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SUMMARY

Essential tremor (ET) is among the most prevalent movement disorders but its origins are elusive.
The inferior olivary nucleus (ION) has been hypothesized as the prime generator of tremor because
of the pacemaker properties of ION neurons, but structural and functional changes in ION are
unlikely under ET. Abnormalities have instead been reported in the cerebello-thalamo-cortical
network, including dysfunctions of the GABAergic projections from the cerebellar cortex to the
dentate nucleus. It remains unclear, though, how tremor would relate to a dysfunction of cerebellar
connectivity. To address this question, we built a computational model of the cortico-cerebello-
thalamo-cortical loop. We simulated the effects of a progressive loss of GABAA aj-receptor sub-
units and upregulation of ap/3-receptor subunits in the dentate nucleus and, correspondingly, we
studied the evolution of the firing patterns along the loop. The model closely reproduced experi-
mental evidence for each structure in the loop. It showed that an alteration of amplitudes and decay
times of the GABAergic currents to the dentate nucleus can facilitate sustained oscillatory activity
at tremor frequency throughout the network as well as a robust bursting activity in the thalamus,
which is consistent with observations of thalamic tremor cells in ET patients. Tremor-related os-
cillations initiated in small neural populations and spread to a larger network as the synaptic dys-
function increased, while thalamic high-frequency stimulation suppressed tremor-related activity
in thalamus but increased the oscillation frequency in the olivocerebellar loop. These results sug-
gest a mechanism for tremor generation under cerebellar dysfunction, which may explain the

origin of ET.
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SIGNIFICANCE

We investigated the mechanisms of tremor generation in essential tremor (ET). Using computa-
tional modeling we show that tremor-related activity can originate from the olivocerebellar loop
in response to a dysfunction and compensatory upregulation of GABA receptors in the dentate
nucleus of cerebellum. The emerging tremor-related activity then projects to thalamus and reaches
the cortico-thalamic motor loop. Consistent with clinical observations, the study shows that the
tremor frequency decreases as the upregulation becomes stronger and increases as high-frequency
stimulation is delivered to the thalamus. Our results provide an explanation of how local synaptic
abnormalities would lead to widespread tremor-related neural activity in ET and suggests that

compensatory processes in degenerative diseases may underlie brain dysfunction.
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1. INTRODUCTION

Essential tremor (ET) is a progressive neurological disease and among the most prevalent
movement disorders (1). ET is characterized by a 4-12-Hz kinetic tremor that occurs in the upper
limbs and may eventually spread to the neck and jaws, or accompany gait symptoms (2, 3). Clini-
cally, only ~50% of the ET patients receive benefits from medications, while for the rest of the
population deep brain stimulation (DBS) of the ventral intermediate thalamus (Vim) is the main
alternative therapy (4). Despite large interest, the origins of ET remain unclear. It has been hy-
pothesized that tremor has a central origin in the brainstem (5), where pacemaker neurons with
prominent subthreshold oscillations in the range of ET frequencies have been identified in the
inferior olivary nucleus (ION) (6, 7). Further evidence in support of this hypothesis has been pro-
vided by animal studies involving the injection of the neurotoxin harmaline (8, 9), which primarily
targets ION neurons and causes generalized kinetic tremor. However, no consistent structural or
functional change has been observed in the ION of ET patients compared with healthy controls
(10-12). Evidence suggests, instead, that ET is associated with microstructural changes and neu-
ronal dysfunctions in the cerebellum (13-15) including a loss of dendritic spines in Purkinje cells
in the cerebellar cortex, a decrease in GABAA and GABAGB receptors in the dentate nucleus, and a
deficit of bound GABA transmitters (16-19). These changes have been correlated with the tremor
severity (13) and may lead to significant alterations in the motor network (20, 21). It remains
unclear, though, how these changes may relate to tremor.

Studies involving genetically modified mice (22, 23) have shown that the deletion of GABAA
receptor o subunits results in the loss of 50% of all GABA receptors in the cerebellar structures

and that such deletion is associated with kinetic tremor and motor incoordination, which are both
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characteristics of ET. Furthermore, it has been reported that the loss of a; subunits is partially
compensated by an overexpression of a» and o3 subunits (23, 24), which colocalize with the o,
subunits in the cerebellar nuclei and the molecular layer of the cerebellar cortex in rodents as well
as humans (25, 26), and are responsible for longer opening of ion channels and slowly-decaying
synaptic currents (27-29). Finally, an increase of tonic GABAA receptor-mediated currents has
been reported in case of loss of a1 subunits (30). Altogether, these studies indicate that a substantial
modulation of the temporal dynamics of the GABAergic currents may occur in the cerebellum
under ET condition.

Here, we constructed a computational model of the cortico-cerebello-thalamo-cortical (CCTC)
loop and investigated whether changes to the dynamics of the GABAergic currents to the dentate
nucleus may elicit tremor-related neuronal activity along the CCTC loop. The model includes sin-
gle-compartment neurons from the brainstem (ION), the cerebellum (dentate nucleus and cerebel-
lar cortex), the Vim, and the motor cortex (MC) according to a network topology derived from the
primates’ anatomy. The model reproduces the average firing rates and discharge patterns of single
units in non-human primates and mice under normal conditions as well as tremor conditions for
all modeled structures, where the recordings under tremor conditions were derived from animal
studies involving the neurotoxin harmaline.

We show through numerical simulations that a progressive combination of reduced synaptic
conductance and prolonged decay of the GABAergic currents in the synapses between Purkinje
cells and deep cerebellar neurons may facilitate sustained oscillatory activity at the frequency of
tremor in the olivocerebellar loop, i.e., ION, cerebellar cortex, and dentate nucleus. The oscilla-
tions propagate to the thalamocortical system (Vim-MC) and induce a sustained bursting activity

in the Vim with characteristics that are consistent with the activity of tremor cells in ET patients
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(31, 32). Consistent with clinical observations (33, 34), the frequency of the oscillatory activity
slowly decreases by approximately 1 Hz as the manipulation of GABAergic currents progresses
and is instead increased by about 0.4 Hz when electrical stimulation at the frequency of therapeutic
DBS (185 Hz) is applied to Vim. DBS also reduces the range of GABAergic settings that can
sustain tremor-related oscillations, thus suggesting that, even though primarily targeting the
thalamocortical system, thalamic DBS may exert secondary effects on the olivocerebellar loop in
ET patients. Finally, we show that neural oscillations leading to tremor-related bursting activity in
the Vim can originate from a localized perturbation applied to a small portion of olivary neurons
and spread through the entire cortico-olivo-cerebellar network, which further indicates the robust-

ness of tremor-related neural dynamics and supports a possible network origin for ET.

2. RESULTS

The CCTC network model (Fig. 1A) includes: (i) the olivocerebellar loop, including 8 ION
neurons in the brainstem (SI Appendix, Fig. SIA-D), 40 Purkinje cells (PC) and 4 granular layer
clusters (GrL) in the cerebellar cortex (each GrL cluster includes 1 granule cell, 1 Golgi cell, and
1 stellate cell), and 1 glutamatergic deep cerebellar projection neuron (DCN) and 1 nucleo-olivary
neuron (NO) in the dentate nucleus (SI Appendix, Fig. SIE-H); (ii) the thalamocortical system,
including the Vim (1 thalamocortical neuron [TC]) and the MC (20 pyramidal neurons [PYN] and
2 fast-spiking interneurons [FSI]), see SI Appendix, Table SI. The connections between different
neuron types are modeled using conductance-based synapses (SI Appendix, Table S2) and were
constrained to reproduce the neuronal activity observed in vivo in PCs and DCN from healthy non-
human primates during voluntary arm movements, see SI Appendix, Fig. S2 (35). The connection

graphs are reported in SI Appendix, Fig. S3 and were determined to be consistent with the neuronal
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anatomy in humans and animal models, as these structures are largely conserved across species
(36). The relay function of the red nucleus (RN) along the dentato-rubro-olivary pathway (37-39)
and of the pontine nuclei (PN) along the cortico-ponto-cerebellar pathway (40, 41), as well as the
interneuron network (IN) in the cerebellar cortex (gray circles in Fig. 1A) are not explicitly mod-
eled and are subsumed in the latency between pre- and postsynaptic structures, see SI Appendix,
ST Note 1.

2.1. Model validation under normal and harmaline conditions.

In addition to reproducing the neuronal activity observed in vivo in Purkinje cells and deep
cerebellar neurons from healthy non-human primates (SI Appendix, Fig. S2), the injected current
parameters and synaptic gains in the CCTC loop were constrained such that the average firing rate
of NO, TC, and PYN cells match the range of experimental values reported in (31, 37, 42) from in
vivo recordings in healthy animals (NO: 5.5+2.0 Hz; TC: 26.6+4.2 Hz; PYN: 23.1£5.0 Hz, mean
+ S.D.; values estimated over 60,000-ms-long simulation).

Fig. 1B-E shows the effects of the activation of ION neurons on the major projecting neurons
in the cerebellum, i.e., PC and DCN, via climbing fibers. In response to ION activation, the PC
exhibits a complex of spikes with amplitude and frequency modulation (inset in Fig. 1B), where
the shape and duration of spikes matched experimental recordings from rodents (43), Fig. 1B-C.
The PC then presents a long pause after the complex spike, which is consistent with data reported
inref. (44). The PC complex spiking contributes to the hyperpolarization of the DCN in the dentate
nucleus and the consequent formation of rebound bursts, which are consistent with data in refs.
(45, 46), Fig. 1D-E.

When simulated under normal condition, the TC neuron in the Vim spikes irregularly (Fig. 2G)

as reported in ref. (31) while the ION neurons exhibit subthreshold oscillations at 5.6 Hz, which
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are well-aligned with in vivo recordings from rodents (47, 48). The rare occurrence of spikes in
the ION neurons (Fig. 2A) reflects the fact that ION neurons mainly respond to sensory stimuli,
while their probability of spiking becomes minimal during movements (49, 50).

