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Enhanced oscillations at beta frequencies (8–30 Hz) are a signature
neural dynamic pathology in the basal ganglia and cortex of Parkin-
son’s disease patients. Themechanisms underlying these patholog-
ical beta oscillations remain elusive. Here, using mathematical
models, we find that robust beta oscillations can emerge from in-
hibitory interactions between striatal medium spiny neurons. The
interaction of the synaptic GABAa currents and the intrinsic mem-
brane M-current promotes population oscillations in the beta fre-
quency range. Increased levels of cholinergic drive, a condition
relevant to the parkinsonian striatum, lead to enhanced beta oscil-
lations in the striatal model. We show experimentally that direct
infusion of the cholinergic agonist carbachol into the striatum, but
not into the neighboring cortex, of the awake, normal rodent indu-
cesprominentbeta frequencyoscillations in the localfieldpotential.
These results provide evidence for amplification of normal striatal
network dynamics as a mechanism responsible for the enhanced
beta frequency oscillations in Parkinson’s disease.
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Enhanced beta frequency oscillations are correlated with bra-
dykinesia, a disabling movement abnormality in Parkinson’s

disease patients (1). Improvement of bradykinesia correlates with
a decrease in the enhanced beta frequency oscillations in the
subthalamic nucleus (STN) and cortex of Parkinson’s disease
patients (2). However, the function of the beta oscillations in
parkinsonian pathology remains elusive, and the source of these
oscillations is unknown. Two predominating theories exist about
the origin of these enhanced beta rhythms. One hypothesis pro-
poses that oscillations arise from the interaction of the STN and
the external segment of the globus pallidus (GPe); this is known as
the STN/GPe pacemaker hypothesis (3). Evidence for the STN/
GPe pacemaker hypothesis comes from a study showing that GPe
and STN are able to generate synchronized oscillatory bursting
activity in the range of 0.4–1.8 Hz in organotypic cultures of
cortex-striatum-STN-GPe (4). A second theory of beta generation
in Parkinson’s disease entails cortical patterning of the STN (3).
This theory derives partly from studies on anesthetized rats
showing that, with dopamine depletion, oscillatory spiking activity
in STN and GPe is correlated with and largely dependent on
cortical slow-wave (∼1 Hz) activity (5). For the cortical pattern-
ing, but not the STN/GPe hypothesis, there is experimental evi-
dence for intrinsic production of the beta rhythm (6).
Degeneration of dopaminergic neurons that project to the stria-

tum is a hallmark of Parkinson’s disease pathology (7), but the
striatum has been largely ignored as a possible source of beta fre-
quency rhythms in Parkinson’s disease. There are several reasons
for ignoring the striatum. The striatumconsists of an almost entirely
inhibitory network of cells (99.7% are GABAergic and 0.3% are
cholinergic in the rat neostriatum) (8). Furthermore, the pre-
dominant striatal cell type, themedium spiny neuron (MSN), rarely
spikes (average rate of 1.1 ± 0.18 Hz in freely moving rats) (9). It is
not evident that this largely inactive and inhibitory network can
generate any independent activity, much less rhythmic activity at
a relatively high frequency (8–30 Hz). However, mathematical
modeling informs us that inhibition can create neuronal excitation

under certain conditions. Specifically, the activation or inactivation
of slow currents can lead to the phenomenon of postinhibitory re-
bound spiking. Moreover, inhibitory networks of such neurons can
produce rhythmic activity (10, 11). The frequency of the rhythm
largely depends on the time constant of the slow current. At least
one slow current is known to have a time constant of decay that
allows postinhibitory rebound spiking to occur with a lag appro-
priate for the formation of beta frequency spiking: the M-current
(10). The M-current is a noninactivating potassium current, and
GABAa inhibition can temporarily reduce this current, leaving the
neuronal membrane in a more excited state (12). The MSNs of the
striatum have an M-current and receive inhibition from each other
through GABAa synapses. Therefore, the MSNs of the striatum
contain both the cellular and the network properties to support the
generation of beta frequency oscillations.
We construct mathematical models of networks of MSNs and

find that such networks are capable of generating robust beta
oscillations. Perturbations that enhance the interaction between
MSN M-current and GABAa current increase the power of
the population beta rhythm. An interesting prediction is that
increases in either MSN background excitation (Iapp) or MSN
GABAergic inhibition will increase the power of beta oscillations
in the model MSN network. Because increasing MSN excitation
necessarily increases MSN to MSN inhibition, these seemingly op-
posite effects, in fact, work synergistically to create beta frequency
oscillations in our model MSN networks.
Striatopallidal MSNs have high levels of dopamine D2 recep-

tors and increase their excitability in response to loss of dopa-
mine (13). Furthermore, loss of dopamine has been shown to
increase beta oscillations in striatum (14). This finding is con-
sistent with our model results, which predict enhanced beta
oscillations in the subnetwork of striatopallidal MSNs after loss
of striatal dopamine. MSN excitability can also be increased by
other neuromodulators, most notably by the action of acetyl-
choline (ACh) on M1 receptors (13). This is important in the
context of Parkinson’s disease, because dopamine modulates
ACh levels. Dopamine tonically inhibits ACh release in the
striatum under normal physiological conditions by its action on
D2 receptors (15). Moreover, antagonists of either D1 or D2
receptors as well as loss of striatal dopamine in the 6-hydroxydopamine
(6-OHDA) rat, an animal model of Parkinson’s disease, result in
increased striatal levels of ACh (16).
As a first test of our model, we inject the muscarinic acetyl-

choline receptor agonist carbachol into the striatum of normal
awake mice. As predicted, cholinergic agonists in the striatum
induce enhanced beta frequency oscillations in the striatal local
field potential (LFP). Neither striatal nor cortical LFPs show

Author contributions: M.M., E.S.B., X.H., and N.K. designed research; M.M., C.M.-K., X.G.,
and X.H. performed research; M.M., C.M.-K., X.G., and X.H. analyzed data; andM.M., E.S.B.,
X.H., and N.K. wrote the paper.

The authors declare no conflict of interest.
1To whom correspondence may be addressed. E-mail: mmccart@bu.edu or nk@bu.edu.
2C.M.-K. and X.G. contributed equally to this work.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1107748108/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1107748108 PNAS Early Edition | 1 of 6

N
EU

RO
SC

IE
N
CE

mailto:mmccart@bu.edu
mailto:nk@bu.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1107748108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1107748108/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1107748108


increased beta oscillations after infusion of carbachol into the
cortex, showing that striatal LFP beta is not the result of diffusion
of carbachol into the neighboring cortex. Our combined compu-
tational and experimental results suggest that increased MSN
excitation, which produces increased MSN to MSN inhibitory
interactions, is a potential source of the enhanced beta rhythms in
Parkinson’s disease. Our modeling results also suggest that loss of
dopamine and increased striatal ACh work in parallel to amplify
beta oscillations in striatal networks in Parkinson’s disease.

Results from Mathematical Models of Normal and
Parkinsonian Networks of MSNs
Networks of MSNs Alone Produce Beta Oscillations. A raster plot of
our 100-neuron striatal model (see Computational Methods) us-

ing weak all-to-all connections displays no readily observable
pattern of activity among MSNs (Fig. 1A). However, analysis of
the model LFP reveals a distinct peak in the low beta frequency
range centered around 12.1 ± 0.7 Hz (Fig. 1B). The beta fre-
quency oscillations wax and wane over time (Fig. 1C). The
spiking of individual MSNs is irregular (Fig. 1D). The average
spiking rate of the neurons in this network is 0.96 ± 0.03 Hz,
consistent with the low average MSN spiking rate in vivo (9). The
trace of the model LFP also contains waxing and waning beta
frequency oscillations (Fig. 1E).

Beta Power and MSN Spiking Frequency Increase in Parkinson’s
Disease Model Striatum. We simulate the loss of dopamine in
the parkinsonian striatum indirectly through ACh-induced re-
duction of the M-current (see Computational Methods). De-
creasing the maximal M-current conductance by 7.7% has
pronounced effects on the striatal network dynamics [the percent
decrease of the maximal M-current conductance ð�gmÞ depends
on various parameters; for example, Fig. S1 shows a qualitatively
similar model in which the M-current changes 41.2% between the
normal and parkinsonian states]. MSN spiking becomes more
obviously patterned into a beta frequency population rhythm
(Fig. 1F). The LFP power peaks at a higher frequency (17.1 ±
0.32 Hz), and the peak power is higher than in the non-parkinsonian
condition (Fig. 1G). This beta oscillation is persistent in contrast to
the waxing and waning of the oscillation in the non-parkinsonian
condition (Fig. 1H). Individual MSNs show more prominent
subthreshold beta frequency oscillations because of the increased
number of MSNs participating in the population beta rhythm,
which provides individual MSNs with increased beta frequency
synaptic input (Fig. 1I). MSNs spike more frequently than in the
non-parkinsonian condition, with an average spiking rate of 4.9 ±
0.15 Hz. The animal literature is unclear; some studies show an
increase in striatal activity with parkinsonism (9, 17), whereas
others show a decrease (18). The model LFP contains a more
pronounced and persistent oscillatory component in the beta
frequency range (Fig. 1J). We note that the exact frequency range
of oscillations found experimentally within the basal ganglia differs
among papers; some describe 15–30 Hz oscillations, whereas
others extend this range down to 8 Hz (19, 20).

