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SUMMARY 17 

Essential tremor (ET) is among the most prevalent movement disorders but its origins are elusive. 18 

The inferior olivary nucleus (ION) has been hypothesized as the prime generator of tremor because 19 

of the pacemaker properties of ION neurons, but structural and functional changes in ION are 20 

unlikely under ET. Abnormalities have instead been reported in the cerebello-thalamo-cortical 21 

network, including dysfunctions of the GABAergic projections from the cerebellar cortex to the 22 

dentate nucleus. It remains unclear, though, how tremor would relate to a dysfunction of cerebellar 23 

connectivity. To address this question, we built a computational model of the cortico-cerebello-24 

thalamo-cortical loop. We simulated the effects of a progressive loss of GABAA α1-receptor sub-25 

units and upregulation of α2/3-receptor subunits in the dentate nucleus and, correspondingly, we 26 

studied the evolution of the firing patterns along the loop. The model closely reproduced experi-27 

mental evidence for each structure in the loop. It showed that an alteration of amplitudes and decay 28 

times of the GABAergic currents to the dentate nucleus can facilitate sustained oscillatory activity 29 

at tremor frequency throughout the network as well as a robust bursting activity in the thalamus, 30 

which is consistent with observations of thalamic tremor cells in ET patients. Tremor-related os-31 

cillations initiated in small neural populations and spread to a larger network as the synaptic dys-32 

function increased, while thalamic high-frequency stimulation suppressed tremor-related activity 33 

in thalamus but increased the oscillation frequency in the olivocerebellar loop. These results sug-34 

gest a mechanism for tremor generation under cerebellar dysfunction, which may explain the 35 

origin of ET. 36 
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SIGNIFICANCE 40 

We investigated the mechanisms of tremor generation in essential tremor (ET). Using computa-41 

tional modeling we show that tremor-related activity can originate from the olivocerebellar loop 42 

in response to a dysfunction and compensatory upregulation of GABA receptors in the dentate 43 

nucleus of cerebellum. The emerging tremor-related activity then projects to thalamus and reaches 44 

the cortico-thalamic motor loop. Consistent with clinical observations, the study shows that the 45 

tremor frequency decreases as the upregulation becomes stronger and increases as high-frequency 46 

stimulation is delivered to the thalamus. Our results provide an explanation of how local synaptic 47 

abnormalities would lead to widespread tremor-related neural activity in ET and suggests that 48 

compensatory processes in degenerative diseases may underlie brain dysfunction.  49 



\body 50 

1. INTRODUCTION 51 

Essential tremor (ET) is a progressive neurological disease and among the most prevalent 52 

movement disorders (1). ET is characterized by a 4-12-Hz kinetic tremor that occurs in the upper 53 

limbs and may eventually spread to the neck and jaws, or accompany gait symptoms (2, 3). Clini-54 

cally, only ~50% of the ET patients receive benefits from medications, while for the rest of the 55 

population deep brain stimulation (DBS) of the ventral intermediate thalamus (Vim) is the main 56 

alternative therapy (4). Despite large interest, the origins of ET remain unclear. It has been hy-57 

pothesized that tremor has a central origin in the brainstem (5), where pacemaker neurons with 58 

prominent subthreshold oscillations in the range of ET frequencies have been identified in the 59 

inferior olivary nucleus (ION) (6, 7). Further evidence in support of this hypothesis has been pro-60 

vided by animal studies involving the injection of the neurotoxin harmaline (8, 9), which primarily 61 

targets ION neurons and causes generalized kinetic tremor. However, no consistent structural or 62 

functional change has been observed in the ION of ET patients compared with healthy controls 63 

(10-12). Evidence suggests, instead, that ET is associated with microstructural changes and neu-64 

ronal dysfunctions in the cerebellum (13-15) including a loss of dendritic spines in Purkinje cells 65 

in the cerebellar cortex, a decrease in GABAA and GABAB receptors in the dentate nucleus, and a 66 

deficit of bound GABA transmitters (16-19). These changes have been correlated with the tremor 67 

severity (13) and may lead to significant alterations in the motor network (20, 21). It remains 68 

unclear, though, how these changes may relate to tremor. 69 

Studies involving genetically modified mice (22, 23) have shown that the deletion of GABAA 70 