To verify that the CCTC model is able to reproduce the experimental tremor conditions induced
by harmaline, we simulated the localized effects of the neurotoxin harmaline on the ION neurons
by potentiating the calcium channels as in ref. (6), see MATERIALS AND METHODS. The direct
effect of this change is a spontaneous synchronous firing of the ION neurons at 7.1 Hz (“tremor
frequency”), consistent with the frequency of harmaline tremor in the primate model (51). We
tracked the effects of the ION synchronous firing on the network and we confirmed a periodic
bursting pattern in the Vim (burst duration: 102.1+15.0 ms, mean burst frequency: 7.1 Hz across
three instances of the CCTC model), Fig. 2H. Accordingly, the power spectral density of the Vim
showed a strong peak at the tremor frequency and followed the spectrum of tremor cells recorded
in ET patients in vivo (31), Fig. 2I-J.

The mechanism of propagation of the oscillations from the ION to the Vim depends on a sig-
nificant shift in the discharge pattern of the PCs and the DCN associated with these oscillations:
the PCs shift from tonic firing with occasional complex spikes and pauses (Fig. 2C) to periodic
complex spikes (Fig. 2D) driven by the sustained ION activation (Fig. 2B) through the climbing
fibers, while the DCN transitions from irregular firing to sequences of rebound bursts at the tremor
frequency (burst duration: 109.4+9.7 ms; inter-burst intervals: 30.3+4.6 ms; mean + S.D.), see Fig.
2E-F. Overall, these results indicate that the olivocerebellar (ION—PC—DCN) pathway can fa-
cilitate the propagation of oscillations within the tremor frequency band (4-12 Hz) towards the
thalamocortical system.

2.2. GABAergic dysfunction in the DCN facilitates olivocerebellar oscillations.
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To explore the relationship between cerebellar GABAergic dysfunctions and the possible ori-
gins of ET, we simulated the concurrent loss of GABAA ai-receptor subunits and upregulation of
on/a3-receptor subunits in the cerebellum by progressively lowering the maximum synaptic con-

ductance gpc—.pcv and increasing the decay time ¢/ ¢—PV

of the synaptic currents from PCs to
DCN (range: 2-24 ms; nominal value under normal conditions: 2.4 ms, see SI Appendix, SI Note
1 and Table S2). The effect of these changes was a progressive modulation of the shape and dura-
tion of the synaptic currents, which span the range reported in vitro (28, 30, 52) that goes from the
normal composition of aj-receptor subunits to the complete dominance of o2/03-receptor subunits.
The GABAergic currents to NO, instead, were not altered because they are significantly smaller
than the currents to DCN (53) and mainly mediated by as-receptor subunits (54), which make these
currents more than 10-fold slower than the currents to DCN (see 7”“~"%in SI Appendix, Table S2)
and less likely to be affected by ET.

Fig. 3A reports the range of values tested for 7PN and the ratio R between the synaptic
gains grc—.pcy and g'pc—.pcy, where g pcpey is the nominal conductance value under normal
conditions. An initial perturbation consisting of a single 20-ms-long depolarizing current pulse (10
pA) was delivered at time #=1,000 ms to the ION neurons to mimic a transient exogenous stimulus
from afferent projections (SI Appendix, Fig. S4). The spiking activity of the ION neurons and the

Vim PSD were monitored in the following 3,000 ms. The region with tremor was defined as the
parameter combinations (R, 7”“~PY) for which any ION neuron sustained spiking for >2,000 ms
after an initial perturbation. Correspondingly, the power spectrum of the Vim was inspected and
the peak frequency (i.e., the frequency of peak PSD value) was used as a proxy of the tremor
activity if within the band 4-12 Hz.

As reported in Fig. 3A, the range of ratios R that can sustain tremor activity increases with
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longer 77PN, Moreover, as the pair (R, '~PM) moves towards the lower right quadrant of

Fig. 3A (i.e., further degeneration of the GABAergic currents), the frequency of tremor decreases
by approximately 1 Hz, thus showing a progressive adjustment that matches longitudinal observa-
tions reported in ET patients (33, 34). We also assessed the role of the NO in forming tremor-
related network oscillations. Specifically, we repeated the simulations in Fig. 3A with the synaptic
strength of the NO—ION projection decreased by 50%. The results are reported in SI Appendix,
Fig. S5 and indicate that the tremor region is enlarged when the NO neuron exerts less inhibitory
input into the ION neurons, which suggests that the NO neurons may regulate the susceptibility of
the network to enter into tremor-related oscillations.

As in the harmaline condition, the cerebellar GABAergic dysfunctions (denoted here as “ET
condition”) were associated with a tonic synchronous spiking of the ION neurons, which led to the
Vim activity in the tremor band 4-12 Hz. Differently from the harmaline condition, though, a sig-
nificant change of the bursting pattern was observed in the discharge pattern of the DCN. Fig. 3B-
E report the burst analyses for the DCN under harmaline and one ET condition (yellow circle in
Fig. 3A). Although in both cases the ION neurons spiked synchronously and DCN exhibited sim-
ilar bursting frequencies (Fig. 3B), the DCN fired shorter bursts with higher intra-burst rates and
longer inter-burst intervals (Fig. 3C-E) under ET condition, which reflect a prolonged periodic
presynaptic inhibition (see SI Appendix, Fig. S4 for the behavior of other structures). Note that the
ET condition was obtained with no manipulation of the properties of the ION neurons. This indi-
cates that a manipulation of the bidirectional interaction between the ION and the cerebellar struc-
tures, which is secondary to the cerebellar GABAergic dysfunctions, can enable and facilitate
widespread network oscillations that would ultimately lead to the tremulous activity in the Vim.

2.3. Phase-dependent excitation of ION neurons underlies persistent network oscillations
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To determine the mechanism of tremor generation in ET, we focused on the di-synaptic excit-
atory pathway from DCN to ION neurons, i.e., the dentato-rubro-olivary projection. Since it has
been indicated that ION neurons spike in response to exogenous depolarizing stimuli at a preferred
phase of the subthreshold membrane voltage oscillation (48), we isolated the ION model and con-
trolled the timing of the input to the ION neurons by delivering a suprathreshold depolarizing
current pulse to all ION neurons at a specific onset time 7 after the last ION spike. We varied both
the amplitude of the pulse (/s7ep, range: 0-1.0 pA, which is comparable to the range of synaptic
input from DCN) and 7 (up to 175 ms, which is approximately the subthreshold oscillation period
of ION). The pulse was kept ON till any of the 8 ION neurons fired an action potential (Fig. 4A,
red curve), in which case the stimulus was then turned OFF and reapplied with the same onset T’
after the new ION neuron’s spike. Accordingly, the ION neurons received a train of current pulses
with the same amplitude and time-varying durations, all delivered at approximately the same phase
of their subthreshold oscillation. If the current pulse did not trigger another spike from any ION
neuron until the end of the subthreshold oscillation cycle (Fig. 4A, black curve), then that specific
parameter pair (Is7ep, T) would be labeled as unable to trigger ION spiking. Fig. 4B shows that
stimuli delivered at earlier phases of the subthreshold oscillation, e.g. 7<50 ms, would hardly trig-
ger ION spiking and would therefore prevent the olivocerebellar system to engage in tremor-re-
lated oscillations (Fig. 4B, gray background). Stimuli delivered at a later onset, instead, robustly
sustained ION spiking and the frequency of the spikes depends on both the pulse intensity Isrep
and the specific onset 7. Furthermore, as shown in Fig. 4C, the average ION firing rate increases
with the pulse intensity Is7zp but the relationship between the pulse duration, which is related to
the pulse onset, and the firing rate is nonlinear, with the highest ION firing rate occurring for pulse

durations in the range 60-80 ms. This indicates that the ION neurons are highly selective against
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the timing of the input excitation and that the ION spiking is most efficiently triggered by inputs
arriving at a specific timing.

Finally, for each pair (R, '“~PY), we compared the predictions of the isolated ION model in
Fig. 4B to the net synaptic input delivered from DCN to ION neurons via RN in the full CCTC
model. We measured the average lag between the onset of each DCN burst and the onset of the
ION action potential that precedes it (i.e., Ajon—pcn burs in Fig. 4D). As shown in Fig. 4E, 91.8%
of the pairs (904 out of 985) that resulted in tremor at the Vim, had Ajon—pcwn purse>50 ms, which
is consistent with the map in Fig. 4B for sustained ION spiking. Similarly, in 85.4% of the pairs
(696 out of 815) in the tremor-free region (white area in Fig. 3A), the average Ajon—DcN burst Was
below 50 ms. Altogether, these results indicate that the changes in the shape of the GABAergic
currents may facilitate the generation of sustained spiking in the ION neurons at tremor frequencies
by modulating the duration and rate of the bursting activity of DCN, which activated the ION
neurons robustly through the dentato-rubro-olivary pathway (RN pathway in Fig. 4D, panel a).

To further elucidate the tremor generation mechanism, Fig. 4D reports the timing of action
potentials in ION, PC, and DCN neurons under normal (panels b,d,f) and ET conditions (panels
c,e,g). Under normal conditions, the short inter-burst interval of the DCN is inefficient in activating
the ION. In presence of GABAergic dysfunctions to the PC-DCN connection, instead, the olivary
activation can cause a prolonged hyperpolarization of the DCN, which is followed by a rebound
burst that is in resonance with the ION subthreshold oscillatory activity. The glutamatergic post-
synaptic currents elicited by the DCN activity via the RN pathway (Fig. 4D panel b-c) can therefore
effectively trigger recurrent ION spikes.