Properties of the Mathematical Model
GABAa-Current and M-Current Conductance Strengths and Back-
ground Excitation (Iapp) Modulate LFP Beta Power and Peak Beta
Frequency. Here, we are not looking at normal and parkinso-
nian states but merely at the change in beta as we change a pa-
rameter. The power and frequency of the beta oscillation tend to
change nonmonotonically as the GABAa conductance is in-
creased. (Fig. S2 and Fig. S3 A and B). Decreasing the M-current
conductance or increasing Iapp tends to increase both the power
and frequency of the beta oscillation (Fig. S3 C–F). In the ab-
sence of M-current, the MSN neurons resemble fast-spiking (FS)
interneurons. We find that it is possible to obtain beta oscillations
in networks of striatal FS interneurons alone but not in a regime
supported by the experimental literature (Fig. S4).

Model Results Are Largely Invariant to Changes in Network
Connectivity, Network Size, and Heterogeneity. Model striatal net-
works with either nearest neighbor connections or random net-
work connections give qualitatively similar results to the network
with all-to-all connections (SI Note 4: Model results are largely in-
variant to changes in network connectivity, network size, and het-
erogeneity; Fig. S5A). Increasing the number of MSNs to 400 or
introducing heterogeneity by giving individual MSNs different
maximal GABAa conductances leads to qualitatively similar be-
havior to the networks with 100MSNs and homogeneous maximal
GABAa conductances. Heterogeneity also helps us distinguish
between themodels ofMSNs with andwithoutM-current, because
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Fig. 1. Beta oscillations emerge in the model striatum under normal con-
ditions and become enhanced under parkinsonian conditions. A–E are taken
from the same 7-s simulation under normal conditions, and F–J are from the
same 7-s simulation under parkinsonian conditions. (A) Raster plot of 100
reciprocally connected medium spiking neurons (MSNs) under normal, non-
parkinsonian conditions. (B) Power spectral density of the model LFP. (C)
Spectrogram of the model LFP. (D) Membrane voltage fluctuations from one
MSN in the network. (E) Waxing and waning of the model LFP trace under
normal conditions. (F) Raster plot of 100 reciprocally connected MSNs under
parkinsonian conditions. (G) Power spectral density of the model LFP. (H)
Spectrogram of the model LFP. (I) Membrane voltage fluctuations from one
MSN in the parkinsonian network. (J) Themodel LFP trace under parkinsonian
conditions.
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MSNs without M-current are not robust to heterogeneity. Addi-
tional information is in SI Note 4: Model results are largely invariant
to changes in network connectivity, network size, and heterogeneity;
Fig. S5B and Fig. S6.

Experimental Results
Increase in Striatal Cholinergic Activity Leads to Increase in Striatal
Beta Frequency Oscillations. We tested our model experimentally
by recording the striatal LFP while infusing the cholinergic ag-
onist carbachol into the striatum of normal awake, head-fixed
mice. Carbachol (0.5–1 mM and 1–2 μL) infusion directly into
the dorsolateral striatum (stereotactic coordinate: AP (anterior
posterior) = −0.2 to 0.8, ML (medial lateral) = 2.0–2.5, and DV
(dorsal ventral) = 3.0–3.5) induced prominent beta frequency
oscillations in simultaneously recorded LFP (Fig. 2 A–E). Often,
the observed increase in beta power was preceded with a brief
decrease in beta power (Fig. 2A). Episodes of prominent in-
crease in beta oscillations often last several hundred milliseconds
to several seconds, and they often presented a slight decrease in
frequencies from high to low beta during each episode (Fig. 2 D
and E). Upon striatal carbachol infusion, a tremor-like move-
ment was observed on the contralateral side. We refer to this
movement as tremor-like to indicate that the movement has
a rhythmic component. We do not assume that these movements
represent the parkinsonian tremor, which occurs at a higher fre-
quency. These tremor-like movements often interrupt the en-
hanced beta oscillation episodes before each movement onset.
This observation is consistent with evidence that desynchroniza-
tion of beta frequency oscillations occurs in both non-Parkinson’s
and Parkinson’s disease patients before movement, although the
latency to premovement desynchronization is delayed in Parkin-
son’s disease patients in the absence of L-dopa (21–23).

Of the six mice tested, it took 442 ± 119 ms (mean ± SD) for
beta power to increase after infusion onset. Because the infusion
site is typically positioned 300–700 μm away from the recording
electrode, diffusion of carbachol from the infusion site to the
recording electrode may account for a significant portion of this
observed delay. After the increase in beta power, beta power
often dropped below the baseline and stayed low for an extended
period even at the end of the recording session, typically 1 h after
the end of infusion (Fig. 2F).
To eliminate the possibility that the observed LFP change was

caused by the pressure induced by drug infusion, which may acti-
vate mechano-sensitive mechanisms in the striatum, we infused
carbachol at a lower concentration (0.1–0.2 mM, n= 5; three mice
infused with 1–2 μL and twomice infused with 4–5 μL). Infusion of
low-concentration carbachol failed to induce any change in
the LFP, even with up to 5 μL infusion. Beta power remained
stable throughout the entire infusion period (Fig. 2G). Further-
more, we did not observe any reduction in beta power at the end of
these recording sessions. Thus, the reduction in beta oscillations
following augmentation as induced with high-concentration car-
bachol infusion cannot be explained by prolonged recording,
confirming that the observed beta power reduction following beta
increase is due to neural network mechanisms (Fig. 2F). In addi-
tion, in mice infused with low-concentration carbachol, no prom-
inent tremor-like movement was observed.

Striatum Contains Sufficient Neural Network Components to Initiate
Enhanced Beta Oscillations upon Cholinergic Activation. To examine
whether the observed increase in beta oscillations is initiated in
the striatum but not due to the diffusion of carbachol into the
adjacent cortical regions, we infused carbachol (1 mM) into the
cortex directly above the dorsolateral striatum where the striatal
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Fig. 2. Enhanced beta oscillations emerge in striatal LFP after carbachol infusion. (A) Power spectrum of the LFP recorded in the striatum of an awake, head-
fixed mouse before, during, and after striatal carbachol infusion. (Upper) LFP power spectrum at 3–70 Hz on a log scale. (Lower) LFP power at beta frequency
(10–30 Hz). (B and C) Power spectrum and LFP during a representative time window before carbachol infusion. (Upper) Power spectrum. (Lower) Corre-
sponding LFP recorded in the striatum. (D and E) Power spectrum and LFP during a representative time window upon carbachol infusion. (Upper) Power
spectrum. (Lower) Corresponding LFP recorded in the striatum. (F) Beta frequency power of the LFP recorded in the striatum before, during, and after
carbachol (0.5–1.0 mM) infusion in the striatum (n = 6 mice; ***P < 0.005 and *P < 0.05 paired t test compared to the power before carbachol infusion). (G)
Beta frequency power of LFP recorded in the striatum before, during, and after low concentration carbachol (0.1–0.2 mM) infusion in the striatum (n = 5
mice). (H) Beta frequency power of LFP recorded in the cortex before, during, and after carbachol (1 mM) infusion in the cortex (n = 5 mice). (I) Beta frequency
power of LFP recorded in the striatum before, during, and after carbachol (1 mM) infusion in the cortex (n = 5 mice).
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infusion sites were located. We did not observe any increase in
beta oscillations either locally in the cortex adjacent to the cor-
tical infusion site or in the striatum directly below (Fig. 2 H and
I). When advancing the infusion apparatus into the dorsolateral
striatum and infusing carbachol (1 mM) in the striatal sites, we
reliably induced an increase in beta oscillations in the striatum,
confirming that the lack of beta increase on infusion in the cor-
tical areas is due to the local network properties at the cortical
infusion sites. These results demonstrate that carbachol diffusion
into the cortical regions cannot explain the increase in striatal
beta oscillations upon striatal infusion, thus suggesting that
striatum is sufficient to induce enhanced beta oscillations.

