spk · s−1, n = 25 simulations). (C) Graphs showing the average (blue) and SD (light blue) of the spectra of the MSN, FSI, GPe, and STN population
activity, all in baseline condition (n = 25 simulations).

weakened FSIs, through the STN and GPe (Fig. 2B), which in
turns patterns the FSIs at beta frequencies (Fig. 2C ). Instead
of FSIs suppressing MSN beta activity via their sparse gamma,
FSIs become a conduit for beta activity: The MSNs will resonate
to the FSI beta inhibition due to their intrinsic and network
dynamics, and beta activity is then amplified in MSNs and
throughout the loop (see SI Appendix, section A.8 for details and
SI Appendix, Figs. S7 A–C and S8 A and B for illustrations on
resonance properties).

Our modeling suggests an intrinsic striatal origin of beta
activity that is propagated throughout the BG loop in PD
conditions, but we find a similar amplification of exogeneous
beta under PD conditions. We investigated the effects of
adding an exogenous beta activity directly into STN to
model the two alternative sources. We find that an additional
exogenous input into STN amplifies the existing beta oscillations
throughout the loop if provided at the resonating frequency
(SI Appendix, Fig. S9 A and B) and entrains the BG oscillations if
not (SI Appendix, Fig. S9 C–F ) (see SI Appendix, section A.9 for
details). These results are consistent with experimental findings
showing BG activity phase locking to cortical beta bursts in
normal and parkinsonian conditions (40). Adding an exogenous
beta input to MSNs instead of STN during PD also produces
similar phenomena (SI Appendix, Fig. S10 A–F ).

DBS in STN during PD Can Normalize MSN Activity by Restoring
Effective FSI Inhibition. We modeled DBS in STN as a combina-
tion of two effects, considered in ref. 30: DBS suppresses somatic

activity, thereby suppressing the beta activity derived from STN,
and replaces it with high-frequency activity at the level of the
axons (Fig. 3A). Essentially, DBS has the capability of decoupling
STN axonal activity from STN somatic activity, thereby breaking
beta oscillations in the BG loop and offering network excitation
through HFS.

We modeled HFS by a train of voltage pulses subject to three
parameters: 1) stimulation frequency, 2) stimulation voltage, and
3) pulse width. We fixed the applied voltage and varied the
remaining two parameters: stimulation frequency and pulse width
(see SI Appendix, section A.10 for details and an examination of
an alternate model for DBS).

We find that DBS at 135 Hz with 150 μs pulse width during
parkinsonian conditions normalizes MSN activity, lowering its
firing rate to 1.31± 0.07 spk · s−1, similar to what is observed
in baseline conditions (Fig. 3B), and restoring its spectral prop-
erties to what is found in baseline conditions by removing the
aberrant beta oscillations (Fig. 3C ). We find that DBS achieves
MSN activity normalization by altering FSI activity: The level of
excitation in FSIs is increased, leading to higher spiking rates that
include bursting at gamma frequencies (Fig. 3 B and C ), and the
gamma frequency of the FSI population follows around half of
the stimulation frequency (at 67.1± 0.85 Hz for stimulation at
135 Hz) (corresponding to the peak in Fig. 3C ).

We next find that FSIs can play a decisive role in determining
the optimal frequency of DBS. As we vary the stimulation fre-
quency, we find that the FSIs produce bursts at half of the stim-
ulation frequency (Fig. 3D) (see SI Appendix, section A.11 and
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Fig. 2. Population dynamics in PD. (A) Schematic illustrating the parametric changes in the biophysical model in PD from parameters in baseline condition.
The loss of DA is modeled in multiple ways: 1) an increase of background excitation onto the MSNs expressing D2 receptors (45), 2) a decrease in background
excitation for FSIs (51), and 3) changes in effective connectivity among the FSIs [decreased electrical conductance for the gap junctions (52) and increase in their
interneuronal GABAa maximal conductance (51)]. The increase in cholinergic tone 1) decreases the maximal MSN M-current conductance (via ACh action on M1
receptors) (45) and 2) decreases the inhibitory maximal conductance from FSIs to MSNs (53). (B) Raster plots showing spiking activity of MSN, FSI, GPe, and STN
neurons, all in PD (MSN firing rate: mean ± SD = 4.85 ± 0.13 spk · s−1, n = 25 simulations). (C) Graphs showing the average (blue) and SD (light blue) of the
spectra of the MSN, FSI, GPe, and STN population activity, all in PD (n = 25 simulations).