receptor α1 subunits results in the loss of 50% of all GABAA receptors in the cerebellar structures 71 

and that such deletion is associated with kinetic tremor and motor incoordination, which are both 72 



characteristics of ET. Furthermore, it has been reported that the loss of α1 subunits is partially 73 

compensated by an overexpression of α2 and α3 subunits (23, 24), which colocalize with the α1 74 

subunits in the cerebellar nuclei and the molecular layer of the cerebellar cortex in rodents as well 75 

as humans (25, 26), and are responsible for longer opening of ion channels and slowly-decaying 76 

synaptic currents (27-29). Finally, an increase of tonic GABAA receptor-mediated currents has 77 

been reported in case of loss of α1 subunits (30). Altogether, these studies indicate that a substantial 78 

modulation of the temporal dynamics of the GABAergic currents may occur in the cerebellum 79 

under ET condition. 80 

Here, we constructed a computational model of the cortico-cerebello-thalamo-cortical (CCTC) 81 

loop and investigated whether changes to the dynamics of the GABAergic currents to the dentate 82 

nucleus may elicit tremor-related neuronal activity along the CCTC loop. The model includes sin-83 

gle-compartment neurons from the brainstem (ION), the cerebellum (dentate nucleus and cerebel-84 

lar cortex), the Vim, and the motor cortex (MC) according to a network topology derived from the 85 

primates’ anatomy. The model reproduces the average firing rates and discharge patterns of single 86 

units in non-human primates and mice under normal conditions as well as tremor conditions for 87 

all modeled structures, where the recordings under tremor conditions were derived from animal 88 

studies involving the neurotoxin harmaline.  89 

We show through numerical simulations that a progressive combination of reduced synaptic 90 

conductance and prolonged decay of the GABAergic currents in the synapses between Purkinje 91 

cells and deep cerebellar neurons may facilitate sustained oscillatory activity at the frequency of 92 

tremor in the olivocerebellar loop, i.e., ION, cerebellar cortex, and dentate nucleus. The oscilla-93 

tions propagate to the thalamocortical system (Vim-MC) and induce a sustained bursting activity 94 

in the Vim with characteristics that are consistent with the activity of tremor cells in ET patients 95 



(31, 32). Consistent with clinical observations (33, 34), the frequency of the oscillatory activity 96 

slowly decreases by approximately 1 Hz as the manipulation of GABAergic currents progresses 97 

and is instead increased by about 0.4 Hz when electrical stimulation at the frequency of therapeutic 98 

DBS (185 Hz) is applied to Vim. DBS also reduces the range of GABAergic settings that can 99 

sustain tremor-related oscillations, thus suggesting that, even though primarily targeting the 100 

thalamocortical system, thalamic DBS may exert secondary effects on the olivocerebellar loop in 101 

ET patients. Finally, we show that neural oscillations leading to tremor-related bursting activity in 102 

the Vim can originate from a localized perturbation applied to a small portion of olivary neurons 103 

and spread through the entire cortico-olivo-cerebellar network, which further indicates the robust-104 

ness of tremor-related neural dynamics and supports a possible network origin for ET. 105 

 106 

2. RESULTS 107 

The CCTC network model (Fig. 1A) includes: (i) the olivocerebellar loop, including 8 ION 108 

neurons in the brainstem (SI Appendix, Fig. S1A-D), 40 Purkinje cells (PC) and 4 granular layer 109 

clusters (GrL) in the cerebellar cortex (each GrL cluster includes 1 granule cell, 1 Golgi cell, and 110 

1 stellate cell), and 1 glutamatergic deep cerebellar projection neuron (DCN) and 1 nucleo-olivary 111 

neuron (NO) in the dentate nucleus (SI Appendix, Fig. S1E-H); (ii) the thalamocortical system, 112 

including the Vim (1 thalamocortical neuron [TC]) and the MC (20 pyramidal neurons [PYN] and 113 

2 fast-spiking interneurons [FSI]), see SI Appendix, Table S1. The connections between different 114 

neuron types are modeled using conductance-based synapses (SI Appendix, Table S2) and were 115 

constrained to reproduce the neuronal activity observed in vivo in PCs and DCN from healthy non-116 

human primates during voluntary arm movements, see SI Appendix, Fig. S2 (35). The connection 117 

graphs are reported in SI Appendix, Fig. S3 and were determined to be consistent with the neuronal 118 



anatomy in humans and animal models, as these structures are largely conserved across species 119 