2.4. Therapeutic Vim DBS enhances the frequency of network oscillations.

High-frequency (150-185 Hz) DBS of the Vim is clinically recognized for the treatment of
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essential tremor (55). Although effective at reducing the amplitude of the tremor, Vim DBS is
known to alter secondary pathophysiologic characteristics of ET, including tremor frequency and
regularity, without restoring these characteristics to normal conditions (34, 56). Accordingly, we
investigated the effects of Vim DBS at 185 Hz on the oscillatory activity in the olivocerebellar

loop for every pair (R, 77PN considered in Fig. 3A. DBS was simulated as a train of square

current pulses (pulse width: 0.2 ms) whose amplitude (10 nA) was chosen to be subthreshold to
elicit tonic firing activity in the Vim (average rate: 92.6+0.5 Hz, mean = S.D.) and to suppress the

tremor peak in the Vim power spectral density as in (57) for all pairs (R, 77<~PY), see Fig. SA.

Despite suppressing the bursting activity in the Vim, the ION and DCN neurons continued to

spike and burst, respectively, at the tremor frequency. The range of pairs (R, 7"“~PV) that resulted

in sustained activity, though, was reduced by 18.8% when compared to the case without DBS

while the spiking frequency of the ION neurons across all pairs (R, 7"~PY) in the tremor region

increased by 4.2+3.9% (mean + S.D.), Fig. 5B. Furthermore, we analyzed the burstiness of the

DCN for the pair of parameters (R, 77“7PV) considered in Fig. 3B-E (ET case) and we found that,

when 185-Hz-Vim-DBS was applied, the length of the DCN inter-burst intervals decreased by
21.3+14.8% (mean + S.D.). Finally, we quantified the effects of the Vim DBS frequency on the
olivocerebellar system by measuring the burstiness of the DCN patterns and the average ION firing
rate as the DBS frequency varied from 2.5 Hz to 185 Hz. We found that the average DCN inter-
burst interval duration decreased as the DBS frequency increased (Fig. 5C) and the regularity of the
DCN bursts increased (i.e., decreased coefficient of variation of the inter-burst durations, inset to
Fig. 5C), while the average ION firing rate increased (Fig. 5D). Furthermore, both changes in ION
and DCN activity became more stable for DBS frequencies above 100 Hz (plateau effect, see Fig.

5C-D).
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Since no antidromic effect of DBS onto the cerebellothalamic pathway was included in our
model, we hypothesized that the changes to the dentate nucleus and ION neurons were mediated
by a modulation of the cortico-ponto-cerebellar pathway. Fig. S6A in SI Appendix reports the av-
erage firing rate of the pyramidal neurons (PYN) as the DBS frequency increased from 0 Hz (i.e.,
no DBS) to 185 Hz and it shows that the PYN firing rate grew linearly as the DBS frequency
increased from 0 Hz to 100 Hz and then plateaued at the DBS frequency range 100-185 Hz. The
increase in the PYN firing rate was inversely correlated with the average DCN inter-burst interval
duration (SI Appendix, Fig. S6B) and positively correlated with the average ION spiking rate (SI
Appendix, Fig. S6C), respectively.

Altogether, these results indicate that, while effective at masking the tremor activity in the
thalamocortical system, Vim DBS does not eliminate tremor-related oscillatory activity in the
olivocerebellar system. The DBS-mediated increment in cortical excitability, however, may coun-
teract the prolonged hyperpolarization of the deep cerebellar neurons and therefore modulate the
oscillations in the olivocerebellar system. These modulatory effects may explain the increased
tremor frequency but reduced tremor intensity in ET patients under therapeutic Vim DBS (34).

2.5. Tremor oscillations could spread across multiple olivocerebellar loops.

To further assess the robustness of the tremor-related oscillations emerging in the olivocerebel-
lar system under GABAergic dysfunction as the size and complexity of the CCTC loop increases,
we expanded the original CCTC network by scaling up the number of neurons included in the
model by a factor 5. The resultant scale-up CCTC model included 425 single-compartment neu-
rons with similar ratios between neural populations. In addition, the interconnections between neu-
rons in each population as well as the di-synaptic projections between DCN and ION neurons were

randomized to avoid the formation of local closed-loop circuits between neurons in the cerebellum
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and ION. See SI Appendix, SI Note 3 for details.

Under normal condition, an initial perturbation as described in section 2.2 above was applied
to all ION neurons (40 out of 40) simultaneously but no ION neuron eventually engaged into tonic
spiking activity, which led to no sustained oscillations throughout the network (Fig. 6A, C, E) and
no tremor frequency in the Vim spectrogram (Fig. 6G). Vice versa, under ET condition, we varied
the number of ION neurons that received the initial perturbation and we determined whether sus-
tained oscillations throughout the network were elicited. The ION neurons receiving the perturba-
tion were chosen among those interconnected by gap junctions. Across five instances of the scale-
up model, we found that an initial perturbation delivered to approximately 50% of the ION neurons
(average: 20.84+5.4, mean + S.D.; min: 16; max: 30) elicited a sustained spiking activity in the
entire [ON population within 500 ms (e.g., see example in Fig. 6B), along with complex spikes in
the PCs and sustained bursting activity in the DCNs (Fig. 6D, F). The resultant widespread network
oscillation was then associated with a sustained tremor activity in the Vim (Fig. 6H).

Overall, the spread of tremor-related oscillations across multiple olivocerebellar loops indicates
that, under GABAergic dysfunction, the olivocerebellar system is highly susceptible to perturba-

tions and can rapidly converge to global, tremor-related oscillatory dynamics.

3. DISCUSSION

The cellular origins of ET have been intensively investigated over the past twenty years. The
presence of tremor cells in the cerebellum-recipient regions of thalamus in ET patients (31) indi-
cates that the cerebellothalamic pathway is pivotal to the generation of tremor. Moreover, ref. (58)
reported an abnormal eyeblink conditioning in patients with ET, which suggests that the olivo-

cerebellar system may be functionally impaired. Furthermore, studies (16, 59, 60) have reported
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several microstructural alterations in the cerebellar cortex of ET patients, including a diffused loss
of the Purkinje cells, reduced dendritic arborizations, and axonal swellings, which may severely
alter the cerebellar activity. Studies (17-19) have also reported a significant increment of GABAA
receptor binding sites in the cerebellum and, locally, a significant decrease of GABA A and GABAR
receptors in the dentate nucleus in ET patients. Finally, disorders that involve cerebellar dysfunc-
tion like motor learning impairment, are frequently reported in ET subjects (61) along with a gen-
eralized hyperactivation of the cerebellar structures during movements (13, 62). Altogether, these
results have contributed to the hypothesis that a cerebellar dysfunction may lead to pathologic
activity along the cerebellothalamic pathway. It is unclear, though, how tremor-related activity in
the Vim could result from such a variety of changes reported in the cerebellum. Our model pro-
vides a mechanistic explanation that reconciles several, apparently contradicting experimental ob-
servations. The following predictions are made.

Tremor oscillations may have network origins. Studies (15, 20, 21, 63) have reported diffused
alterations to the functional networks among cerebellum, thalamus, and cortices during motor tasks
in ET subjects, including a significant reduction of the connectivity between cortical and cerebellar
motor arcas as well as between cerebellar cortex and dentate nuclei, and an increment in low-
frequency oscillatory activity in the motor cortices. Both the reduction in connectivity and the
increment in low-frequency oscillations positively correlated with the severity of kinetic tremor,
thus suggesting a link between network dysfunctions and tremor. Although it is unclear how os-
cillations in the cerebellum affect the activity of the cerebral cortex, it has been suggested that the
structural alterations in the cerebellum may alter the cerebellar output to the cortico-thalamo-cer-
ebellar networks, thus contributing to the disruption of the connectivity in these functional net-

works (20).
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Our study identifies a potential network-based mechanism to sustain and amplify tremor-re-
lated neural oscillations. We predict that such oscillations are sustained by the interplay between
inferior olivary nucleus, dentate nucleus, and cerebellar cortex. The oscillatory activity propagates
along the olivocerebellar pathway into the cerebellum and re-enters the olivary nucleus through
the dentato-rubro-olivary pathway. In addition, localized perturbations to a small portion of neu-
rons in the inferior olive nucleus can initiate neural oscillations that quickly spread to a larger
network and eventually alter the thalamocortical discharge patterns. This prediction reconciles the
role of the inferior olivary nucleus in maintaining neural oscillations with the lack of olivary dys-
functions reported in ET patients (10-12) and suggests that the olivary neurons may be recruited
into tremor oscillations via the dentato-rubro-olivary pathway because of their intrinsic pacemaker
capabilities, with no need for specific alterations of the ion channels or synapses.

Although there is little knowledge about the dentato-rubro-olivary pathway, studies in ET pa-
tients have recently suggested that this pathway may be involved in tremor generation (64, 65). It
is also known that drugs (e.g., alcohol) that interfere with the synaptic transmissions along this
pathway can attenuate tremor symptoms and reduce the size of Purkinje cells’ complex spikes
following climbing fiber activation (66, 67). Our model predicts that the reduction in complex
spikes would result in shorter hyperpolarization and weaker rebound firing of the deep cerebellar
neurons, and therefore cause a decreased activity of the dentato-rubro-olivary pathway, which is
consistent with observations reported in ref. (66). We expect that the manipulation of this pathway
in animal models, e.g., via optogenetic stimulation of the red nucleus, might help further assess
the role in ET.

Slow-decaying GABAergic currents in the dentate nucleus contribute to sustained neural

oscillations. 1t has been speculated that the loss of Purkinje cells and the structural changes to the
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cerebellar cortex may cause a reorganization of the Purkinje cell functional network as well as the
interface between climbing fibers and Purkinje cells (2). This reorganization would result in a
reduced GABAergic modulation of the dentate nuclei and a facilitation of the pacemaker activity
of the DCN cells, which would eventually propagate to the thalamus (2). Our study suggests that
a nonspecific reduction in the GABAergic currents to the DCN can increase its average firing rate
and thus the glutamatergic input to the thalamus, but it does not lead to a rhythmic activity in the
tremor band either in the DCN or Vim. This is supported by the observation that deep cerebellar
neurons rarely exhibit spontaneous pacemaker activity at frequencies within the tremor band (68).
This is also consistent with earlier studies, e.g., (69), which reported that the degeneration of
Purkinje cells alone may be insufficient to elicit sustained oscillations in the Vim, while highly
synchronized afferent currents from the deep cerebellar structures are required to recruit the
thalamocortical neurons.