Discussion
Our results indicate that the interaction between theMSNGABAa
current and the M-current generates beta frequency oscillations
within striatal networks of MSNs. Increased MSN excitation pro-
motes additional cellular-level interaction between these two
currents, resulting in increased beta frequency power in the model
LFP. Our experimental work verifies that increasing MSN excit-
ability through amplification of striatal cholinergic tone, a condi-
tion relevant to Parkinson’s disease, is sufficient to engender robust
beta frequency rhythms in the striatum.
Although it is not surprising that a muscarinic agonist may in-

crease MSN spiking rate (13), it is surprising that a muscarinic
agonist can induce rhythmic activity in the beta frequency range in
striatum. Our mathematical model of striatum predicts that the
M-current plays an important role in establishing the beta fre-
quency of the rhythm. The mechanism by which reciprocally
connected GABAergic neurons with an M-current generate beta
frequency population spiking is described in McCarthy et al. (10).
The GABAa current reduces the M-current by bringing the
membrane potential closer to the potassium reversal potential.
Reduction of the M-current depolarizes the neuron, potentially
allowing the neuron to rebound spike. The dynamical interaction
involving the slow time constants of decay of each current allows
rebound spiking to occur with lags appropriate to the formation of
a beta rhythm. An unintuitive consequence of this interaction is
that increasing the GABAa conductance can cause a greater re-
duction of the M-current and provide additional membrane exci-
tation. As a result of increasing GABAa conductance, the neuron
may be able to rebound spike in situations that otherwise it would
not, thus allowing greater participation of neurons in the network
behavior. This mechanism of GABAa potentiation-induced in-
crease in membrane excitation is explained in more detail in Fig.
S7. The production of beta rhythms in the context of low individual
neuronal spiking rates and noise is discussed in SI Note 6: Noise.
The mechanism of striatal beta rhythm production that we pro-
pose is dependent on the reversal potential of GABAa being low
(around −80 mV) such that the GABAa reversal potential is close
enough to the potassium reversal potential to cause suppression of
the M-current when GABAa is activated. This is supported by
findings of the MSN inhibitory postsynaptic current reversal po-
tential around −76 mV (24), although other studies report a more
positive reversal potential (−62 and −64 mV) (25, 26) (see SI Note
7: Reversal Potentials). Our study suggests that the striatum con-
tains the necessary neural network components to augment beta
oscillations upon excitation of MSNs and that network inter-
actions between MSNs alone, independent of striatal GABAergic
interneurons, may be capable of creating beta frequency oscil-
lations. Furthermore, the ability of our model to produce beta and
to increase that beta in the parkinsonian state are both largely
invariant to the pattern of network connectivity. This is an im-
portant result, suggesting that the beta rhythms in striatummay be
quite robust to plastic changes in network connectivity.
Because MSN to MSN connections are very weak, their func-

tion in the striatal network is unclear (24). Our results here sug-
gest that these weak connections structure the spiking of MSNs so

that the latter is more likely to spike at the same phase of the beta
cycle. Furthermore, any modulator of the GABAa current will
influence the magnitude and peak frequency of the MSN network
beta oscillation. Increasing the GABAa conductance increases
the peak frequency of the beta oscillation. Because elevatedMSN
spiking rates increase MSN to MSN GABAergic inhibition, any
potentiator of MSN excitability increases the beta frequency os-
cillation in our model MSN network. Thus, the weak GABAa
synapses between MSNs generate a highly modulable system in
which both the power and the frequency of the beta oscillations
are regulated by modulators of either MSN excitability or the
GABAa current. Although the functional physiological signifi-
cance of both normal and pathological beta rhythms remains to
be elucidated, a high degree of modulation provides this system
with the flexibility to adapt to a range of behavioral conditions.
Additional study of this system will reveal the extent to which
modulators of GABAa and the M-current can create beta
rhythms in the MSN (SI Note 8: Other currents in MSNs has more
discussion of this topic).
Our models predict increased MSN spiking in the parkinso-

nian state. Such increased spiking activity of MSNs has been
reported in animal models of Parkinson’s disease (9, 27). Our
models also predict an increased number of MSNs spiking at the
same phase of each cycle of the beta rhythm under parkinsonian
conditions. Because MSNs are the only output neurons of the
striatum, increasing the number of synchronously spiking MSNs
at each cycle of the beta oscillation has important implications
concerning the transmission of this rhythmicity to downstream
structures. Substantial convergence of input is thought to occur
between the striatum and the globus pallidus (GP) because of
the much larger number of neurons in striatum compared with
the GP (28). Thus, increasing MSN synchrony should lead to
stronger GABAergic input onto GP neurons. Because GP neu-
rons can phase reset in response to GABAa inhibitory input (29)
and in particular, to transient striatal input (30), the GP neurons
receiving the synchronous MSN input may be patterned into the
beta frequency oscillation. Additionally, in Parkinson’s disease,
D1 and D2 MSNs are thought to decrease and increase their
excitability, respectively, in response to loss of dopamine (13,
31). Our model predicts the power of the beta oscillation scales
with the level of excitation in the MSN population. Thus, we
expect the population of D2 MSNs to increase network beta in
the parkinsonian state and the population of D1 MSNs to de-
crease network beta in the parkinsonian state. Furthermore,
because the rate of unilateral connectivity from D1 to D2 MSNs
is relatively low (6%) (32), we do not expect significant inter-
action between these populations. Thus, we expect the mecha-
nism of beta rhythm production that we describe here to be most
applicable to the dynamics of neurons that project mainly to GPe
(D2 MSNs) in the context of Parkinson’s disease. This is in line
with current thinking that suggests that the direct pathway is
underactive in Parkinson’s disease and that the indirect pathway
is overactive (1).
Our computational model producing striatal beta oscillations

is independent of both specific external input and input from
intrastriatal FS interneurons. In fact, we expect that striatal FS
interneuron input may be diminished in Parkinson’s disease and
in our experiments with carbachol, because ACh attenuates FS
inhibition of MSNs through presynaptic muscarinic receptors
(33). Thus, adding FS interneurons to the model will only affect
the results of the normal, non-parkinsonian case. Because we are
not trying to replicate all of the LFP patterns of the normal
striatum but rather, explain the parkinsonian beta oscillation, we
feel that a more complex model of the striatum with FS cells is
not necessary. Similarly, we expect glutamatergic input from
cortex and thalamus to be reduced, because activation of striatal
M1 muscarinic receptors decreases both the probability of glu-
tamate release from presynaptic terminals as well as the potency
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of individual glutamatergic synapses onto MSNs (34). However,
we expect striatal levels of ACh, which are thought to come
mainly from striatal cholinergic interneurons, to be elevated in
Parkinson’s disease (15, 16). We note that anticholinergics were
the only available pharmacologic treatment for Parkinson’s dis-
ease until the introduction of L-dopa in the 1960s (35). Our
model predicts that some of their efficacy may reside in their
ability to decrease striatal beta oscillations.
The experimental results show additional changes not pre-

dicted by the computational models. The model does not predict
the lower delta and theta frequency rhythms seen in the absence
of carbachol. This may be due to the presence of other striatal
cell types such as FS neurons not present in our model. Tremor-
like activity is not a prediction of our model; beta oscillations in
Parkinson’s disease do not necessarily correlate with tremor (2).
Even in the present study, however, the tremor can be viewed as
interrupting the beta oscillation. The mouse beta oscillations are
interrupted by periods of decreased beta before and after the
tremor movement. We attribute this to some in vivo compen-
satory change in the response to increased beta in the striatum,
possibly modulated by thalamic input, as there is evidence that
parkinsonian tremor is modulated by the thalamus (36). Also, in
the mice, there is a drifting in the frequency of beta, which
attains its highest values postmovement, drifts to lower values,
and disappears before the tremor movement. Our model pro-
vides several potential explanations for frequency drift, in-
cluding changes to the GABAa or M-current conductances or
changes in the background excitation. However, it is unclear
which of these mechanisms might be contributing to the fre-
quency drift in the mouse striatum. We also cannot account for
the decreases in beta seen before the carbachol-induced rise in
beta, which might represent a homeostatic response to the car-
bachol infusion. However, the decrease in beta that follows the
rise in beta may be due to overrecovery of the M-current, in
which increases in the M-current follow its suppression (37).
Differences between our study and other published studies as
well as other models of striatal MSNs are discussed in SI Note 9:
Other Related Studies.
Other studies suggest that the enhanced beta rhythms in Par-

kinson’s disease may arise from the interaction of the STN and
the GPe or from the cortical patterning of STN (3). Both theories
were developed initially from experimental studies showing
very low frequency oscillations (less than 1.8 Hz) developing in
structures relevant to Parkinson’s disease (4, 5). In contrast, our
studies on striatum show the emergence of robust beta frequency
oscillations in both our computational and experimental results.
Computational models of the STN-GPe network show that,
under certain conditions, the system exhibits rhythmic oscillations
within the frequency range appropriate to Parkinson’s disease (3,
38). Interestingly, the critical condition for this to occur is in-
creased inhibitory input from the striatum; increased patterned
inhibitory input is a prediction of our model. Furthermore, the
failure of cortical infusions of carbachol to induce beta oscil-
lations is evidence against the idea that increasing gain anywhere
within the cortico-basal ganglia-thalamic loop is sufficient to
produce beta oscillations. Additionally, most of the mechanisms
of beta production that we are currently aware of in the cortex are
completely different from the mechanism of beta rhythm gener-
ation that we describe in our striatal model, and depend on ex-
citatory cells (39, 40). One study using rat brain slices shows that
high beta can be elicited from M1 by coapplication of carbachol
and kinate (6). This beta rhythm appears to be dependent on
networks of GABAergic interneurons as well as on excitatory cell
drive similar to our model of striatum. However, Yamawaki et al.
(6) think the mechanism of beta inM1 is similar to the mechanism
producing persistent gamma oscillations in other cortical areas.