(36). The relay function of the red nucleus (RN) along the dentato-rubro-olivary pathway (37-39) 120 

and of the pontine nuclei (PN) along the cortico-ponto-cerebellar pathway (40, 41), as well as the 121 

interneuron network (IN) in the cerebellar cortex (gray circles in Fig. 1A) are not explicitly mod-122 

eled and are subsumed in the latency between pre- and postsynaptic structures, see SI Appendix, 123 

SI Note 1. 124 

2.1. Model validation under normal and harmaline conditions.  125 

In addition to reproducing the neuronal activity observed in vivo in Purkinje cells and deep 126 

cerebellar neurons from healthy non-human primates (SI Appendix, Fig. S2), the injected current 127 

parameters and synaptic gains in the CCTC loop were constrained such that the average firing rate 128 

of NO, TC, and PYN cells match the range of experimental values reported in (31, 37, 42) from in 129 

vivo recordings in healthy animals (NO: 5.5±2.0 Hz; TC: 26.6±4.2 Hz; PYN: 23.1±5.0 Hz, mean 130 

± S.D.; values estimated over 60,000-ms-long simulation). 131 

Fig. 1B-E shows the effects of the activation of ION neurons on the major projecting neurons 132 

in the cerebellum, i.e., PC and DCN, via climbing fibers. In response to ION activation, the PC 133 

exhibits a complex of spikes with amplitude and frequency modulation (inset in Fig. 1B), where 134 

the shape and duration of spikes matched experimental recordings from rodents (43), Fig. 1B-C. 135 

The PC then presents a long pause after the complex spike, which is consistent with data reported 136 

in ref. (44). The PC complex spiking contributes to the hyperpolarization of the DCN in the dentate 137 

nucleus and the consequent formation of rebound bursts, which are consistent with data in refs. 138 

(45, 46), Fig. 1D-E. 139 

When simulated under normal condition, the TC neuron in the Vim spikes irregularly (Fig. 2G) 140 

as reported in ref. (31) while the ION neurons exhibit subthreshold oscillations at 5.6 Hz, which 141 



are well-aligned with in vivo recordings from rodents (47, 48). The rare occurrence of spikes in 142 

the ION neurons (Fig. 2A) reflects the fact that ION neurons mainly respond to sensory stimuli, 143 

while their probability of spiking becomes minimal during movements (49, 50).  144 

To verify that the CCTC model is able to reproduce the experimental tremor conditions induced 145 

by harmaline, we simulated the localized effects of the neurotoxin harmaline on the ION neurons 146 

by potentiating the calcium channels as in ref. (6), see MATERIALS AND METHODS. The direct 147 

effect of this change is a spontaneous synchronous firing of the ION neurons at 7.1 Hz (“tremor 148 

frequency”), consistent with the frequency of harmaline tremor in the primate model (51). We 149 

tracked the effects of the ION synchronous firing on the network and we confirmed a periodic 150 

bursting pattern in the Vim (burst duration: 102.1±15.0 ms, mean burst frequency: 7.1 Hz across 151 

three instances of the CCTC model), Fig. 2H. Accordingly, the power spectral density of the Vim 152 

showed a strong peak at the tremor frequency and followed the spectrum of tremor cells recorded 153 

in ET patients in vivo (31), Fig. 2I-J.  154 

The mechanism of propagation of the oscillations from the ION to the Vim depends on a sig-155 

nificant shift in the discharge pattern of the PCs and the DCN associated with these oscillations: 156 

the PCs shift from tonic firing with occasional complex spikes and pauses (Fig. 2C) to periodic 157 

complex spikes (Fig. 2D) driven by the sustained ION activation (Fig. 2B) through the climbing 158 

fibers, while the DCN transitions from irregular firing to sequences of rebound bursts at the tremor 159 

frequency (burst duration: 109.4±9.7 ms; inter-burst intervals: 30.3±4.6 ms; mean ± S.D.), see Fig. 160 