Fig. S11A for details). Overall, increasing the DBS frequency also
increases FSI firing rate (Fig. 3E) and thereby increases FSI-MSN
inhibition, leading to a decrease in MSN firing rate (Fig. 3F )
(see SI Appendix, section A.12 and Fig. S11 B and C for details).
Thus, our model predicts that the optimal frequency for DBS will
depend on the average MSN spiking rate in PD, a value that will
vary by patient. Increasing the pulse width has a similar effect (see
SI Appendix, section A.3 and Fig. S11 D–F for details).

In lower-frequency ranges, 60 Hz and upward, the FSIs oscil-
late at the DBS frequency (SI Appendix, Fig. S12 A and B: an ex-
ample for DBS at 65 Hz), thereby justifying clinical improvement
at these low frequencies too (54, 55) (SI Appendix, Fig. S12A,
average MSN firing rate at 65 Hz: 1.65± 0.08 spk · s−1). How-
ever, we show in a later section that such low frequencies fail
to sustain theta/gamma FSI oscillations in PD conditions ob-
served in normal dynamics under high levels of DA. Furthermore,
stimulation at beta frequencies results in increased beta oscil-
lation in MSNs (SI Appendix, Fig. S12 C and D) (average MSN
firing rate at 5.57± 0.23 spk · s−1, greater than that of MSNs
in PD condition without DBS, P < 0.001, Welch’s t test),
which is consistent with findings showing worsening of symptoms
(54, 56, 57).

DBS Restores Theta and Gamma Oscillations. At high DA levels
in normal condition, FSI activity comprises synchronized bursts
of gamma activity, interleaved with quiescence, appearing at theta
cycles (22), clearly observed from the spiking activity (Fig. 4A) and
the spectral content showing peaks at theta (7.27± 0.46 Hz) and
gamma frequencies (77.23± 3.14 Hz) (Fig. 4B). The loss of DA
during PD renders the FSIs unable to achieve such a dynamical
state. This is partly due to a decreased excitation and an inability to
synchronize in the presence of high beta noise with weakened gap
junctions (see SI Appendix, section A.14 for details). However, we
find that DBS increases FSI excitability and disrupts the beta
noise coming into FSIs. This provides the opportunity for gamma
bursts to arise, and that opportunity is governed by how well
they are able to synchronize due to background noise. Indeed,
background noise that is highly correlated among FSIs allows the
FSIs to achieve synchrony, thereby replicating what is observed in
conditions of high levels of DA, at the level of spiking activity
(Fig. 4C ) and spectral content (Fig. 4D) (gamma frequency at
66.81± 3.68 Hz and theta frequency at 6.11± 0.68 Hz). Back-
ground noise that is highly uncorrelated among FSIs would break
synchrony and thus would replicate the conditions we observed
in baseline normal condition (Fig. 1 B and C ). This suggests that
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Fig. 3. Population dynamics during DBS in PD. (A) Schematic illustrating the parametric changes in the biophysical model in PD during DBS from parameters in
baseline condition. (B) Raster plots showing spiking activity of MSN and FSI neurons, all in PD during DBS (MSN firing rate: mean ± SD = 1.31 ± 0.07 spk · s−1,
n = 25 simulations). (C) Graphs showing the average (blue) and SD (light blue) of the spectra of the MSN and FSI population activity, all in PD during DBS. (D)
Graph showing the average FSI gamma oscillation frequency (bars representing SD) as a function of DBS frequency (10 simulations per simulated frequency).
(E) Graph similar to D showing the average FSI firing rate as a function of DBS frequency. (F) Graph similar to D showing the average MSN firing rate as a function
of DBS frequency.