The results presented here highlight the powerful combination
of mathematical and experimental approaches in addressing
problems in systems neuroscience. Dynamics of biological sys-
tems do not readily yield to direct observation using even the
most sophisticated experimental approaches. We show here
that informed biophysical modeling can be highly predictive of
complex biological dynamics. Additionally, these findings also
have broad implications in understanding beta oscillations in
normal motor function as well as their inappropriate expression
in other disorders with striatal involvement.

Computational Methods
MSNs. We model MSNs using single-compartment models with Hodgkin–
Huxley-type dynamics. Membrane currents (Imemb) consist of a fast sodium
current (Ina), a fast potassium current (Ik), a leak current (IL), and anM-current
(Im) (12). We do not model MSN up and down states, which are prevalent
during sleep and anesthesia, because these transitions are not prevalent in
the awake state (41), which is the focus of ourmodel. Therefore, in ourmodel
MSNs, we do not include Kir2 currents, which are active in the MSN down
state. The sum of all excitatory input from the cortex and thalamus is mod-
eled using a background excitation term (Iapp) and Gaussian noise.

Networks. MSNs connect primarily to other MSNs through GABAergic synapses
(42). The GABAa current (IGABAa) is modeled using a Hodgkin–Huxley-type
conductance with weak GABAa maximal conductances.

MSNs have extensive local axonal projections that mainly contact other
MSNs (42). We construct a striatal model with 100 MSNs and examine several
patterns of network connectivity: all-to-all connections, nearest neighbor
connections, and 30% random connections, which approximates the rate of
connectivity found in both slice and cortex-striatum-substantia nigra orga-
notypic cultures (32, 43).

Parkinsonian Striatum. We model the effect of loss of dopamine indirectly
through its effect on ACh-induced reduction of the M-current. Thus, we
model the parkinsonian striatum by reducing the maximal M-current con-
ductance from 1.3 to 1.2 mS/cm2.

LFP.MSNs account for 90–95% of all neurons in the rat neostriatum (44). LFPs
are modeled as the sum of all MSN to MSN GABAa currents.

Stationarity of the network appears in the raster plots after ∼700 ms. To
ensure stationarity, our LFP is evaluated only after 1,000ms of simulated time.

More details are in SI Computational Methods.

Experimental Methods
All procedures were done in accordancewith the National Institutes of Health
Guide for Laboratory Animals and were approved by the Massachusetts In-
stitute of Technology Animal Care and Use and Biosafety Committees. Adult
C57 or Swiss Webster mice were used. Under isoflurane anesthesia, a custom-
fabricated plastic head plate was surgically affixed to the skull. Adult mice
were head-fixed and recorded awake with glass electrodes filled with saline.
LFP was collected with a Multiclamp 700B amplifier, digitized with a Digidata
1440 and acquired with pClamp 10 software at a sampling rate of 20 kHz
(Molecular Devices). Recordings and infusions in the striatum were made at
the stereotactic coordinate (−0.2 to 0.8, 2.0–2.5, 3.0–3.5) that receives pro-
jections from both the motor and sensory cortices (45). Infusion in the cortex
directly above the striatal infusion sites were at the stereotactic coordinate
(−0.2 to 0.8, 2.0–2.5, 1.2–1.7). Carbamoylcholine chloride (Carbachol; from
Sigma) was dissolved in saline and infused at a 0.2 μL/min rate. The infusion
cannula was positioned ∼300–700 μm away from the recording electrode tip.

The LFP power spectrum was obtained with Hilbert transform in Matlab.
More details are in SI Experimental Methods.
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SI Note 1: M-Current in Model Produces Rhythms With or
Without GABAa Connections
TheM-current enables ourmediumspinyneurons (MSNs) to spike
as a population at around 8 Hz independent of GABAa con-
nections. Specifically, MSNs with an M-current respond to
Gaussian noise with a subthreshold voltage oscillation around 8
Hz. Thus, an individual MSN is most likely to spike at the peak of
one of the 8-Hz subthreshold membrane oscillations, which is
evidenced by the increased number of MSN interspike intervals
between 111 and 200 ms when MSNs are allowed to spike in-
dependently of each other (Fig. S2B). The 8-Hz oscillation in the
local field potential (LFP) is not because of network synchroni-
zation, because there is no network coupling; rather, because
MSNs tend to spike several times in row at 8 Hz due to the sub-
threshold oscillation, this frequency is being picked up in the LFP.
Two important things happen as we addGABAa connections to

our model MSNs. First, the MSNs become more synchronized as
expected upon the addition of synaptic connections. Second, the
peak beta frequency increases. This increased frequency can be
explained by the time constant of decay of the M-current, which
has lower values for more hyperpolarized voltages. Thus, a small
amount of GABAa conductance leads to a small hyperpolariza-
tion that pushes the time to rebound into what is appropriate for
the low beta range. Larger amounts of GABAa conductance (as in
the Parkinson’s case because the MSNs are more synchronized)
result in a faster time to rebound and a higher beta frequency
peak. Because the spiking rate of individual MSNs stays low as
GABAa connections are added under normal conditions (�gm =
1.3 mS/cm2), intrinsic MSN properties likely set the normal
spiking rate in the model. However, the strength of the GABAa
connections modulates the network frequency.
Previous work (1) suggested that some range of GABAa

conductances leads to an increase in beta power and peak beta
frequency. A brief description of this mechanism can be found
in SI Note 5: Mechanism of M-current/GABAa current interaction
involved in production of beta frequency oscillations between
inhibitory neurons. However, because the current network is dif-
ferent from the network in McCarthy et al. (1), we tested to see if
changes in the GABAa conductance affect beta power. The power
and frequency of the beta oscillation tend to change non-
monotonically as the GABAa conductance is increased (Fig. S3A).
The peak frequency reaches amaximumof about 16.6Hzwhen the
GABAa conductance is at its maximal tested value of 1.0 mS/cm2.
The average spiking rate of the MSNs changes nonmonotonically
as the GABAa conductance strength is increased (Fig. S3B). We
note that, within this range of GABAa conductance strengths, the
averageMSN spiking rate remains between 0.9 and 1.82Hz, within
what we consider the normal range.
The lower limit of the beta oscillation frequency observed in

Parkinson’s disease is 8 Hz (2, 3). We are not looking at the os-
cillations that have been found in recordings from neurons in the
globus pallidus (GP) and subthalamic nucleus (STN) that may be
of lower frequency (<8 Hz) and may be more related to the par-
kinsonian tremor (4–6). In our models with MSN M-current
present, we can think of the 8-Hz oscillation in a population of
unconnected MSNs as the limiting frequency as GABAa conduc-
tance is lowered. Except for a small region around zero conduc-
tance, increasing the GABAa conductance strength both increases
the peak frequency of the beta oscillation and patterns the pop-
ulation of MSNs into a more obvious beta frequency rhythm.

SI Note 2: Changes in M-Current Conductance and Iapp
Modulate the Peak Frequency and Power of the LFP Beta
Oscillation
The maximal M-current conductance modulates the peak fre-
quency of the beta oscillation. Both the power and peak of the beta
frequency oscillation decrease as the M-current conductance
increases over the range from 1.1 to 1.4 mS/cm2 (Fig. S3C). The
peak beta frequency is maximal around 21 Hz when the M-current
is at its lowest tested value of 1.1 mS/cm2. The peak beta fre-
quency is about 11 Hz when the M-current conductance is 1.3
mS/cm2. Very small additional increases in the M-current con-
ductance result in a loss of the beta oscillation. Also, the spiking
rate of the MSNs decreases with increases in M-current con-
ductance (Fig. S3D).
Increasing the background excitation (Iapp) increases both the

frequency and power of the peak beta oscillation (Fig. S3E) as
well as the average spiking rate of the MSNs (Fig. S3F). At the
highest value of Iapp tested, the beta frequency oscillation peaks
at about 22 Hz. At lower values of Iapp ranging from about 1.19
to 1.23 μA/cm2, the beta oscillation peaks between ∼9 and 14 Hz.
At the lowest values of Iapp, the beta oscillation disappears.