2E-F. Overall, these results indicate that the olivocerebellar (ION→PC→DCN) pathway can fa-161 

cilitate the propagation of oscillations within the tremor frequency band (4-12 Hz) towards the 162 

thalamocortical system. 163 

2.2. GABAergic dysfunction in the DCN facilitates olivocerebellar oscillations.  164 



To explore the relationship between cerebellar GABAergic dysfunctions and the possible ori-165 

gins of ET, we simulated the concurrent loss of GABAA α1-receptor subunits and upregulation of 166 

α2/α3-receptor subunits in the cerebellum by progressively lowering the maximum synaptic con-167 

ductance gPC→DCN and increasing the decay time τPC→DCN of the synaptic currents from PCs to 168 

DCN (range: 2-24 ms; nominal value under normal conditions: 2.4 ms, see SI Appendix, SI Note 169 

1 and Table S2). The effect of these changes was a progressive modulation of the shape and dura-170 

tion of the synaptic currents, which span the range reported in vitro (28, 30, 52) that goes from the 171 

normal composition of α1-receptor subunits to the complete dominance of α2/α3-receptor subunits. 172 

The GABAergic currents to NO, instead, were not altered because they are significantly smaller 173 

than the currents to DCN (53) and mainly mediated by α3-receptor subunits (54), which make these 174 

currents more than 10-fold slower than the currents to DCN (see τPC→NO in SI Appendix, Table S2) 175 

and less likely to be affected by ET.  176 

Fig. 3A reports the range of values tested for τPC→DCN and the ratio R between the synaptic 177 

gains gPC→DCN  and g*
PC→DCN, where g*

PC→DCN is the nominal conductance value under normal 178 

conditions. An initial perturbation consisting of a single 20-ms-long depolarizing current pulse (10 179 

pA) was delivered at time t=1,000 ms to the ION neurons to mimic a transient exogenous stimulus 180 

from afferent projections (SI Appendix, Fig. S4). The spiking activity of the ION neurons and the 181 

Vim PSD were monitored in the following 3,000 ms. The region with tremor was defined as the 182 

parameter combinations (R, τPC→DCN) for which any ION neuron sustained spiking for >2,000 ms 183 

after an initial perturbation. Correspondingly, the power spectrum of the Vim was inspected and 184 

the peak frequency (i.e., the frequency of peak PSD value) was used as a proxy of the tremor 185 

activity if within the band 4-12 Hz. 186 

As reported in Fig. 3A, the range of ratios R that can sustain tremor activity increases with 187 



longer τPC→DCN. Moreover, as the pair (R, τPC→DCN) moves towards the lower right quadrant of 188 

Fig. 3A (i.e., further degeneration of the GABAergic currents), the frequency of tremor decreases 189 

by approximately 1 Hz, thus showing a progressive adjustment that matches longitudinal observa-190 

tions reported in ET patients (33, 34). We also assessed the role of the NO in forming tremor-191 

related network oscillations. Specifically, we repeated the simulations in Fig. 3A with the synaptic 192 

strength of the NO→ION projection decreased by 50%. The results are reported in SI Appendix, 193 

Fig. S5 and indicate that the tremor region is enlarged when the NO neuron exerts less inhibitory 194 

input into the ION neurons, which suggests that the NO neurons may regulate the susceptibility of 195 

the network to enter into tremor-related oscillations. 196 

As in the harmaline condition, the cerebellar GABAergic dysfunctions (denoted here as “ET 197 

condition”) were associated with a tonic synchronous spiking of the ION neurons, which led to the 198 

Vim activity in the tremor band 4-12 Hz. Differently from the harmaline condition, though, a sig-199 

nificant change of the bursting pattern was observed in the discharge pattern of the DCN. Fig. 3B-200 

E report the burst analyses for the DCN under harmaline and one ET condition (yellow circle in 201 

Fig. 3A). Although in both cases the ION neurons spiked synchronously and DCN exhibited sim-202 

ilar bursting frequencies (Fig. 3B), the DCN fired shorter bursts with higher intra-burst rates and 203 

longer inter-burst intervals (Fig. 3C-E) under ET condition, which reflect a prolonged periodic 204 

presynaptic inhibition (see SI Appendix, Fig. S4 for the behavior of other structures). Note that the 205 

ET condition was obtained with no manipulation of the properties of the ION neurons. This indi-206 

cates that a manipulation of the bidirectional interaction between the ION and the cerebellar struc-207 

tures, which is secondary to the cerebellar GABAergic dysfunctions, can enable and facilitate 208 

widespread network oscillations that would ultimately lead to the tremulous activity in the Vim. 209 