Our study suggests that the temporal dynamics of the GABAergic currents may be critical for
tremor generation. Although none of the parametric changes that we applied to the GABAergic
currents were sufficient to initiate tremor-related network oscillations in our model, we found that
a specific range of GABAergic currents to the dentate nucleus can make these oscillations outlast
the initial perturbation and self-sustain. This suggests that the role of the cerebellar dysfunctions
in ET may be related to the preservation, amplification, and propagation of the tremor oscillations.
Moreover, the need for an initial perturbation may be linked to the fact that tremor oscillations in
the thalamus are enabled by voluntary movement, while absent at rest (31).

On the other hand, the preservation of network oscillations depends on the dynamics of the
GABAergic currents. Specifically, the GABAergic dysfunctions between Purkinje cells and den-

tate neurons may reduce the fast a;-subunit-mediated currents and increase the slowly-decaying
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currents mediated by the upregulated a3 subunits (23-26). Our model predicts that such currents
can facilitate the after-hyperpolarization rebound of the deep cerebellar neurons, which robustly
activates the olivary neurons at a preferred phase of their subthreshold oscillations, thus facilitating
the synchronization along the olivocerebellar loop. Also, other ET-related pathologies such as the
increased Purkinje cell axonal branching, recurrent collaterals, and terminal axonal sprouting, may
further amplify such synchronization and therefore exacerbate tremor symptoms, even with sub-
stantial losses of inferior olive neurons and Purkinje cells (70, 71).

Finally, our model shows that the range of tremor-related GABAergic currents to the dentate
nucleus increases as the synaptic current from the nucleo-olivary neurons to the inferior olivary
nucleus (NO—ION) decreases. This is mediated by an increment of the connectivity between oli-
vary neurons, which occurs because the modeled NO—ION pathway has an inhibitory effect on
the gap junctions between olivary neurons. The net effect is consistent with the regulatory action
of the NO—ION pathway on the neuronal coupling in the inferior olivary nucleus (72). However,
the interaction between ION and NO neurons involves additional connections, such as the projec-
tions from climbing fibers to NO neurons (73), which are currently neglected in our model and
may contribute a negative feedback to the ION neurons. In addition, the specific localization of
the NO synapses on the ION neurons and the morphology of the dendrites of ION neurons may
significantly steer the synchronization within the inferior olivary nucleus (72, 74-76). Accordingly,
it is plausible that the NO-ION connectivity may affect the network oscillations. For instance, it is
possible that the adaptation of the discharge pattern of NO and ION neurons may result in a wider
range of oscillation frequencies across the entire network than in our model. Similarly, as the ION
neurons form groups of densely coupled neurons interspersed with areas of weak coupling (75), it

is possible that different circuits along the olivocerebellar pathway have oscillations at slightly
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different frequencies, thus resulting in a more complex spreading of the neural oscillations through
the network.

Neurostimulation modulates tremor networks. Currently, Vim DBS remains the most suc-
cessful neurostimulation therapy for ET. We investigated the effects of Vim DBS on different
structures in the CCTC model. Although our representation of DBS aimed to mimic the shift in
discharge pattern in Vim (57) and therefore lacks explicit representation of other mechanisms (77),
the local effects of Vim DBS on the thalamocortical and pyramidal neurons were consistent with
recordings in ET subjects, showing a robust attenuation of the tremor oscillations in the Vim and
activation of the motor cortex (78). Our results show that, although the main effect of Vim DBS
likely involves blocking tremor oscillations at thalamocortical level (77), through an increment in
cortical excitability, it also has secondary effects on the neural oscillations in the olivocerebellar
structures, which received a shift in frequency consistent with clinical observations (34, 56). It also
provides an explanation for the higher tremor frequency in kinetic versus postural tasks, since the
former presumably involve a higher motor cortical activity (79). Altogether, these predictions sug-
gest that the oscillations underlying ET may involve a large network including both the cerebellar

and cerebral structures.

4. MATERIALS AND METHODS

4.1. Computational model.

We developed a network of 85 single-compartment model neurons (73 biophysically based
neurons and 12 leaky integrate-and-fire neurons). The equations and parameters for the model
neurons of PC, GrL cluster, TC, PYN, and FSI were obtained from refs. (80-83), respectively, and

modified as reported in SI Appendix, ST Note 1. The ION neuron included the soma compartment
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of the multicompartment model in ref. (48) with calcium channel equations from refs. (84, 85),
which account for the reduction to single-compartment and fit in vitro recordings from rodents
reported in ref. (85). The DCN model neuron included the soma compartment of the multicom-
partment model in ref. (86), with ion channel conductance values adjusted to account for the re-
duction to single-compartment (see SI Appendix, Table S1). The NO model neuron was derived
from the DCN model and includes fast sodium channels, fast and slow delayed rectifier potassium
channels, and leaky channels with parameters adjusted to match the in vitro recordings in (54) as
shown in SI Appendix, Fig. S2E-H (model described in SI Appendix, S/ Note I). The ratios of PCs
to DCN (40:1) and PYNs to FSIs (20:2) were as in refs. (87) and (88), respectively, and account
for the convergence of PCs onto DCNs, as well as the extensive connectivity of the cortical py-
ramidal neurons and interneurons. Details about the network connectivity are reported in SI Ap-
pendix, SI Note 1 and Fig. S3.

Each neuron was endowed with a constant current (/oc) to simulate the background excitation
and a Gaussian noise with zero mean to simulate the subthreshold membrane voltage fluctuations
(£5 mV). The intensity of current /oc varied across the ION neurons (uniform distribution) to
generate subthreshold oscillations at different frequencies. Similarly, the intensity of loc varied
across the PCs (gamma distribution) to simulate a range of spontaneous firing rates. See values in
SI Appendix, Table SI and Table S2. The transition from normal conditions to harmaline-induced
tremor conditions was simulated by modifying the ION model neuron as proposed in ref. (48).
Briefly, the maximum conductance of the ION calcium channels was increased from 0.27 to 0.3
mS-cm? and the maximum conductance of h-type channels was lowered from 0.08 to 0.02 mS-cm?
to mimic the experimental conditions reported in ref. (6), while the intensity of Joc was set to 2 pA

for all ION neurons. Accordingly, all ION neurons presented subthreshold oscillations at the same
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frequency and became spontaneously active, with one action potential fired by each neuron in
synchrony per oscillation cycle.

4.2. Computational tools.

In each analysis, three different instances of the model network were generated. Numerical
simulations were programmed in NEURON, ver. 7.5 (89) and run on an eight-core Intel Xeon
workstation (3.6 GHz/core, 16 GB RAM). The differential equations were integrated via CVODE
method with time step 0.0125 ms. Results were analyzed in MATLAB R2017a (The MathWorks,
Inc.). We implemented published algorithms to compute firing and burst rates, power spectral
densities, and cross-correlation as in refs. (90, 91). Further details about the implementation are
given in SI Appendix, SI Note 2. The NEURON code implementing the proposed model will be

made available on ModelDB (https://senselab.med.yale.edu/modeldb/).
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FIGURE LEGENDS

Figure 1. A) Schematic of the CCTC model. Legend: Blue arrows: glutamatergic excitatory
connections; red arrows: GABAergic inhibitory connections; PC: Purkinje cells; DCN: deep
cerebellar neurons; NO: nucleo-olivary neurons; ION: inferior olive nucleus; GrL: granular layer;
RN: red nucleus; PN: pontine nucleus; IN: cerebellar interneurons; Vim: ventral intermediate
nucleus of the thalamus; MC: motor cortex. B-E) Response of PC and DCN neurons to a
depolarizing stimulus applied in the ION in the proposed network model (B, D) and in rodents in
vivo (C, E) in normal, tremor-free conditions. A single supra-threshold (10 pA) current pulse (pulse
duration: 20 ms) was applied to all ION neurons in our model (black arrows in B, D) and in the
inferior olivary nucleus of the rodent (black arrows in C, E) and resulted in a burst of action
potentials with amplitude adaptation (i.e., complex spike) in the PC (B, C) and an after-
hyperpolarization rebound burst of action potentials in the DCN (D, E). Insef in B): Zoom-in of
the complex spike. Images in C) and E) are reproduced under Creative Commons Attribution

License from refs. (43) and (45), respectively.

Figure 2. Single unit activity of neurons in the CCTC model under normal and harmaline-induced
tremor conditions. A-H) Raster plot of ION neurons and PCs under normal condition (A, C) and
harmaline-induced tremor condition (B, D), respectively, and correspondent membrane voltage of
the DCN and TC neurons (E, G: normal condition; F, H: tremor condition, respectively). Blue bars
in panel E-F report the timing of action potentials fired by the NO neuron. Data in A-H) are from
one instance of the CCTC model simulated over a 4,000-ms-long period. Time scales in G) and
H) also apply to panels A, C, E) and B, D, F), respectively. I-J) Comparison between the power

spectral density (PSD) of the TC neuron in the CCTC model and a tremor cell in the Vim of an ET
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patient, respectively. PSD in I) is reported under normal tremor-free (blue curve) and harmaline-
induced tremor conditions (red curve). PSD curves are averaged across three instances of the
CCTC model, each one simulated over a 60,000-ms-long period. PSD in J) is reported for a single
tremor cell in a patient with ET. Image in J) is reported with permission from ref. (31). Copyright

© 2005 American Physiology Society.