SI Note 3: Network Model of Fast-Spiking Interneurons
Can Also Produce 8- To 30-Hz Oscillations But Not in the
Physiologic Range
Striatal fast-spiking (FS) interneurons are electrically connected
(7), suggesting that coordinated activity of FS interneurons is
possible. Furthermore, FS interneurons predominately target
MSNs (8) and provide much stronger inhibition to MSNs than is
provided by MSN to MSN connections (9). Moreover, estimates
suggest that a single FS interneuron can interact with ∼135MSNs
(8). These properties of striatal FS interneurons potentially pro-
vide a means of synchronizing a large population of MSNs. Thus,
we model FS interneurons to examine whether their network
interactions can account for our experimental observations.
FS interneurons are modeled in the same way as MSNs except

that they lack an M-current and have electrical connections (7).
We add electrical connections between an FS interneuron and its
two nearest neighbors. The current from an electrical synapse is
modeled as (Eq. S1)

Ie ¼ ge
�
Vpost −Vpre

�
: [S1]

The maximal conductance of the electrical synapses (ge) is set at
0.01 mS/cm2. Because carbachol (0.1 mM) excites and increases
the spiking frequency of FS interneurons in vitro (10), we model
the addition of carbachol by increasing the background excita-
tion (Iapp) to the model.
We find that, for FS interneuron spiking rates between 0.45 and

12.1 Hz, a population oscillation between ∼8 and 30 Hz emerges
in our network models (Iapp = 0.12–0.38 μA/cm2). We show that,
in a population consisting entirely of FS interneurons, 8- to 30-
Hz rhythms are both possible and modulated by background
excitation (Fig. S4). Similar to our model with MSNs, this model
shows that, as the background excitation is increased within a
certain range, the peak frequency of the population oscillation
increases (Fig. S4E). We also observed increases in spiking rate
as the background excitation is increased.
We consider this model less accurate than the MSN model. FS

interneurons have an average spiking rate of 24.7 Hz in vivo in
awake rats (11). Giving our model FS interneurons, an average
spiking rate of ∼24 Hz leads to clusters of interneurons spiking
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fairly antisynchronously with a population frequency around 50
Hz. The model LFP power has several peaks, the highest of
which is around 100 Hz followed by 50-, 75-, 1.5-, and 25-Hz
peaks. This was not observed in our experimental mouse data
before carbachol infusion. Furthermore, because carbachol (0.1
mM) increases FS interneuron excitation and spiking frequency
in vitro, our FS model predicts that we may see increased gamma
frequency (30–100 Hz) peaks in the power spectrum after car-
bachol infusion. However, prominent gamma frequency peaks
were not observed in the mouse striatum either before or after
carbachol infusion (0.1–0.2 mM). For these reasons, the mech-
anism shown in the FS interneuron network model may not be
relevant to beta rhythm production in striatum.

SI Note 4: Model Results are Largely Invariant to Changes in
Network Connectivity, Network Size, and Heterogeneity
Striatal networks with either nearest neighbor or random network
connections give qualitatively similar results to the network with
all-to-all connections. In each case, the average MSN spiking
rate is between 0.5 and 2 Hz in the normal, non-parkinsonian
states. In all three network topologies, the model LFPs show
a distinct peak in the beta frequency range (Fig. S5A). Fur-
thermore, in each type of network, the peak LFP power in the
parkinsonian state both increases and shifts to a higher beta
frequency than in the non-parkinsonian cases, and the average
MSN spiking rate increases above normal.
Increasing the number of MSNs to 400 gives qualitatively

similar results to our model with 100 neurons under the most
destabilizing of conditions tested (random network connections
of 30% and 7.5% connectivity) (Fig. S5B). In both cases, distinct
peaks in the beta frequency range emerge. The beta peak under
parkinsonian conditions is both larger in power and shifted to
a higher beta frequency, which is also seen in the model using
100 neurons.
Introducing heterogeneity by giving individual MSNs different

maximal GABAa conductances leads to qualitatively similar be-
havior to the network in which all maximal GABAa conductances
are the same for each MSN (Fig. S6), with the exception of some
temporary suppression of MSNs that are receiving larger GABAa
conductance in the parkinsonian state. However, this temporary
suppression of MSNs does not disrupt the increased LFP beta
power in the parkinsonian state. Furthermore, heterogeneity helps
us distinguish between the models of MSNs with and without M-
current. MSNs without M-current are not robust to heterogeneity,
and the low beta peak shows only a minor rise after increasing
excitation to simulate the addition of carbachol (peak LFP beta
power rises 2.6 dB between normal and parkinsonian conditions
whenMSNs lackM-current vs. a 7.42 dB rise whenMSNs haveM-
currents). MSN networks in vivo likely contain significant het-
erogeneity in GABAa conductances (9). Therefore, the model
with M-current present in the MSNs is the more plausible model.
Previous work shows that the GABAa/M-current interaction can
mediate the time to rebound spiking (1), a major determinant in
setting the frequency of oscillatory activity within a network,
suggesting that the M-current/GABAa interaction is a major de-
terminant of the oscillatory frequency within our network of
MSNs with M-current present.

SI Note 5: Mechanism of M-Current/GABAa Current
Interaction Involved in Production of Beta Frequency
Oscillations Between Inhibitory Neurons
Here, we look at the interaction of single-compartment con-
ductance-based model neurons with Hodgkin–Huxley dynamics.
Each neuron contains the spiking currents (fast sodium, fast
potassium, and leak) and an M-current. In a simple two-neuron
system in which one neuron is connected unidirectionally to the
other neuron by a GABAa synapse, rebound spiking can follow
GABAa inhibition. If the neuron receiving GABAa input does

not have the M-current, rebound spiking does not occur. Re-
bound spiking occurs, because the GABAa current temporarily
brings the membrane potential closer to the reversal potential of
potassium, thus reducing the M-current (Fig. S7A). Increasing
the GABAa conductance causes the M-current to decrease
further (Fig. S7A). Note that the M-current is not completely
suppressed, because the reversal potential of the GABAa cur-
rent (−80 mV) is higher than the reversal potential for potassium
(−100 mV). Because the M-current is a potassium current, re-
duction of this current leads to greater membrane excitability,
which enables the neuron to rebound spike. Two such neurons
reciprocally connected form a stable rhythm in the beta fre-
quency range (Fig. S7B).
The time to rebound spikingafter inhibitiondependsnonlinearly

on both the amount of M-current and the amount of GABAa
inhibition (Fig. S7C). We note that a wide range of M-current
conductances allows for the time to rebound spiking to fall within
the beta frequency range. Furthermore, if a resting neuron is in-
duced to spike, either by transient excitation or rebound in-
hibition, then additional rebound spiking depends on both the
timing of GABAa inhibition after the spike and the amount of
GABAa inhibition (Fig. S7D). If GABAa inhibition is weak, as is
the situation between MSNs, and the inhibition comes during the
neuron’s repolarization phase, then rebound spiking does not
occur. Because the membrane potential is already close to the
GABAa reversal potential during the repolarization phase, weak
GABAa input will not alter themembrane potential much from its
normal repolarization potentials, and the neuron will return to
quiescence. However, potentiating GABAa allows GABAergic
inhibition to last longer and induce rebound spiking even if the
inhibition occurs during the repolarization phase. Thus, GABAa
potentiation allows greater excitation of individual neurons and
more participation of individual neurons in networks. Therefore,
we expect potentiation of the maximal GABAa conductance to be
able to increase participation of individual neurons in the network
dynamics producing the beta frequency rhythm.

SI Note 6: Noise
Our modeling of MSNs derives from modeling work by McCarthy
et al. (1). However, in that study, the interneurons do not have
noise (1). It is unclear from this previous study if a noisy system
with low individual neuronal spiking rates and weak GABAa
synapses is capable of generating a population beta rhythm. The
present study shows that a robust population beta frequency
rhythm forms under these conditions. Noise allows the spiking rate
of individual MSNs to be low. Even with very weak GABAa syn-
apses between MSN neurons, the population of neurons is still
able to maintain a robust beta frequency population oscillation.
The beta frequency becomes more pronounced as the spiking rate
of the MSNs increases, because additional MSN spiking increases
the overall GABAa current received by each neuron. This, in
turn, increases the probability for MSN rebound spiking and pat-
terning of the MSNs into the ongoing population beta rhythm
(related work by Brunel and Hakim) (12).