2.3. Phase-dependent excitation of ION neurons underlies persistent network oscillations 210 



To determine the mechanism of tremor generation in ET, we focused on the di-synaptic excit-211 

atory pathway from DCN to ION neurons, i.e., the dentato-rubro-olivary projection. Since it has 212 

been indicated that ION neurons spike in response to exogenous depolarizing stimuli at a preferred 213 

phase of the subthreshold membrane voltage oscillation (48), we isolated the ION model and con-214 

trolled the timing of the input to the ION neurons by delivering a suprathreshold depolarizing 215 

current pulse to all ION neurons at a specific onset time T after the last ION spike. We varied both 216 

the amplitude of the pulse (ISTEP, range: 0-1.0 pA, which is comparable to the range of synaptic 217 

input from DCN) and T (up to 175 ms, which is approximately the subthreshold oscillation period 218 

of ION). The pulse was kept ON till any of the 8 ION neurons fired an action potential (Fig. 4A, 219 

red curve), in which case the stimulus was then turned OFF and reapplied with the same onset T 220 

after the new ION neuron’s spike. Accordingly, the ION neurons received a train of current pulses 221 

with the same amplitude and time-varying durations, all delivered at approximately the same phase 222 

of their subthreshold oscillation. If the current pulse did not trigger another spike from any ION 223 

neuron until the end of the subthreshold oscillation cycle (Fig. 4A, black curve), then that specific 224 

parameter pair (ISTEP, T) would be labeled as unable to trigger ION spiking. Fig. 4B shows that 225 

stimuli delivered at earlier phases of the subthreshold oscillation, e.g. T<50 ms, would hardly trig-226 

ger ION spiking and would therefore prevent the olivocerebellar system to engage in tremor-re-227 

lated oscillations (Fig. 4B, gray background). Stimuli delivered at a later onset, instead, robustly 228 

sustained ION spiking and the frequency of the spikes depends on both the pulse intensity ISTEP 229 

and the specific onset T. Furthermore, as shown in Fig. 4C, the average ION firing rate increases 230 

with the pulse intensity ISTEP but the relationship between the pulse duration, which is related to 231 

the pulse onset, and the firing rate is nonlinear, with the highest ION firing rate occurring for pulse 232 

durations in the range 60-80 ms. This indicates that the ION neurons are highly selective against 233 



the timing of the input excitation and that the ION spiking is most efficiently triggered by inputs 234 

arriving at a specific timing.  235 

Finally, for each pair (R, τPC→DCN), we compared the predictions of the isolated ION model in 236 

Fig. 4B to the net synaptic input delivered from DCN to ION neurons via RN in the full CCTC 237 

model. We measured the average lag between the onset of each DCN burst and the onset of the 238 

ION action potential that precedes it (i.e., ΔION→DCN_burst in Fig. 4D). As shown in Fig. 4E, 91.8% 239 

of the pairs (904 out of 985) that resulted in tremor at the Vim, had ΔION→DCN_burst>50 ms, which 240 

is consistent with the map in Fig. 4B for sustained ION spiking. Similarly, in 85.4% of the pairs 241 

(696 out of 815) in the tremor-free region (white area in Fig. 3A), the average ΔION→DCN_burst was 242 

below 50 ms. Altogether, these results indicate that the changes in the shape of the GABAergic 243 

currents may facilitate the generation of sustained spiking in the ION neurons at tremor frequencies 244 

by modulating the duration and rate of the bursting activity of DCN, which activated the ION 245 

neurons robustly through the dentato-rubro-olivary pathway (RN pathway in Fig. 4D, panel a).  246 