Figure 3. Effects of cerebellar GABAergic dysfunctions on tremor-related neural oscillations in
the CCTC model. A) 2-D map depicting the region of the parameter space (R, 7"“7PN) where
tremor activity in the Vim is observed along with the tremor peak frequency. The blue mark
indicates parameters used to simulate normal, tremor-free conditions. The yellow circle indicates

parameters used for the ET-like tremor activity analyzed in B-E), i.e., R=0.7, t“7PN=12 m:s).
For each combination of parameters (R, 7’ ¢~P), the CCTC model was simulated for 4,000 ms

and the first 1,000 ms were excluded from subsequent analyses. B-E) Comparison between the
bursting activity of DCN under harmaline-induced tremor (HAR, black bars) and GABAergic
dysfunctions of the PC-DCN synapses (ET, gray bars). The burst analysis was performed as
reported in SI Appendix, ST Note 2 on data collected over 60,000-ms-long simulations. The average
burst period (B), burst duration (C), inter-burst interval (D), and intra-burst discharge rate (E) are
reported as mean + S.D across three model instances. Asterisks denote significant difference
(Wilcoxon rank-sum test, P-value P<0.01) between values measured under HAR and ET

conditions.

Figure 4. Role of the phase of ION subthreshold oscillations in the generation of tremor-related

network oscillations. A) In any ION neuron, the lag between an action potential and the peak of
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the following subthrehsold oscillation (black asterisk) defines the duration of the oscillation cycle.
The onset time 7 of the depolarizing input current Is7ep is varied between 0 (i.e., at the time of the
action potential) and the peak of the subthreshold oscillation. The current is applied until an action
potential is generated (red line) or the peak of the subthreshold oscillation (black line), whichever
happens first. B) 2-D map depicting the region of the parameter space (Is7ep, T) where ION neurons
sustain tonic spiking along with the resultant firing rate. Curves in black, pink, cyan, green, and
yellow denote the region where at least 4, 5, 6, 7, or all ION neurons sustain spiking
simultaneously, respectively. For each combination (/s7zp, T) in B), three model instances were
simulated over a 4,000-ms-long period and the simulation results from the first 1,000 ms were
discarded. The firing rate was measured from any ION neuron that sustained spiking until the end
of simulation. C) The ION firing rate as a function of the duration of the current Is7ep for several
values of the current intensity. D) Role of the dentato-rubro-olivary pathway in propagating
tremor-related oscillations through the olivocerebellar loop. A schematic of the interconnections
between ION, PC, and DCN cells mediated by di-synaptic connections through the red nucleus
(RN) is provided (a) along with the simulated spiking activity of an ION neuron (black lines, panels
b,c), PCs (d,e), and the DCN (f,g) under normal, tremor-free condition (b,d,f) and ET condition
(i.e., yellow circle in Fig. 3A) (c,e,g). Green lines in (b,c) denote the postsynaptic glutammatergic
currents to the ION neuron mediated by the RN. The red vertical lines denote the onset time for
the ION neuron’s action potential. This action potential elicits a complex spike in the PCs, which
hyperpolarizes the DCN and causes a post-hyperpolarization rebound burst (f,g). The lag
Aron—pcN purs: between the ION neuron’s action potential and the DCN rebound predicts whether
the ION neuron will spike again and corresponds to the parameter 7 in A-B). Time scales in f) and

g) also apply to b, d) and c, e), respectively. E) Histogram of the values of Ajon—pcn purse measured
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under non-tremor (blue bars) and ET conditions (red bars). For each condition, data were obtained

from the simulations reported in Fig. 3A above.

Figure 5. Effect of Vim deep brain stimulation (DBS) under cerebellar GABAergic dysfunctions.
A) Power spectral density (PSD) of Vim under ET condition (i.e., yellow circle in Fig. 3A) with
185-Hz DBS of the Vim (ET + Vim DBS, black line) and without Vim DBS (ET, red line). Note
the logarithmic scale on the axes. B) 2-D map depicting the region of the parameter space (R,
76PNy where tonic spiking activity in the ION neurons is observed under 185-Hz-DBS of the
Vim along with the average ION firing rate. The red dashed lines indicate the boundary of the
tremor region when no DBS was applied. The upper-right region with no sustained ION firing is
due to overly strong DCN rebound firing, which is facilitated as a result of DBS and is not
compensated by the postsynaptic inhibitory currents elicited by the PC complex spikes. The PSD
curves in A) and the 2-D map in B) are obtained from 4,000-ms simulations of the CCTC model
(first 1,000 ms are discarded to let model instances reach steady-state conditions). C) Average
inter-burst interval (IBI) for the DCN in response to Vim DBS at different frequencies (black dots)
and least-square fourth order polynomial fit (red curve, coefficient of determination for the fitting
R’=0.73). Inset: Coefficient of variation (CoV) of the IBI values under Vim DBS (black dots) and
least-square fourth order polynomial fit (red curve, R°=0.41). D) Average firing rate of the ION
neurons under Vim DBS at different frequencies (black dots) and fourth order polynomial fit (red
curve, R?=0.48). Each data point in C-D) is obtained from a 5,000-ms simulation of the CCTC

model (first 1,000 ms were discarded for initialization) under ET condition.

Figure 6. Scale-up model (i.e., 425- instead of 85-single compartment model) under normal,
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tremor-free condition (A, C, E, G) and ET condition (i.e., yellow circle in Fig. 3A) (B, D, F, H),
respectively. A) A current pulse (duration: 20 ms; amplitude: 10 pA) was applied to all 40 ION
neurons simultaneously (red triangle), which led to synchronous firing of ION neurons for 2-3
cycles but no tonic spiking activity. B) The same current pulse as in A) was applied to 16 ION
neurons simultaneously under ET condition (red triangle mark) and caused tonic spiking activities
that spread to the entire ION neuron population. C-F) Spiking pattern of the PC, DCN and NO
neurons in response to the exogenous pulse to the ION neurons in A) (C, E) and in B) (D, F),
respectively. G-H) Power spectrogram of the Vim in response to the pulse to the ION neurons in
A) (G) and in B) (H), respectively. Note that under ET condition, a prominent 7-8 Hz oscillation
emerged in the spectrogram after the ION neurons were engaged into tonic spiking. Time scales

in G) and H) also apply to A, C, E) and B, D, F), respectively.
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Supporting Information

Role of Cerebellar GABAergic Dysfunctions in the Origins of Essential Tremor

Xu Zhang, Sabato Santaniello

Biomedical Engineering Department, University of Connecticut, Storrs, CT (USA)

ST Note 1: Mathematical Descriptions of the CCTC
Network Model

The inferior olivary nucleus (ION) neuron model
was modified from ref. (3) by including the somatic
compartment and replacing the model of calcium chan-
nel with the model provided in refs. (4, 5). The deep
cerebellar neuron (DCN) model was the somatic com-
partment of the original model proposed in ref. (6). The
nucleo-olivary neuron (NO) model was modified from
the DCN model by preserving the fast sodium current
(Inar), the fast and slow delayed rectifier potassium
currents (/xar and Lkar, respectively), and the leaky
channel, as in ref. (8). The equations of the remaining
neuron models in the network are as in refs. (9-12). The
temperature parameters, if included in the original
models, were adjusted to physiological temperature
(36 °C).

Each ION neuron received a different offset current
(loc, Table S1) to generate subthreshold oscillations
with slightly different intrinsic frequencies. Similarly,
each Purkinje cell (PC) was endowed with a different
Ioc to simulate a range of spontaneous firing rates. The
DCN and NO neurons, the pyramidal neurons (PYN),
and the fast-spiking interneurons (FSI), instead, re-
ceived a constant /oc specific to the neuron type to
match their baseline firing rates reported in refs. (8, 12-
14). For each neuron except those in the granular layer
(GrL), a membrane noise wu(£)~N(0, 0,>) was added
to the capacitive current term of the Hodgkin-Huxley
equation to induce a moderate level of stochasticity. A
full list of the modified parameters is reported in Table
S1. Other parameters, instead, are as reported in refs.
(3, 4) (ION neurons), (9) (PCs), (6) (DCN and NO neu-
rons), (10) (GrL neurons), (11) (thalamocortical [TC]
neurons, used in Vim), and (12) (PYNs and FSIs). Fig.
S1 shows that the modified models for ION, DCN, and
NO neurons matched the dynamics of neurons recorded
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Figure S1. Single-unit activity of inferior olivary (ION), deep cerebellar
(DCN), and nucleo-olivary (NO) neurons in the proposed model (A, C,
E, G) and in single unit recordings from animals (B, D, F, H). A-B) Mem-
brane voltage trace of a neuron in the inferior olivary nucleus under nor-
mal conditions in the model (A) and single-unit in vivo recording from
guinea pigs (B). C-D) Average power spectral density (PSD) of the mem-
brane potential of a single ION model neuron under normal, tremor-free
conditions (C) (simulation: 10,000 ms) and of a single-unit in vitro re-
cording in the inferior olivary nucleus of guinea pigs (D). E-H) Current-
frequency (/-f) curve for DCN (E, F) and NO (G, H) neurons under a
range of offset currents in the proposed model (E, G) and in vitro in a
mouse model under anesthesia (F, H). Fig. S1B: Republished with per-
mission of the Society for Neuroscience, from ref. (1); permission con-
veyed through Copyright Clearance Center, Inc. Fig. S1D: Reprinted
from ref. (7), with permission from Elsevier. Fig. S1F and Fig. S1H: Re-
published with permission of the Society for Neuroscience, from ref. (8);
permission conveyed through Copyright Clearance Center, Inc.