DBS is able to substitute the mechanism of high/baseline DA, lost
in PD, by a mechanism of correlated/uncorrelated noise to restore
FSI and MSN dynamics.

We modeled the source of uncorrelated/correlated background
noise to be coming from cortical input. We do not expect that
mechanism of switching correlation to be one generated only in
PD. Per our interpretation, in a regime of changing motor plans,
we expect cortex to be engaged, with its activity correlated and
conveyed to the striatum. This setting can coincide with high
DA levels and deliver noise correlated among FSIs in normal
conditions. In other regimes coinciding with baseline DA levels,
cortical activity is uncorrelated and conveys only uncorrelated
noise onto the FSIs. In normal conditions, however, the gap
junctions are strong enough to overcome the noise whether it is
uncorrelated or correlated. Therefore, although that functionality
is always present, it need not be effectively used by the FSIs and
can gain an effective use in PD during DBS, where DA levels are
pathologically low. It also may be partially redundant in normal
condition: Correlated noise promotes more synchrony among

FSIs in normal condition, especially if the level of DA is low
for some normal reason. However, the correlated noise by itself
cannot bring the FSIs to robustly spike a theta/gamma without
additional excitation onto the FSIs. This excitation is provided
by a high level of DA in normal conditions and by DBS in PD,
but can also be provided by phasic activity from thalamic/cortical
projections.

Importantly, in PD conditions without DBS, it is not
possible to recover synchronized theta/gamma oscillations in
FSI population activity with correlated noise (Fig. 4 E and F ),
even if we input additional excitation (Fig. 4 G and H ) (see
SI Appendix, section A.15 for details).

DBS Restores Theta-Modulated Beta Bursts. At the level of
MSNs during high DA conditions, the activity of D1 MSNs is in-
creased, and D1 MSNs become a key player in the direct pathway
of the BG. The activity of D2 MSNs is oppositely decreased. To
study the effect of DBS on recreating MSN dynamics appearing in
normal conditions with high DA, we then additionally modeled
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Fig. 4. DBS can restore the DA functionality
lost during PD. (A) Raster plots showing spiking
activity of FSI neurons, in normal conditions
with high level of DA. (B) Graph showing the av-
erage (blue) and SD (light blue) of the spectrum
of FSI population activity, in normal conditions
with high level of DA. (C and D) Graphs display-
ing population activity of FSI neurons, as in A
and B, but for PD with DBS and a synchronized
noise regime. (E) Raster plots showing spiking
activity of FSI neurons, in PD within a synchro-
nized noise regime. (F) Graph showing the av-
erage (blue) and SD (light blue) of the spectrum
of FSI population activity, in PD within a corre-
lated noise regime. (G and H) Graphs displaying
population activity of FSI neurons, as in E and
F, but for PD within a correlated noise regime
and added excitation for the FSIs to drive them
individually at a theta/gamma oscillation. (I and
J) Graphs displaying population activity of MSN
neurons, as in A and B, for normal conditions
with high level of dopamine. The raster plots
show D1 and D2 MSN activity separately. Traces
of raw (black) and beta-band filtered (orange)
population activities of MSNs are additionally
shown. (K and L) Graphs displaying population
activity of MSN neurons, as in I and J, but for
PD with DBS and a correlated noise regime.
(M) Graph showing the average FSI gamma
oscillation frequency (bars representing SD) as
a function of DBS frequency under correlated
noise conditions (10 simulations per simulated
frequency). (N) Graph similar to M showing the
average FSI theta oscillation frequency as a
function of DBS frequency. All average spec-
tra are derived from 25 simulations in each
condition.

a population of D1 MSNs in our network. We modeled them
to receive FSI projections, but they do not project to the GPe,
as they are not considered canonically to be part of the indirect
pathway of the BG. We also assumed that D1 and D2 MSNs are
not interconnected by ionotropic γ-aminobutyric acid (GABAa)

channels, to keep the role of D2 MSNs and their effect in our
modeled indirect pathway loop unaltered.