SI Note 7: Reversal Potentials
Several experiments have suggested different GABAa reversal
potentials in the MSNs of the striatum (9, 13, 14). The experi-
ment showing the lowest GABAa reversal potential comes from
two perforated patch recordings. The experimental animal was
the Sprague–Dawley rat, and at least one recording was from a
13-d-old rat. The experiment showing a reversal potential of −62
mV comes from slice studies with Wister rats, which were 24–28
d old (n = 5). The experiment showing a reversal potential of
−64 mV comes from slice studies with Wister rats, which were
18–28 d old. The differences in the experiments could be ac-
counted for by the different breeds of rats, the differences in
ages, or the different number of rats used in each experiment.
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SI Note 8: Other Currents in MSNs
Additional study of this system will reveal the extent to which
modulators of GABAa and the M-current can create beta
rhythms in the MSN network independent of both the effects of
other striatal GABAergic interneurons and the influence of,
potentially, the entire cortico-basal ganglia-thalamic loop. Ace-
tylcholine (ACh) has several other actions on M1 muscarinic
receptors (mAChRs), which suggest that activation of mAChRs
will increase MSN excitability. These actions include inhibition
of Kir-currents, a shift in the inactivation of A-type potassium
currents to lower membrane potentials, and inhibition of N- and
P/Q-type calcium channels, which affect calcium-activated po-
tassium channels and cause increased MSN spiking (7). Thus,
these additional currents may play a role in increasing MSN
excitability, which as our results show may increase beta fre-
quency rhythms in the MSN network. However, unlike the M-
current, neither the A-type potassium current nor the non-
inactivating Kir-current has the appropriate kinetics to generate
beta rhythms by the mechanism that we describe here (15, 16).

SI Note 9: Other Related Studies
Orphenadrine. In contrast to our results, a previous study reports
that the anticholinergic orphenadrine increased rather than de-
creased beta power in the STN (17). However, the dose of or-
phenadrine used did not improve bradykinesia, a symptom that
has been correlated to beta frequency oscillations in Parkinson’s
disease (18). Furthermore, although orphenadrine is classified as
an antimuscarinic agent, it has been shown to have low affinity
for muscarinic receptors (19).

Phase Relationships. Several other studies indicate that the beta
oscillations recorded over the cortical motor areas phase lead
the beta activity in the STN and GP, suggesting that the cortical
beta rhythms may be driving the beta rhythms in the STN and GP
(20–22). However, this does not imply that the beta oscillations
originate in the cortex, because oscillations originating in other
places could give rise to such phase relationships.

Other Models. We also note that several other studies have used
models of striatalMSNs to look at oscillatory behavior in striatum.
A modeling study by Kitano et al. (23) uses a two-compartment
model of MSNs to examine the influence of corticostriatal inputs
on correlated subthreshold depolarized states. No MSN to MSN
connections or any other GABAergic connections are present,
which makes this study fundamentally different from ours.
A study by Wolf et al. (15) looked for entrainment of MSNs to

oscillations in the theta range (4–12 Hz), which partially overlaps
our beta range between 8 and 12 Hz. The modeling study con-
sists of one MSN modeled with 169 compartments. AMPA,
NMDA, and GABAa inputs to the MSN are put in by hand.
Wolf et al. (15) find that the NMDA to AMPA ratio has a large
influence on the ability of the MSN to entrain oscillatory glu-
tamatergic input in the theta range. In contrast, our modeling
study focuses on intrinsic striatal GABAergic input to MSNs
from other MSNs and the ability of MSNs to interact with each
other to create rhythms.
A study by Humphries et al. (24) examines the dynamics of a

3D model of striatal MSNs and FS interneurons interconnected
by GABAergic synapses. They find that lack of dopamine pro-
duced the formation of clusters of synchronized MSNs. Our
model also predicts increased synchronization of MSNs with loss
of dopamine or increased levels of ACh. However, we also suggest
that the synchronization has an oscillatory component in the beta
frequency range. Furthermore, in the study by Humphries et al.
(24), the MSNs are modeled using an extension of a model of
neuron dynamics introduced by Izhikevich (25), and they lack
explicit intrinsic membrane currents. In comparison, our model

dynamics depend on the interaction of the intrinsic membrane
M-current and the synaptic GABAa current.

SI Computational Methods
MSNs.MSNs account for 95% of striatal neurons (8). Our resting
membrane potential is around −63.8 mV, which is near the peak
of the distribution (−63.5 mV) of resting membrane potentials
measured in the awake state in vivo (26). Setting Iapp = 1.19
μA/cm2 and the amplitude of the noise to 4

ffiffiffiffiffi
Δt

p
, where Δt is the

time step of integration, gives the model MSNs enough back-
ground excitation for their resting membrane potential to be
−63.8 mV (26) and their average baseline spiking rate to be ∼1
Hz (27). MSNs are synaptically interconnected by GABAa re-
ceptors. Each membrane current is modeled using Hodgkin–
Huxley-type conductance dynamics, and each current has a con-
stant maximal conductance and reversal potential taken from
a previous model (1), except for the maximal conductance of the
M-current ð�gmÞ, which is set at 1.3 mS/cm2 for the normal
striatum and lowered, as described below, to simulate the par-
kinsonian striatum.
The voltage (V) change in each neuron is described by (Eq. S2)

cm
dV
dt

¼ −∑ Imemb −∑ Isyn þ Iapp: [S2]

Specific membrane capacitance (cm) is held constant at 1 μF/cm2.
In the absence of noise, a 6-Hz oscillation emerges as the level of
background excitation (Iapp) is increased because of a Hopf bi-
furcation, a well-known mechanism in nonlinear dynamics pro-
ducing the sudden onset of nonzero frequency oscillations (28).
A lower average spiking rate in the 0.5- to 2-Hz range can be
obtained by adding Gaussian noise of mean zero and SD one
(amplitude of the noise is 4

ffiffiffiffiffi
Δt

p
, where Δt is the time step of

integration) to the background excitation term (Iapp = 1.19 μA/
cm2). The noise gives voltage fluctuations of, at most, about 3
mV. We do not model the up and down states of the MSNs
because these two resting membrane potential states are not
prevalent in the awake state (26).
Each membrane current is modeled using Hodgkin–Huxley-

type conductance dynamics formulated as (Eq. S3)

I ¼ �g
�
mnhk

�
ðV −EionÞ: [S3]

Each current has a constant maximal conductance ð�gÞ and re-
versal potential (Eion). The activation (m) and inactivation (h)
gating variables have n and k order kinetics, respectively, where
n, k ≥ 0. Each gating variable evolves in time according to a two-
state kinetic equation formulated (written for the gating variable
m) as (Eq. S4)

dm
dt

¼ m∞ −m
τm

: [S4]

The steady-state function (m∞) and the time constant of decay
(τm) are taken from a previous model (1) and relate to the rate
functions for each current (αm and βm) by (Eqs. S5 and S6)

m∞ ¼ αm=ðαm þ βmÞ;
τm ¼ 1=ðαm þ βmÞ: [S5 and S6]

The maximal sodium conductance is �gNa ¼ 100mS=cm2, and
the sodium reversal potential is ENa = 50 mV. The sodium
current has three activation gates (n = 3) and one inactivation
gate (k = 1). The rate functions for the sodium current activa-
tion (m) and inactivation (h) variables are described by (Eqs.
S7–S10)
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αm ¼ 0:32ðV þ 54Þ
1− exp½− ðV þ 54Þ=4�; [S7]

βm ¼ 0:28ðV þ 27Þ
exp½ðV þ 27Þ=5�− 1

; [S8]

αh ¼ 0:128 exp½− ðV þ 50Þ=18�; [S9]

βh ¼
4

1þ exp½− ðV þ 27Þ=5�: [S10]

The maximal conductance for the fast potassium channel is
�gK ¼ 80 mS=cm2, and the reversal potential for potassium is
EK = −100 mV. The fast potassium channel has no inactivation
gates but has four activation gates described by the rate functions
(Eqs. S11 and S12)

αm ¼ 0:032ðV þ 52Þ
1− exp½− ðV þ 52Þ=5�; [S11]

βm ¼ 0:5exp ½− ðV þ 57Þ=40�: [S12]

The leak current (IL) has no gating variables. The maximal leak
channel conductance is ð�gLÞ = 0.1 mS/cm2, and the leak channel
reversal potential is EL = −67 mV.
TheM-current has one activation gate and no inactivation gate.