in animal preparations (ION: guinea pig; DCN and NO: mouse). Specifically, the ION neuron model was
characterized by a sustained subthreshold oscillatory activity with frequencies ranging between 5.38 Hz
and 5.78 Hz, depending on the value of /oc, which matches the range of spontaneous subthreshold oscil-
lations observed in vitro in slices including the ION (7), see Fig. S1, panels A-D. Similarly, the proposed

models for DCN and NO neu- A B L
rons matched the I-f curve es- - PC ISI (Model) PC ISl (in vivo)
tlmated ll’l VIVO ln l’IlICC under Ave;age ang Rate: 320 8 75-10:0.ms
anesthesia (8), Fig. S1, panels £ 200 63+20.4 Hz g0 '
E-H. S 8 160}
] @ 100+ 1@
Fig. S2, panels A and C, 8ar >50ms 1
show the sample distribution 0 . 0 —= —
. S 0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
of inter-spike intervals (ISI) ISI (ms) ISI (ms)
for a Purkinje cell (PC) and DCN ISI (Model) D DCN ISl (in vivo)
the deep cerebellar neuron g ———————————
(DCN), respectively, in one Average Firing Rate: E160 goerams
instance of the CCTC model. 5160 96.6+11.0Hz 3
Parameters of the intercon- = o 80
@ go =

nections between DCN and
PCs were constrained to

0 0 //
match the sample ISI distribu- 0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
ISI (ms) ISI (ms)

tion of PC and DCN recorded Figure S2. A-D) Inter-spike interval (ISI) distribution of one Purkinje cell (PC) and one deep cerebellar neuron
in vivo in healthy non-human (DCN) in the CCTC model (A, C) and in awake nonhuman primates (B, D) during upper limb movements.
. t duri lunt Histograms in A) and C) are from one instance of the CCTC model simulated over a 60,000-ms-long period.
primates uring - voluntary ... Average firing rate (mean + S.D.) of the PCs and DCNSs, respectively, across three instances of the CCTC
arm movements, see Fi g. S2 , model, each instance simulated over a 60,000-ms-long period. Fig. 2B and Fig. S2D: Reprinted with permis-
sion from ref. (2); permission conveyed through Copyright Clearance Center, Inc.
panels B and D.

Network Connectivity. A simplified representation of the thalamocortical pathway is included in our
model, with one thalamocortical (TC) neuron in the Vim projecting onto six, randomly chosen PYNs and
both FSIs, and four PYNs projecting back to the TC neuron. In addition, four, randomly chosen PYNs
project individually onto four identical GrL structures, representing the relay of cortical inputs to the cer-
ebellum via pontine nuclei (15). All PYNs project onto the DCN to simulate the formation of extensive
mossy fiber excitation, as reported in ref. (16). The NO neuron model, instead, does not receive excitatory
input from the PYNs to account for the low in vivo firing activity of the nucleo-olivary neurons (17, 18).
Also, a total of 8 out of 20 PYNs are neither involved in connections with the Vim nor with the cerebellar
cortex and are used to account for the important fact that thalamocortical and cortico-cerebellar projections
may target different cortical layers. Each ION neuron projects onto five PCs without overlapping as re-
ported in ref. (19). One of the IONs projects onto the DCN to account for the presence of climbing fiber
collaterals. These collaterals are known to produce small, short-latency activation of DCN neurons fol-
lowing a spike of the ION neurons (13, 20, 21).

Fig. §3 on next page reports the interconnections between ION neurons in the inferior olivary nucleus
(Fig. S3, panel A), the motor cortex (Fig. S3, panel B), and the neurons forming the granular layer (GrL
complex) in the cerebellar cortex (Fig. S3, panel C). The topology of the resultant neuronal networks is
consistent with anatomical considerations reported in ref. (10). The olivocerebellar pathway formed by
PCs, NO, and ION neurons represents a loop, as indicated in ref. (22), and the di-synaptic excitatory
pathway from the DCN to the ION neurons, i.e., the dentato-rubro-olivary pathway, is organized to form
the Guillain-Mollaret triangle (23).



Synapses between the granule cells, Golgi cells, and stellate cells in the GrLL complex were modeled as
in ref. (8). Synapses within the motor cortex as well as those between the PCs and DCN or NO neurons,
instead, were modeled as follows:

Isyn = gsynS(V;(t)_Esyn) (1)
é_ Vj(t—At)—Vqﬁ S
5 0{1 + tanh[—ﬂ ﬂ(l s) . +w, (t) (2)

where Vj(t — At) is the membrane potential
of the pre-synaptic neuron at time (¢ — At)
and At accounts for the synaptic transmis-
sion delay. The term w;(¢) represents synap-
tic noise and is defined by:

W) g5 N 3)

dt

where /N is a Gaussian distribution with
mean 0 and standard deviation oy. For the
motor cortex, Voy=0 mV, =4, At=0, and
the rest of the parameters were set as de-
scribed in ref. (24). For the synapses be-
tween PCs and DCN or NO neurons, the pa-
rameters are reported in Table S2.

All the remaining synapses along the Figure S3. A-C) Schematic of the network connections within the inferior olivary nucleus
. . (A), the motor cortex [MC] (B), and the granular layer [GrL] (C). Green arrows in A)
CCTC 10013 were simulated in NEURON indicate electric gap junctions, whereas blue and red arrows in B-C) indicate glutamatergic
using the NETCON mechanism. which excitatory and GABAergic inhibitory connections, respectively. Arrow tips indicate post-
>, synaptic neurons.
produces an event-based post-synaptic cur-
rent upon detection of a presynaptic spike, and speeds up the simulation (25). NETCON mechanisms were
specifically used to model the di-synaptic connections DCN— ION, PYN—DCN, and PYN—GrL, as
well as the di-synaptic inhibitory connection between ION neurons and PCs mediated by cerebellar inter-
neuron (26). A NETCON mechanism works as follows: denoted with i and j the post-synaptic target neu-
ron and the pre-synaptic neuron, respectively, NETCON delivers a post-synaptic current /sy, to the target
neuron i in response to the occurrence of a spike in the pre-synaptic neuron j. The current Iy, is either an
exponentially decaying current of form:

1, =8, ww )V, ~E,,) )
or a two-state exponentially decaying current of form:
A * g Joi Ji
_ syn —(1=AN)/Ty™ - (1=At)/7 _
on = W[(e e )+ Ws(f)}(Vi Esyn) )

where At is the synaptic transmission delay from neuron j to neuron i, Ejy, 1s the synaptic reverse potential,
V: is the postsynaptic membrane potential in neuron i, gg» is the postsynaptic conductance, and 7/ ™, k=1,
2, are decay time constants, respectively. A spike was detected in the pre-synaptic neuron j if the voltage
Vi passed the threshold thr=—40 mV (=50 mV for Golgi cells).



To simulate the spontaneous discharge activity of the pyramidal neurons in the motor cortex, each PYN
received post-synaptic currents triggered by a train of randomly generated pre-synaptic spikes (Poisson
process). The parameter A of the Poisson processes (i.e., average inter-event interval) was randomly gen-
erated (one Poisson process per PYN) according to a Gaussian distribution, i.e., A ~ N{u, %) with £=20
ms and =5 ms. Similarly, the spontaneous discharge activity of the ION neurons was simulated by de-
livering post-synaptic currents to these neurons in response to a train of randomly generated pre-synaptic
spikes (Poisson process). The parameter 4 of the Poisson processes was randomly generated (one Poisson
process per ION) and followed a uniform distribution, i.e., 4 ~ ‘U(350, 650) ms, to match experimental
data in ref. (27). All the parameters used in the synapses in our model are reported in Table S2.

Each ION neuron was connected to three additional ION neurons via gap junctions to reproduce quan-
titative neuroanatomical indications reported ref. (27), see Fig. S3, panel A. Each gap junction was simu-
lated as a linear function of the membrane potential difference between the connected ION neurons, i.e.,

[gap :ggapyc(Vi_Vj) (6)

where yc is a coupling coefficient, gy is the gap junction conductance, and V; and V; are the membrane
potential of the target cell i and the cell j in electrotonic contact with the target cell. The conductance ggqp
was normally distributed across the gap junctions in the model with values drawn from the distribution
function My, 0°) with parameters x=2.25%10"°> mS/cm? and 6=1.0x10"> mS/cm? to match data in ref. (27).

The coupling coefficient yc was defined as a scalar ranging between 0 and 1 and was used to describe
the effects of the nucleo-olivary activity onto the inferior olivary neurons. It has been reported, in fact,
that the NO neurons project onto both the soma and the gap junctions of the ION neurons, which results
in a strong decoupling between the ION neurons and a significant hyperpolarization of the ION somas
(27). To account for the effects of the NO neurons onto the gap junctions, we modeled the coefficient yc
as a function of the spiking of the NO neuron, i.e.:

Y =1-09tanh(S(r)) (7
where S(7) is a two-state exponential function of the NO spiking time, i.e.:
A-
S(t) _ S (e—t/‘[z _ e—t/r, ) (8)
L=T

Specific parameters for the gap junctions are reported in 7able S2. The innervation of the climbing
fibers to the Purkinje cells (PCs) was simulated by introducing AMPA-mediated and NMDA-mediated
glutamatergic synapses on the PCs. The values of these currents match the synaptic currents reported in
refs. (28-31). The interneuron-mediated inhibitory effects of the ION spiking onto the PCs (26) were
modeled through a NETCON mechanism (parameters are in Table S2). Fig. S4 on next page illustrates
the spiking pattern of the neuron models in the proposed CCTC loop before and after the application of a
single, depolarizing impulse to the ION neurons (red vertical line). Neurons from the motor cortex (PYNs
and FSIs) were mildly affected by the GABAergic disfunctions in cerebellum (Fig. S4, panels A-B). PCs
and GrL neurons, instead, responded tonically to the simultaneous activation of the ION neurons. This
activation was triggered externally (red vertical line) and engaged a single response under normal, tremor-
free conditions (Fig. S4, panels C and E). Under ET conditions, instead, the simultaneous activation of
the ION neurons elicited a sustained oscillation that outlasted the effects of the impulse and spread through
all the cerebellar neurons, see Fig. S4, panels D and F. The ET conditions correspond to the GABAergic
dysfunctions simulated in Fig. 3B-E in the main text, i.e., R=0.7 and " ~?“¥=12 ms.
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Figure S4. Raster plot of neural populations under normal, tremor-free conditions (A, C, E) and essential tremor (ET) conditions (B, D, F). A-B) Raster plot
of neuron models from the motor cortex (black: PYNSs; blue: FSIs); C-D) Raster plot of neuron models from the cerebellar cortex (black: Purkinje cells; blue:
Golgi cells; green: granule cells; red: stellate cells. E-F) Raster plot of olivary neuron models from the inferior olivary nucleus. In each plot, the red dotted
vertical line identifies the time r=1,000 ms when a single supra-threshold (10 pA) current pulse (pulse duration: 20 ms) was applied to all neurons in the
inferior olivary nucleus. The CCTC model was simulated for 4,000 ms, integration step: 0.0125 ms.