In our simulations for normal conditions with high levels of
DA, we found that both D1 and D2 MSNs were spiking when,
and only when, FSIs were in their off cycle (Fig. 4I ). These
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bursts are produced at 7.21± 0.51 -Hz theta cycles (Fig. 4I )
and exhibit beta oscillations (peak at 15.72± 0.72 Hz) in the
short bursting period, as expected from disinhibited MSNs and
observed through spiking activity (Fig. 4I ) and spectral content
of population activity (Fig. 4J ). During PD with DBS under
correlated noise, we found that this theta/beta firing of D1 and
D2 MSNs is also preserved (theta frequency at 6.10± 0.62 Hz
and beta frequency at 17.45± 1.09 Hz), as evidenced from the
spiking activity (Fig. 4J ) and spectral content (Fig. 4L). While beta
activity is amplified in PD, it is not constant, but is modulated
in amplitude in the form of frequent beta bursts with longer
durations (40, 58, 59). By restoring FSI gamma bursts, DBS can
shorten the MSN beta bursts to durations observed in normal
conditions (on a theta timescale). Overall, in our model during
PD, this modulation of beta activity to yield long bursts can be
achieved by variations in MSN excitability, through exogenous
cortical or thalamic input (e.g., SI Appendix, Fig. S13 A–C as an
example). The phase locking of MSN beta activity to exogenous
input directly to MSNs (SI Appendix, Fig. S10 A–F ) or through
STN (SI Appendix, Fig. S9 A–F ) also suggests the potential for
synchronization with cortical beta bursts as observed experimen-
tally (40). In our simulations, D1 MSNs and D2 MSNs fire syn-
chronously. Indeed, the D1 MSNs and D2 MSNs do not project
to each other and receive FSI input with similar connectivity den-
sity. Adding mutual inhibition and asymmetric FSI projections
will likely break the symmetry in MSN responses during the FSI
off cycle, bringing them closer to experimental findings on pro-
and antikinetic firing properties as well as coexistent firing activity
in other conditions (60). We do not expect such a modification
to alter the beta/theta activity pattern of the MSN populations,
only the beta oscillation phase difference between the two MSN
populations.

In the regime of synchronized noise, the DBS frequency
also has an effect on the firing pattern of FSIs. We found that
the FSI gamma firing also tracks the half frequency of the
DBS stimulation frequency (Fig. 4M ): The relation is linear
within the range of 120 to 150 Hz, yet may break down
outside this range. Furthermore, the theta frequency remains
generally constant as DBS frequency changes (Fig. 4N ). More
importantly, while DBS at low frequencies (e.g., around 65 Hz)
in uncorrelated noise conditions partially recovers dynamics
observed in baseline condition (SI Appendix, Fig. S13 C and D),
it is unable to recreate in FSIs theta/gamma dynamics in correlated
noise conditions (SI Appendix, Fig. S14 A and B: example for
DBS at 65 Hz) and thereby does not restore the theta-modulated
beta bursts in MSNs (SI Appendix, Fig. S13 C and D). Indeed,
stimulation at low frequencies does not raise the FSI excitation
enough to yield bursts of gamma, as observed via FSI membrane
potentials (SI Appendix, Fig. S13 E–H ) or average firing rates
(SI Appendix, Fig. S14I ). FSI theta cycles are then not produced
(SI Appendix, Fig. S14J ). The effects of stimulation frequency on
firing activity suggest that this parameter ought to be clinically
adjusted to enable operation of natural FSI properties and ensure
as close as possible natural dynamics, which will be patient
specific. A thorough study of these effects is left for another
investigation.