The maximal conductance for the M-current, �gm, is 1.3 mS/cm2

when we simulate the normal striatum and 1.2 mS/cm2 when we
simulate the parkinsonian striatum. The rate functions for the
M-current activation variable are given by (Eqs. S13 and S14)

αm ¼ Qs10− 4ðV þ 30Þ
1− exp½− ðV þ 30Þ=9�; [S13]

βm ¼ −
Qs10− 4ðV þ 30Þ

1− exp½ðV þ 30Þ=9�: [S14]

For the M-current, a Q10 factor of 2.3 is used in scaling the rate
functions, because the kinetics were originally derived from ex-
periments performed at 23 8C. At a normal body temperature
of 37 8C, the rate equations for the M-current are scaled by
(Eq. S15)

Qs ¼ Q
ð378C− 238CÞ=10
10 ¼ 3:209: [S15]

Networks. MSNs interact with other MSNs through relatively
weak GABAa synaptic conductances (8, 9). The GABAa current
(IGABAa) is modeled using a Hodgkin–Huxley-type conductance
(Eq. S16):

IGABAa ¼
�gii
N
siðV −EiÞ: [S16]

The GABAa connections between MSNs are weak and mostly
located on the dendrites (8, 9). Thus, we use very weak GABAa
conductances in our model neurons. The maximal conductance
of the GABAa current ð�gii=NÞ is set to 0.1/N mS/cm2, where N is
the number of synaptic connections made onto the neuron.
Thus, the maximal GABAa conductance from one MSN to an-
other MSN is 0.001 mS/cm2 in an all-to-all connected network
and 0.003 mS/cm2 in our two 30% connected networks.
The variable si represents the gating variable for inhibitory

GABAa synaptic transmission. For the jth MSN in the system
(Eq. S17),

si ¼ ∑
N

k¼1
Sikij : [S17]

The synaptic kinetics of the gating variable from the kth MSN to
the jth MSN ðSikijÞ evolves according to the first-order differen-
tial equation (Eq. S18)

dSikij
dt

¼ gGABAaðVkÞ
�
1− Sikij

�
−
Sikij
τi

: [S18]

We use a GABAa time constant (τi) of 13 ms to match experi-
mental results (29). The reversal potential of the GABAa cur-
rent (Ei) is set to −80 mV. The rate function for the open state of
the GABAa receptor, gGABAa(Vk) is formulated as (Eq. S19)

gGABAaðVkÞ ¼ 2
�
1þ tanh

�
Vk

4

��
: [S19]

For randomly connected networks, we simulate several trials and
average the results. Heterogeneity is given to some networks by
letting the maximal GABAa conductance to each MSN vary
uniformly between 0.1 and 0.6 mS/cm2.
MSNs have extensive local axonal projections that mainly

contact other MSNs (8). We construct a striatal model with 100
MSNs and examine several patterns of network connectivity. All-
to-all networks consist of each MSN in the network connected to
all other MSNs. Autapses are not allowed. Nearest neighbor
connections are simulated by allowing each MSN to connect to
its 30 nearest neighbors; therefore, if we line up the 100 MSNs
on the circumference of a circle, each MSN connects to the
closest 15 MSNs on its right and the closest 15 MSNs on its left.
Random network connections are simulated by allowing each
MSN to connect randomly to 30 other MSNs. This approximates
the rate of connectivity found in both slice and cortex-striatum-
substantia nigra organotypic cultures (29, 30). Reciprocal con-
nections are allowed, because reciprocal connections between
MSNs occur at the rate assumed by random connectivity in or-
ganotypic cultures (30). The mean percentage of reciprocally
connected pairs of MSNs is 31% (maximum = 32% and mini-
mum = 29%). For the randomly connected network with 100
neurons, we simulate 10 trials of such networks with different
random connections and average the results. For the randomly
connected network with 400 neurons (here we use both 30% and
7.5% random connectivity), we simulate three trials of 3 s each
and average the results.

LFP. MSNs account for 90–95% of all neurons in the rat neo-
striatum (31), whereas the larger cholinergic neurons account
for only 0.3% of the striatal neurons (10). Therefore, most of the
current flow contributing to the generation of the striatal LFP is
most likely attributable to the flow within the MSNs. LFPs are
modeled as the sum of all GABAa currents, because LFP po-
tentials are commonly thought to be the result of synaptic ac-
tivity on the dendrites (32). MSN to MSN connections are
located on the dendrites. We use inhibitory post-synaptic cur-
rents (IPSCs) because the fast locally generated currents in
striatum are all inhibitory. We use locally generated currents,
because we are interested in how the striatum itself can generate
the beta rhythms as opposed to responding to rhythms imposed
by external inputs. Experimental work shows that at least some
portion of the rat neostriatal LFP signal correlates with neuronal
hyperpolarization and inhibition of neuronal spiking (33), sug-
gesting that the LFP is reflecting the effect of local GABAergic
currents. Furthermore, a portion of the rat neostriatal LFP was
also found to be caused by neuronal spiking (33). The GABAa
currents in our model reflect the spiking activity of MSNs. Syn-
aptic currents have been used in other models of the LFP, the
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electroencephalogram (EEG) and the magnetoencephalogram
(MEG). (1, 34, 35).
In simulations in which the neurons were unconnected and

thus, lacked GABAa currents, we approximated the LFP by using
the sum of all of the GABAa conductances that would have been
present if GABAa connections had been present. Thus, the ap-
proximation of the LFP in this case reflected neuronal spiking.
We use the multitaper method for calculating the power spectral
density (36). We use seven discrete prolate spheroidal sequences
for data tapers.

Statistics. Models were run 10 times over 5 simulated seconds.
The mean and SD were calculated for the MSN average spiking
rates and the peak frequency for the model LFP oscillations from
these trials.

Computational Tools. Our network models were programmed in
C++ and compiled using g++. The differential equations were
integrated using a fourth-order Runge Kutta algorithm. The
integration time step was 0.05 ms. Model output was graphed and
analyzed using MatLab-R2009b.

SI Experimental Methods
The LFP power spectrum was obtained with theHilbert transform
in Matlab. Median beta power at 5-s intervals was first calculated
for the entire time course of each experiment. Baseline beta
power was calculated as the median during the 300 s before car-
bachol infusion started. Changes in beta power were determined
using a t test comparing the median beta power of the 5-s period
with the baseline median beta power. Because changes in beta
power induced by drug infusion should be long-lasting, we con-
sidered a significant beta power change as any period when the
beta power was higher or lower from the baseline for at least 30 s
during any 40-s interval. The peak beta power (Fig. 2F) was de-
termined as the peak increase in the median beta power of a 5-s
interval. The beta power during the recovery period was calcu-
lated as the median value during the last 300 s of the experiment,
typically 1,500–2,500 s after carbachol infusion had stopped. For
control experiments, where no significant increase in beta power
was observed (Fig. 2 G–I), the beta power upon carbachol in-
fusion was calculated as the median during the 300-s period
starting 450 s after infusion started, because the latency for beta
power increase upon striatal carbachol infusion is 450 s.
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Fig. S1. Some combinations of parameter changes allow for a larger or smaller percentage decrease in �gm from the normal to the parkinsonian state. A
different combination of parameters [Iapp = 0.4 μA/cm2, �gii = 0.25 mS/cm2, �gm = 0.34 mS/cm2(normal), and 0.2 mS/cm2 (Parkinson’s disease)] in our all-to-all
connected 100-neuron MSN model gives qualitatively similar results to our original model but with a 41.2% decrease in �gm between the normal and the
parkinsonian states. A–E are taken from the same simulation under normal conditions, and F–J are taken from the same simulation under parkinsonian
conditions. (A) Raster plot of 100 reciprocally connected MSNs under normal non-parkinsonian conditions. The average spiking rate of the MSNs is 0.905 Hz. (B)
Power spectral density of the model LFP. Spectral power peaks at ∼11.4 Hz. (C) Spectrogram of the model LFP. (D) Membrane voltage fluctuations from one
MSN in the network. (E) The model LFP trace under normal conditions contains a low-voltage, waxing and waning beta oscillation. (F) Raster plot of 100
reciprocally connected MSNs under parkinsonian conditions. The average MSN spiking rate is 4.11 Hz. (G) Power spectral density of the model LFP. Spectral
power peaks at ∼16.8 Hz. (H) Spectrogram of the model LFP. (I) Membrane voltage fluctuations from one MSN in the parkinsonian network. (J) The model LFP
trace under parkinsonian conditions shows higher voltage oscillations.