ST Note 2: Data Analysis

The two-dimensional maps reported in Fig. 3A and Fig. 5B in the main text, and Fig. S5 on next page
were computed from 10,000-ms simulations of three instances of the model with different random seeds
for each combination (R, 77“~PY) obtained by varying R between 0 and 1 with 0.025 increments and
7¢=PN between 2.0 ms and 24 ms with 0.5 ms increments. A total of 1,800 grid points (R, 7" <~P) were
considered. The boundaries of the tremor regions were fitted by the sum of two exponential functions.
Finally, a 5-point moving average filter was implemented both horizontally and vertically to smooth the
maps. Similarly, the two-dimensional map reported in Fig. 4B in the main text was computed for every
pair of parameters (Isrep, T), with Istep ranging between 0.01 pA and 1 pA (resolution: 0.01 pA) and T
ranging between 10 ms and 180 ms (resolution: 1 ms), thus resulting in 17,100 grid points. For each
parameter pair, three model instances were simulated for 6,000 ms and the ION spiking rate was calculated
as the average firing rate of any ION that sustained spiking over the entire simulation period.

Rate, Burst, and Power Spectral Analyses. The firing rates of individual neurons reported in section
2.1 in the main text and Fig. S2 (insets) were calculated from three model instances, each one simulated
over a simulation period of 60,000 ms under normal tremor-free condition (the first 1,000 ms was dis-
carded to let the network model reach steady-state conditions). The firing rates were reported as mean +



S.D. evaluated over non-overlapping 1,000-ms- Tremor Map

long segments of simulated data. In the subse- 18 7.3
quent analyses, a burst was defined as a group of —50% NO->ION
at least three consecutive spikes with inter-spike 08 -~ Standard Model {

interval no more than 30 ms. The burst detection
was implemented using the method in ref. (32).

The power spectral density (PSD) of the neu- ~
rons in Fig. 2E in the main text was computed 0.4
from spike trains recorded over 60,000-ms-long
simulations. Spike trains were sampled at 800
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Welch’s method as average over 4,000-ms-long oscillations
windows (Hanning window, 2,000-ms overlap). ' " '
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resultant thalamocortical spike trains were used. T (ms)

. . . Figure S5. 2-D map depicting the region of the parameter space (R, 7'“~") where
The power spectrogram m Flg 6A and Flg - tremor activity in the Vim is observed along with the tremor frequency (colormap).

6H in the main text were Computed via wavelet The tremor frequency was defined as the frequency of maximum power spectrum
density of the Vim, and the blue mark indicates parameters used to simulate normal,

decomp0s1t10n (Morlet wavelet) on the SUPEIPO-  tremor-free conditions. The synaptic strength of the NO—ION synapses in this fig-

sition of the spike trains of 5 TC neurons in the ure was reduced to 50% of the original value used in Fig. 3A in the main text. The

. dashed line indicates the boundary of the tremor map reported in Fig. 3A in the

Vim. main text for the original model (Standard Model). Note that the average tremor
frequency increased by ~0.3 Hz across the entire map over the value in Fig. 3A.

Tremor Frequency (Hz)

S1 Note 3: Connectivity of the Scale-Up Version of the CCTC Model

The 85-single compartment CCTC model was scaled up by a factor 5, i.e., the number of single com-
partment neurons in each neural population represented in the model was increased five times, thus re-
sulting in a 425-single compartment CCTC model, which included 40 ION neurons, 200 PCs, 5 DCN and
5 NO neurons, 5 TC neurons in the Vim, 100 PYNs, 10 FSIs, and 20 GrL clusters altogether. Three in-
stances of this scaled-up CCTC model were simulated with different random seeds. For each instance, the
following rules were used to randomize the connectivity between the thalamocortical and olivocerebellar
systems:

1) The ION neurons were divided in 5 groups (i.e., 8 neurons per group), each group forming a closed
ring as depicted in Fig. S3, panel A. Four out of 8 ION neurons in each group formed gap junctions
with ION neurons from neighboring instances, 2 on each side. For instance, [ON neurons 1 and 3 in
one group formed gap junctions with ION neurons 2 and 4, respectively, from a neighboring group,
and vice versa. The gap junction conductance gqqp Was increased by 50% to compensate for the more
extensive inter-group connections. ION neurons in one group shared the same presynaptic Poisson
process source input, see PP—ION synapses in Table S2;

2) Each group of ION neurons cumulatively targeted M PCs, where 30 < M < 50 and M was drawn from
a Gaussian distribution function with mean x=40 and S.D. o=4. Within an ION group, each ION
neuron projected simultaneously onto K randomly chosen PCs out of the M PCs, where the value K
was drawn from a Gaussian distribution with mean #=5 and S.D. o0=2. This guaranteed that every
ION neuron projected onto a different number K of PCs, with 1 <K < 10;

3) Every DCN in the model received GABAergic projections from W out of 200 PCs, where the value
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Figure. S6. A) Average firing rate for the pyramidal neurons (PYNs) in response to Vim DBS at different frequencies (black circles) and the least-square
fourth order polynomial fit (red curve, coefficient of determination for the fitting R?=0.96). Inset: Coefficient of variation (CoV) of the PYN firing rates in
response to the Vim DBS (black dots) and least-square fourth order polynomial fit (red curve, R°=0.95). B-C) Linear regressor (red line) estimated for the
average DCN inter-burst intervals (R’=0.61) (B) and the average ION firing rate (R°=0.43) (C) as a function of the average PYN firing rate under Vim DBS
from A) (black circles). Each data point in A-C) was obtained from a 5,000-ms simulation of the CCTC model under the ET condition with parameters R=0.7
and t7“PN=12 ms. First 1,000 ms were discarded to let model instances reach steady-state conditions.

4)

5)

6)

7)

8)

W was drawn from a Gaussian distribution with mean #=40 and S.D. 6=4 for every DCN. This guar-
anteed that every DCN received from a different number W of PCs, with 30 < W <50 PCs. Each NO
neuron, instead, received GABAergic inputs from 40 PCs. The Purkinje cells projecting onto a DCN
or NO neuron were selected randomly.

Every DCN projected di-synaptically onto W1 out of 40 ION neurons chosen randomly, where W1
was drawn from a Gaussian distribution with mean #=40 and S.D. 6=4 and varied for every DCN. In
this way, we maximized the inter-loop connections by allowing that ION neurons from different
groups may receive from the same DCN;

Every DCN cell projected onto a TC neuron in the Vim (ratio 1:1); every TC neuron projected onto
6 PYNs and received glutamatergic inputs from 4 PYNs with no overlapping;

Every PYN formed glutamatergic projections with 5 neighboring PYNs. The synaptic strength g, of
the PYN—PYN connections was reduced to 20% of the original value reported in 7able S2 to accom-
modate for the increased number of projections. Each FSI received glutamatergic inputs from all 100
PYNs, and GABAergic inputs from the remaining 9 FSIs. Similarly, the synaptic strengths g, of the
PYN—FSI and FSI-FSI connections were reduced to 20% and 11.1% of the original values reported
in Table S2, respectively. Finally, the FSIs formed GABAergic projections onto all 100 PYNs, and
the synaptic strength g, of the FSI-PYN connections was reduced to 10% of the original value in
Table S2;

Every DCN received glutamatergic inputs from 20 randomly chosen PYNs. Similarly, every GrL
complex received inputs from 4 randomly chosen PYNs without overlapping and projected onto 10
PCs. The PYNs projecting onto the GrL or DCN neurons did not necessarily receive input from the
TC neurons in the Vim;

To reflect the heterogeneous properties across the 200 PC—DCN synapses, we modeled the normal,
tremor-free condition by setting the parameters 7"“7PN ~ Ny, %), u=2.4 ms, 6=0.4 ms, and R ~
My, %), p=1, 6=0.2, and we modeled the ET condition by setting 7"“~P?N ~ N{u, ¢%), u=12 ms,
=2 ms, and R~ My, ¢?), u=0.7, 6=0.14.
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Neuron Parameter Value Source
type
Length (um) 20 Ref. (33)
Diameter (um) 20 Ref. (33)
Ex (mV) -70 Modified from ref. (3)
Eng, (mV) 55 Ref. (3)
gxar (MmS-cm?) 9 Ref. (3)
ION | gve (mS-cm?) 37 Ref. (3)
gn (mS-cm?) 8e-2 Ref. (3)
gca (mS-cm?) 0.27 Ref. (5)
g1 (mS-cm?) 0.13 Ref. (5)
Toc (nA) Toc ~U(-1.5,-1.15)x1e-3 Set to match the subthreshold oscillatory activity with ref. (7)
om (NA) le-5
Length (um) 65 Set to fit the f~/ curve reported in ref. (8)
Diameter (um) 20.25 Ref. (8)
Ex (mV) -70 Modified from ref. (6)
DCN | Eyxa (mV) 61 Modified from ref. (6)
gnar (mS-cm?) 1.91e-2 Modified from ref. (6)
Ioc (nA) -5.3e-2 Set to adjust the baseline firing rate to values in refs. (13, 14)
om (NA) Se-2
Length (um) 200 Set to fit the f~/ curve reported in ref. (8)
Diameter (um) 14.88 Ref. (8)
NO gxar (MS-cm?) 2.86e-2 Modified from ref. (6)
Ioc (nA) -3e-2 Set to adjust the baseline firing rate to values in ref. (8)
om (NA) 2e-2
Qo 2.2 Modified from ref. (9)
PC Ioc (nA) loc ~-3e-4 +1(0.8,3.7¢-3) Set to adjust the baseline firing rate to values in ref. (9)
Om (I’IA) le-6
Length (pum) 96 Ref. (12)
TC Diameter (um) 96 Ref. (12)
om (nA) 0.1
PYN | Ioc (nA) 0.17 Modified from ref. (24)
om (NA) 0.1
FSI Ioc (nA) 0.15 Modified from ref. (24)
om (nA) 0.1

Table S1. Parameters used in the proposed model. Legend: I'(0.8,3.7e-3) is the gamma function with shape parameter /=0.8
and scale parameter 6=3.7e-3. ‘U(-1.5,-1.15) is the uniform distribution on the interval between the values -1.5 and -1.15.