Discussion

Explaining the Mechanism of STN-DBS Action during PD. We
show how DBS in STN can restore striatal dynamics in PD, by
engaging an understudied subthalamo-striatal pathway to com-
pensate and limit the effects due to DA depletion. The striatal
populations naturally express beta, gamma, and theta oscillations

(see SI Appendix, section C.1 and refs. 14–22, 36–39, 41, 42,
and 61–84 for details). However, the loss of DA in PD leads to
excessive beta oscillations in the striatum and an extinction of
theta and gamma rhythms. We then find that DBS in STN can
restore the natural dynamics in the striatum by engaging striatal
interneurons to reverse the dynamical effects of DA depletion.

The effect of DBS is twofold: It interrupts the amplification
of beta activity through the BG loop and provides FSIs with
additional excitation through STN efferents. This relieves FSIs
from having their activity contaminated by beta dynamics and al-
lows them to express gamma oscillations via increased excitability,
thereby restoring effective FSI to MSN inhibition. As such, DBS
reverses D2 MSN overexcitability, which in turn leads to decreased
beta oscillations throughout the BG. More essentially, we find that
the functionality of DA in modulating dynamics—yielding theta
and gamma oscillations and beta bursts—is restored, despite the
absence of DA, through a different mechanism: dictated by the
amount of correlation in cortico-striatal activity input.

Our work generally suggests the effects of DBS in normalizing
dynamics and highlights a potentially crucial role for gamma
oscillations in the behavioral recovery during PD.

Relation to Existing Insight on PD and DBS. While computa-
tional work on the mechanisms of DBS in STN has, thus far,
focused on restoring normal functioning of BG output, notably
the GPi (see SI Appendix, section C.2 and refs. 6–12 and 85–87
for details), our work focuses on restoring the dynamics of the BG
nuclei, which then restores BG output dynamics. Our reasoning
is that while output nuclei and thalamic functioning are essential
to normal function, the intricacies of the mechanisms of action
selection and switching motor programs, and their interaction
with DA that is disrupted during PD, rely on the richness of BG
rhythmic dynamics. Restoring striatal dynamics can then restore
BG output function and thus reliability in thalamocortical relay.

Excessive beta oscillations extend throughout the CBT loop,
and the source of beta generation in PD has been a contentious
topic (see SI Appendix, section C.3 and refs. 48, 50, 70, 77,
and 88–98 for details). Our view is that beta originates in the
striatum (see SI Appendix, section C.4 and refs. 13, 88, 91, 96,
99, and 100 for details), possibly simultaneously combined with
additional sources, e.g., from STN-GPe interaction (49, 101)
and cortico-subthalamic patterning (49, 102, 103). The indirect
pathway is particularly implicated in these beta dynamics (91),
highlighting a special participation of MSNs in beta generation
in rodents (88, 91) and in nonhuman primates (92). Yet, such
findings are countered with reports that MSNs do not display
beta oscillations in PD (95) and do not show increased firing
(94) connected to beta, as also reported in the literature (93).
It has also been argued that the striatum cannot produce the
beta oscillation by itself because blockade of striatum to GPe
does not eliminate the beta (97). Such contrasting conclusions
suggest that the methodologies used as well as their interpretations
need to be carefully evaluated (we discuss critiques of these points
of view in SI Appendix, sections C.3 and C.4). Importantly, the
interpretation of any such results will necessarily be dependent on
an accurate representation of BG network pathways and cellular
physiology. We elaborate on this point in SI Appendix, section B
by studying alternate pathways—particularly via pallidostriatal
and corticostriatal projections—through which STN activity can
reach FSIs, examining their potential role during DBS and high-
lighting the special role played by the STN-FSI projection during
DBS. Our current study highlights that even a minor pathway
(the STN-to-FSI pathway) may prove to be a key component of
system-level dynamics.
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Our work further extends to address other beta sources, no-
tably STN-GPe interaction and cortico-subthalamic patterning
as previously mentioned: Beta propagation from these sources is
automatically disrupted by STN somatic-axonal decoupling due
to DBS. This further highlights the posited underlying mecha-
nism of DBS effectiveness in disrupting abnormal information
flow going through STN, formalized through the “disruption
hypothesis” (104, 105). It is also pragmatic to expect DBS to
operate on multiple fronts, each further alleviating PD symptoms.
This is particularly the case as STN projects to a multitude of
brain structures (see SI Appendix, section C.5 and refs. 34, 95,
and 106–115 for details). We believe that similar mechanisms of
modulation and normalization of dynamics, potentially engaging
antidromic stimulation through HFS, can further arise at some of
these identified fronts. Particularly, evidence for a key role for the
GPe in regularizing dynamics is emerging (50, 70, 116–118).