McCarthy et al. www.pnas.org/cgi/content/short/1107748108 6 of 12

www.pnas.org/cgi/content/short/1107748108


0 50 100 150 200 250 300
0

1

2

3

4

5

6

7

8

9

10

Interspike intervals (ms)

F
re

q
u
e
n
cy

 c
o
u
n
t

a

b

0 10 20 30 40 50 60 70
−4.5

−4

−3.5

−3

−2.5

−2

Frequency (Hz)

LF
P

 P
ow

er
 [l

og
(

V
2 )]

0 10 20 30 40 50 60 70

−4.5

−4

−3.5

−3

−2.5

−2

Frequency (Hz)

LF
P

 P
ow

er
 [l

og
(

V
2 )]

M-current present M-current absent

0 10 20 30 40 50 60 70
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

Frequency (Hz)

LF
P

 p
ow

er
 [D

b]

 

 
MSNs with M−current
MSNs without M−current

Normal M-current conductance Low M-current conductance

20 40 60 80 100 120 140
0

5

10

15

20

25

30

35

40

45

F
re

qu
en

cy
 c

ou
nt

c d

e

f

g

Fr
eq

u
en

cy
 (H

z)

Fr
eq

u
en

cy
 (H

z)

Time (s) Time (s)

Fr
eq

u
en

cy
 C

o
u

n
t

Fr
eq

u
en

cy
 C

o
u

n
t

Interspike Interval (ms) Interspike Interval (ms)

LF
P 

Po
w

er
 [l

o
g

(µ
V

2 )]

LF
P 

Po
w

er
 [l

o
g

(µ
V

2 )]

LF
P 

Po
w

er
 (d

B
)

Frequency (Hz) Frequency (Hz)

Frequency (Hz)

Fig. S2. Low-frequency (8–13 Hz) oscillations remain after removal of all GABAa connections between MSNs. (A) Low-frequency beta oscillations in the model
LFP from ∼8 to 14 Hz wax and wane throughout a 7-s simulation of 100 unconnected MSNs. Theta (4–7 Hz) and delta (0.5–3 Hz) oscillations are also present
(parameters: �gm = 1.3 mS/cm2 and Iapp = 1.19 μA/cm2). (B) A histogram of the interspike intervals from the 100 MSNs shown in A. The histogram peaks between
130 and 138 ms. (C) Subthreshold membrane potential oscillations of one MSN contain a 5- to 9-Hz peak in response to Gaussian noise when an M-current is
present in the MSN (parameters: �gm = 1.3 mS/cm2 and Iapp = 1.12 μA/cm2). These low-frequency oscillations appear to be due to the intrinsic membrane
properties of MSNs with M-current. (D) The subthreshold membrane potential of one MSN without an M-current does not oscillate at 5–9 Hz. Peak spectral
density is at ∼1.65 Hz (�gm = 0 mS/cm2 and Iapp = 0.09 μA/cm2). All subthreshold membrane potentials in C and D were collected over 40 simulated seconds.

Legend continued on following page

McCarthy et al. www.pnas.org/cgi/content/short/1107748108 7 of 12

www.pnas.org/cgi/content/short/1107748108


(E) Power spectral densities averaged over seven 3-s simulations using 100 unconnected model MSNs with an M-current (�gm = 1.3 mS/cm2 and Iapp = 1.19 μA/
cm2) and without an M-current (�gm = 0 mS/cm2 and Iapp = 1.1 μA/cm2). The power peaks near 8 Hz when the M-current is present and around 3 Hz when the M-
current is absent. (F) Lowering the M-current conductance in the same model as in A results in a model LFP oscillation with a peak frequency of 12.2 Hz
(parameters: �gm = 1.2 mS/cm2 and Iapp = 1.19 μA/cm2). (G) A histogram of the interspike intervals from the 100 MSNs in F. The histogram peaks at 80 ms.
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Fig. S3. GABAa conductance, M-current conductance, and background excitation (Iapp) modulate both the model MSN spiking rate and the peak model LFP
power. (A) The peak frequency of the beta oscillation changes as a function of the maximal GABAa conductance over the range of GABAa conductances from
0.0001 to 1 mS/cm2. (B) The average MSN spiking rate changes nonlinearly and only slightly as GABAa conductance is increased. (C) The peak frequency and
power of the beta oscillation decreases as the M-current conductance is increased over the range of 1.1–1.4 mS/cm2. (D) The spiking rate of the MSNs decreases
as the M-current conductance is increased. (E) The peak frequency of the beta oscillation increases as Iapp increases over the range of 1.16–1.39 μA/cm2. (F) The
spiking rate of the MSNs increases as Iapp increases. Data points for the spectrograms were recorded for simulations of 7 s duration in a network with all-to-all
connections. Parameters were fixed at GABAa conductance = 0.1 mS/cm2, M-current conductance = 1.3 mS/cm2, and Iapp = 1.19 μA/cm2, if the parameter was not
varied in the simulation.

McCarthy et al. www.pnas.org/cgi/content/short/1107748108 8 of 12

www.pnas.org/cgi/content/short/1107748108


2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000
0

10

20

30

40

50

60

70

80

90

Time (ms)

F
S

 in
te

rn
eu

ro
n 

nu
m

be
r

2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000
0

10

20

30

40

50

60

70

80

90

Time (ms)

F
S

 in
te

rn
eu

ro
n 

nu
m

be
r

Normal Carbachola

b

c

d

e

Fr
eq

u
en

cy
 (H

z)

Fr
eq

u
en

cy
 (H

z)

Fr
eq

u
en

cy
 (H

z)

Time (s) Time (s)

Iapp (µA/cm2)

Time (s) Time (s)

M
SN

 N
eu

ro
n

 N
u

m
b

er

M
SN

 N
eu

ro
n

 N
u

m
b

er

Fig. S4. Network model of FS interneurons can also produce 8- to 30-Hz oscillations. (A) Raster plots of 100 FS interneurons interconnected with all-to-all
GABAa synapses and electrical synapses to their two nearest neighbors under a low-excitation state (normal; Iapp = 0.15 μA/cm2). The raster plot shows some
minor patterning of the FS interneuron spike times. The average spiking rate of the FS interneurons is 2.0 Hz. (C) The same 100 FS interneuron network as in A
in the high excitation state (carbachol; Iapp = 0.25 μA/cm2). The raster plot shows more distinct patterning of the FS interneurons. The average spiking rate
increases to 6.8 Hz. (B and D) Spectrograms of the model LFP under (B) the low-excitation state, showing a waxing and waning oscillation around 11.3 Hz, and
(D) the high-excitation state, showing a slightly more persistent oscillation around 20.1 Hz. (E) Spectrogram of the model LFP from the FS interneuron network
shows that the peak frequency of the oscillatory activity tends to increase as the background excitation (Iapp) is increased. Higher values of Iapp can give peak
frequencies in the gamma frequency band.
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Fig. S5. Model results are largely invariant to network connectivity and network size. (A) Model LFPs from striatal networks of 100 MSNs connected all-to-all,
to nearest neighbors, and randomly under normal and parkinsonian conditions. (B) Model LFPs from striatal networks of 400 MSNs with 30% random con-
nections and 7.5% random connections under normal and parkinsonian conditions.
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Fig. S6. MSN network is robust to heterogeneity if MSNs have an M-current. (A) Raster plots from 100 MSNs without M-current connected all-to-all with
heterogeneity of the maximal GABAa conductance under normal and parkinsonian conditions. (B) Spectrograms from the simulations that produced the raster
plots in A. (C) Raster plots from 100 MSNs with M-current and connected all-to-all with heterogeneity of the maximal GABAa conductance under normal and
parkinsonian conditions. (D) Spectrograms from the simulations that produced the raster plots in C.
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Fig. S7. Mechanism of GABAa-induced excitation in neurons with an M-current. (A) Increasing the GABAa conductance decreases the M-current conductance
in a simulated neuron: �gii ¼ 0:165 mS=cm2, τi = 5 ms for GABAa conductance 1, �gii ¼ 0:25 mS=cm2, and τi = 10 ms for GABAa conductance 2. (B) Simulation
results of two MSNs reciprocally connected with GABAa synapses. Both neurons are quiescent until MSN1 receives external inhibition at 2,000 ms, causing it to
rebound spike and enabling the formation of an antisynchronous rhythm between the two MSNs in the beta frequency range (20 Hz). (C) Simulation results
showing that the time to rebound spiking after GABAa inhibition is dependent on both the M-current conductance and the GABAa current conductance.
GABAa conductance 1 and 2 are as defined in A. (D) Simulation results show that the time to rebound spiking after a previous spike is dependent on the
GABAa conductance. GABAa conductance 1 and 2 are as defined in A. A–D have been modified from ref. 1.
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