Synapse Parameter Value Source
fION=PCAMPA (1mg) 0.6 Ref. (28)
JON—PC Egn (mV) 0 Value used in every excitatory synapse
(AMPA) At (ms) 4 Ref. (34) .
Zoyn (US) 4e-3 Set to reproduce the PC response in refs. (29, 35)
Ow 5e-9 Set to induce +0.1 pA synaptic current fluctuation
7 fON=PC (NMDA) (1) 2.63 Ref. (28)
fON=PC (NMDA) (1) 28 Ref. (28)
ION—PC Egyp (mV) 0
(NMDA) At (ms) 4 Ref. (34)
Zoyn (US) 2.5e-3 Set to reproduce the PC response in refs. (29, 35)
Ow 5e-9 Set to induce +0.1 pA synaptic current fluctuation
7 [ON=PCLTD) (1) 5.0 Refs. (30, 31)
ION—PC T fONPCATD) () ~Mu, 62, u=80, 6=10 Refs. (30, 31)
(di-synaptic Egn (mV) -65 Refs. (30, 31)
interneuron- At (ms) 14 Ref. (34)
mediated) o (US) le-2 Refs. (30, 31)
Ow 5e-9 Set to induce +0.1 pA synaptic current fluctuation
T/ON=DCEN (1) 0.8 Refs. (13, 21)
Eyp (mV) 0
ION—DCN At (ms) 2.5 Ref. (13)
Zsn (US) 5e-3 Refs. (13, 20, 21)
Ow le-10 Set to induce £2e-3 pA synaptic current fluctuation
o 0.2 Set to reproduce the DCN response in refs. (20, 36)
p 1 Set to reproduce the DCN response in refs. (20, 36)
Vor (mV) -52 Set to accommodate DCN response to PC CS
PCoDCN PPN (ms) 2.4 Refs. (8, 37)
Egp (mV) -80 Ref. (6)
At (ms) 4.2 Ref. (38)
Zon (US) le-3 Set to reproduce the DCN response in refs. (20, 36)
Ow le-7 Set to induce +5.5e-5 pA current fluctuation
a 0.2 Same as PC-DCN
s 1 Same as PC->DCN
Vo (mV) -52 Same as PC->DCN
PCoNO "C=N0 (ms) 35 Refs. (8, 38)
Egn (mV) -80 Estimated from (8)
At (ms) 4.2 Ref. (38)
Zon (US) 2.8e-5 Set to adjust the in vivo firing rate in ref. (17)
Ow le-7 Set to induce +2¢e-3 pA synaptic current fluctuation
7 PEN=Vim (mg) 1.3 Ref. (39)
TPEN=Vim (mg) 20 Ref. (39)
Egn (mV) 0
DEN=TC At (ms) 2 Ref. (39)
Zoyn (US) 1.5e-3 Set to reproduce the bursting behavior in ref. (40)
Ow le-5 Set to induce synaptic current fluctuation of £0.2 nA
7 PEN=ION (s) 2 Refs. (17, 41)
DCN—ION £,DEN=I0N (mg) 10 Refs. (17, 41)
(dentato-
rubro- Esyn (mV) 0
At (ms) 15 Refs. (17, 41)




olivary Zoyn (US) 8e-6 Refs. (17, 41)
pathway) Ow le-12 Set to induce £2e-5 pA synaptic current fluctuation
7 NO=ION (ms) 40 Refs. (17,27, 42)
,VO=ION (ms) 180 Refs. (17,27, 42)
Egn (mV) -65 Ref. (27)
N I X
O—ION At (ms) 45 Refs. (17, 27)
Zoyn (US) 3e-5 Refs. (17,27)
Ow le-12 Set to induce £2e-5 pA synaptic current fluctuation
7PN (ms) 2 Refs. (17, 41)
PP—ION
12 (ms) 10 Refs. (17, 41)
PP—ION
- Egn (mV) 0
s (US) 1.5¢-5 Set to adjust the in vivo firing rate as in ref. (1)
Evyn (mV) 0 Ref. (24)
PYN—PYN Gon (uS) 2 '76'2531’ V;gvz(”’ - Modified from ref. (24)
Ow le-5 Set to induce +5.0 pA synaptic current fluctuation
Egn (mV) -80 Ref. (24)
FSI—FSI Zoyn (US) 1.5¢-3 Modified from ref. (24)
Ow le-5 Set to induce +0.3 pA synaptic current fluctuation
Esyn (mV) -80 Ref. (24)
FSISPYN 8o (uS) 2262w, w~Nu, 0%), Modified from ref. (24)
u=1,0=0.16
Ow le-5 Set to induce +4.0 pA synaptic current fluctuation
Egyn (mV) 0 Ref. (24)
PYN—FSI Zoyn (US) 2.5e-3 Modified from ref. (24)
Ow le-5 Set to induce £0.5 pA synaptic current fluctuation
PP=PN (ms) 3 Modified from ref. (24)
PPPYN Espn (mgl) 2 rese 0 B Ref. (24)
8o (uS) 2e-3xw, w =N, ), Set to adjust the in vivo firing rate as in ref. (43)
u=1,0=0.5
Vim=PIN (1ms) 5.26 Ref. (24)
Esyn (mV) 0 Ref. (24)
TC—PYN At (ms) | sex ! A o)
Se-2xw, w~MNy, 6°),
Zon (US) 4=1, 6025 Refs. (24, 43)
Ow le-6 Set to induce +0.2 nA synaptic current fluctuation
PIN=Vim (1mg) 5.26 Ref. (24)
Egn (mV) 0 Ref. (24)
PYN—TC At (ms) ous !
e-4xw, we .
Zon (US) [0.64.1.36,0.60.1.53] Modified from ref. (24)
Ow le-6 Set to induce £0.2 nA synaptic current fluctuation
t/m=FSI (mg) 5.26 Ref. (24)
Esyn (mV) 0 Ref. (24)
TC—FSI At (ms) 2
Zon (US) 9e-4 Modified from ref. (24)
Ow le-6 Set to induce £0.2 nA synaptic current fluctuation
PYN—-GrC Esyn (mv) 0 Ref. (10)
(AMPA) At (ms) 4 Ref. (10, 15)



Zon (0S) 3.48 Modified from ref. (10)
Egn (mV) 0 Ref. (10)
PE\INMB%C At (ms) 4 Ref. (10, 15)
Zon (nS) 0.348 Modified from ref. (10)
Egyn (mV) 0 Ref. (10)
PYN—GoC At (ms) 4 Ref. (10, 15)
Zon (0S) 50 Modified from ref. (10)
Egn (mV) 0 Ref. (10)
GrC—GoC At (ms) 1 Ref. (10)
Zon (nS) 300 Modified from ref. (10)
Egyn (mV) 0 Ref. (10)
GrC—STC At (ms) 1 Ref. (10)
Zon (0S) 30 Modified from ref. (10)
Egn (mV) -65 Ref. (10)
GoC—GrC At (ms) 0.5 Ref. (10)
Zon (nS) 6 Modified from ref. (10)
Egn (mV) -65 Ref. (10)
STC—GoC At (ms) 1 Ref. (10)
Zon (nS) 12.5 Modified from ref. (10)
7,97CPC (ms) 1.2 Ref. (10, 44)
0.9C=PC (ms) 14 Ref. (10, 44)
Egyn (mV) 0
GrC—PC At (ms) At ~U(0, 10) Estimated from (45)
Zoyn (US) 3'276_22‘1}’ ::N(f\sf(ﬂ 7). Set to match the in vivo firing rate as in ref. (2)
Ow 5e-9 Set to induce +0.1 pA synaptic current fluctuation
gPIN=DCN (AMPA) () 1 Ref. (16)
Esyn (mV) 0
PYN—DCN At (ms) 1.7 Ref. (16)
(AMPA) Relative amplitude vs NMDA.: ref. (16); set to match
8o (US) 2.le-4 in vivo firing rate in ref. (2)
Ow le-10 Set to induce +5.5e-5 pA current fluctuation
T]PYN—»DCN (NMDA) (ms) 1 Ref. (16)
TzPYN—»DCN (NMDA) (ms) 6 Ref. (16)
PYN—DCN Esn (mV) 0
(NMDA) At (ms) 1.7 Ref. (46)
Zon (US) 1.26e-4 Set to match in vivo firing rate in ref. (2)
Ow le-10 Set to induce +5.5¢-5 pA current fluctuation

Table S2. Synaptic mechanisms used in the model. Legend: CS = complex spike; GrC = granule cell; GoC = Golgi cell; STC
= stellate cell. PP = presynaptic Poisson process source input to ION or PYN neurons. w ~N{y, ¢°), is the Gaussian distribution
with mean u and standard deviation o.