Contributed Insight into PD and DBS. Our results illustrate how
an STN locus for DBS can alter striatal dynamics and elucidate
the efficacy of clinically considered stimulation frequencies as
those resonating with striatal gamma dynamics. Furthermore, PD
symptoms are presented in light of abnormal oscillatory beta
dynamics replacing the normal interaction of rhythmic dynamics
in the basal ganglia. DBS treatment might at first suggest restoring
regularity in activity, but that does not immediately translate
to flexibility in dynamics, to allow a range of motor command
expression. Our work suggests that the effect of DBS extends
from regularizing firing (as highlighted for example by refs. 6,
85, and 86) to restoring mechanisms of activity modulation
(enabled through FSI inhibition onto MSNs) to restore flexibility
in dynamics and activity patterns.

While DBS has often been studied in the context of regular-
izing firing activity in BG nuclei, compensating for one effect of
DA loss, it has not been studied in light of how it can compensate
for the dynamical modulatory effects of DA. Dopaminergic
modulation is lost during PD, disrupting the ability of FSIs
to synchronize and provide gamma bursts. However, our results
show that DBS allows striatal FSIs to substitute the mechanism
of dopaminergic control by that of cortical noise control. Once
DBS reduces the beta activity that FSIs receive as input from the
BG, cortical input becomes the major FSI provider of noise, and
its correlation among FSIs dictates whether or not FSIs fire in
synchrony. Crucially, in normal conditions, we consider high
cortical activity correlation to coincide with high DA levels,
thus yielding an adequate substitution in PD. This result is
reminiscent of mathematical results on correlated noise-induced
synchrony, where synchrony is achieved in coupled excitable
systems (e.g., neurons coupled by gap junctions) at certain levels of
correlated noise, but breaks at lower and higher intensity of noise
(119–121). While correlated noise can aid in sustaining
synchronous theta/gamma firings among FSIs during DBS in
PD, it can additionally increase beta synchrony at the level of FSIs
during PD in the absence of DBS (see SI Appendix, section C.6
and ref. 122 for details).

Potential Clinical Implications for Stimulus Design. Our work
connects stimulation frequency, intensity, and pulse width to
biophysical mechanisms potentially underlying the efficacy of
DBS in STN. Our simulations yield optimal restoration of dy-
namics within the clinical ranges of these parameters (123). While
increases in intensity and pulse width would increase the general
level of excitation onto FSIs (see SI Appendix, section C.7 and refs.
54, and 123–128 for details), the effect of frequency appears to be
much more intricate. The literature reports significant beneficial

effects for stimulation frequencies ranging from 50 to 185 Hz,
with the most beneficial effects reported within the 130- to 185-
Hz range (54, 55). We find that increasing stimulation frequency
increases FSI excitation, leading to increased FSI inhibition onto
MSN, which may yield MSN firing rates lower than those of base-
line dynamics. We also find that decreasing stimulation frequency
interferes with gamma burst production in FSIs. We can then
expect optimal DBS clinical effectiveness when the stimulation
frequency matches the natural oscillatory dynamics of FSIs in the
gamma range (18, 22, 129) and can resonate with FSI behavior.
In the ranges above 120 Hz, the FSIs oscillate at half of the
stimulation frequency with an oscillation of 67.5 Hz achieved for
stimulation at 135 Hz.

It remains essential to verify such predictions, and we propose
three directions: 1) By measuring FSI activity while altering DBS
frequency (e.g., by using voltage markers and fiberphotometry),
we expect FSI gamma oscillations to follow half the stimulation
frequency during DBS. 2) By increasing activity correlation in
cortical projections to FSIs (e.g., by using optogenetics or electrical
stimulation), we expect FSIs to synchronize and yield gamma
bursts during DBS. 3) By reducing FSI activity during DBS (e.g.,
by using chemogenetic approaches), we expect inhibition onto
MSNs to be reduced and strong beta oscillations to reemerge
during DBS. If these predictions hold true, then variations in the
choice of DBS frequency between patients may partly be due to
individualistic differences in oscillatory gamma frequencies, which
our model links to properties of the FSI D current. DBS parameter
optimization might then benefit from a learning phase whereby
natural oscillatory gamma dynamics might be gathered under
dopaminergic medication, using appropriate recording methods.
There has also been success in using irregular stimulation patterns
to alleviate PD symptoms (130), and it becomes a question of
future research whether such patterns might affect FSI dynamics.

Our work suggests that the high stimulation frequency is
resonant with FSI oscillatory dynamics, and leveraging it is at the
heart of the therapeutic effect of DBS. It may be possible to engage
resonance in other frequency bands, by introducing additional
frequencies multiplexed in the stimulation pattern during DBS. In
particular, while the cortical noise control mechanism provides a
mechanistic fix in restoring theta/gamma FSI oscillations, relying
only on cortical control might prove to problematic, as it might
be unable to sustain the necessary activity for a long period of
time to enable sequential tasks. This is particularly relevant in
speech fluidity, in which we find verbal fluency to be impaired
with DBS in STN (131, 132). Additional theta stimulation, along
with HFS, might prove to be an effective therapy to maintain the
low oscillatory state. Overall, our work highlights a potentially
essential role played by gamma oscillations in overcoming beta
oscillations in PD. The principle of recruiting resonance in addi-
tional populations might also unlock therapies and directions that
at least might further improve DBS effectiveness.

Materials and Methods

All neurons are modeled using a single compartment with Hodgkin–Huxley-
type dynamics. The voltage change in each cell is described by cm

dv
dt =

−
∑

Imembrane −
∑

Isynaptic + Iapp + Inoise.
All cells display a fast sodium current (INa), a fast potassium current (Ik), and a

leak current (IL) for membrane currents (Imembrane). MSNs additionally display an
M current and FSIs additionally display a D current. The synaptic currents (Isynaptic )
depend on the connectivity. The aggregate population activity of MSNs and of
FSIs, from which spectral information was determined, consisted of the sum
of GABAa synaptic currents between MSNs and between FSIs, respectively. The
aggregate population activity of STN and GPe consisted of the sum of membrane
potentials of STN and GPe cells, respectively. Modeling details are provided
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in SI Appendix. Our network models were programmed in C++ and compiled
using GNU gcc. The differential equations were integrated using a fourth-order
Runge–Kutta algorithm. The integration time step was 0.05 ms. The model output
was analyzed using Python 3.

Data Availability. All study data are included in this article and/or SI Appendix.
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36. J. López-Azcárate et al., Delta-mediated cross-frequency coupling organizes oscillatory activity across
the rat cortico-basal ganglia network. Front. Neural Circuits 7, 155 (2013).
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