To further elucidate the tremor generation mechanism, Fig. 4D reports the timing of action 247 

potentials in ION, PC, and DCN neurons under normal (panels b,d,f) and ET conditions (panels 248 

c,e,g). Under normal conditions, the short inter-burst interval of the DCN is inefficient in activating 249 

the ION. In presence of GABAergic dysfunctions to the PC-DCN connection, instead, the olivary 250 

activation can cause a prolonged hyperpolarization of the DCN, which is followed by a rebound 251 

burst that is in resonance with the ION subthreshold oscillatory activity. The glutamatergic post-252 

synaptic currents elicited by the DCN activity via the RN pathway (Fig. 4D panel b-c) can therefore 253 

effectively trigger recurrent ION spikes. 254 

2.4. Therapeutic Vim DBS enhances the frequency of network oscillations.  255 

High-frequency (150-185 Hz) DBS of the Vim is clinically recognized for the treatment of 256 



essential tremor (55). Although effective at reducing the amplitude of the tremor, Vim DBS is 257 

known to alter secondary pathophysiologic characteristics of ET, including tremor frequency and 258 

regularity, without restoring these characteristics to normal conditions (34, 56). Accordingly, we 259 

investigated the effects of Vim DBS at 185 Hz on the oscillatory activity in the olivocerebellar 260 

loop for every pair (R, τPC→DCN ) considered in Fig. 3A. DBS was simulated as a train of square 261 

current pulses (pulse width: 0.2 ms) whose amplitude (10 nA) was chosen to be subthreshold to 262 

elicit tonic firing activity in the Vim (average rate: 92.6±0.5 Hz, mean ± S.D.) and to suppress the 263 

tremor peak in the Vim power spectral density as in (57) for all pairs (R, τPC→DCN), see Fig. 5A. 264 

Despite suppressing the bursting activity in the Vim, the ION and DCN neurons continued to 265 

spike and burst, respectively, at the tremor frequency. The range of pairs (R, τPC→DCN) that resulted 266 

in sustained activity, though, was reduced by 18.8% when compared to the case without DBS 267 

while the spiking frequency of the ION neurons across all pairs (R, τPC→DCN) in the tremor region 268 

increased by 4.2±3.9% (mean ± S.D.), Fig. 5B. Furthermore, we analyzed the burstiness of the 269 

DCN for the pair of parameters (R, τPC→DCN) considered in Fig. 3B-E (ET case) and we found that, 270 

when 185-Hz-Vim-DBS was applied, the length of the DCN inter-burst intervals decreased by 271 

21.3±14.8% (mean ± S.D.). Finally, we quantified the effects of the Vim DBS frequency on the 272 

olivocerebellar system by measuring the burstiness of the DCN patterns and the average ION firing 273 

rate as the DBS frequency varied from 2.5 Hz to 185 Hz. We found that the average DCN inter-274 

burst interval duration decreased as the DBS frequency increased (Fig. 5C) and the regularity of the 275 

DCN bursts increased (i.e., decreased coefficient of variation of the inter-burst durations, inset to 276 

Fig. 5C), while the average ION firing rate increased (Fig. 5D). Furthermore, both changes in ION 277 

and DCN activity became more stable for DBS frequencies above 100 Hz (plateau effect, see Fig. 278 

5C-D).  279 



Since no antidromic effect of DBS onto the cerebellothalamic pathway was included in our 280 

model, we hypothesized that the changes to the dentate nucleus and ION neurons were mediated 281 

by a modulation of the cortico-ponto-cerebellar pathway. Fig. S6A in SI Appendix reports the av-282 

erage firing rate of the pyramidal neurons (PYN) as the DBS frequency increased from 0 Hz (i.e., 283 

no DBS) to 185 Hz and it shows that the PYN firing rate grew linearly as the DBS frequency 284 

increased from 0 Hz to 100 Hz and then plateaued at the DBS frequency range 100-185 Hz. The 285 

increase in the PYN firing rate was inversely correlated with the average DCN inter-burst interval 286 

duration (SI Appendix, Fig. S6B) and positively correlated with the average ION spiking rate (SI 287 

Appendix, Fig. S6C), respectively.  288 

Altogether, these results indicate that, while effective at masking the tremor activity in the 289 

thalamocortical system, Vim DBS does not eliminate tremor-related oscillatory activity in the 290 

olivocerebellar system. The DBS-mediated increment in cortical excitability, however, may coun-291 

teract the prolonged hyperpolarization of the deep cerebellar neurons and therefore modulate the 292 

oscillations in the olivocerebellar system. These modulatory effects may explain the increased 293 

tremor frequency but reduced tremor intensity in ET patients under therapeutic Vim DBS (34). 294 

2.5. Tremor oscillations could spread across multiple olivocerebellar loops.  295 

To further assess the robustness of the tremor-related oscillations emerging in the olivocerebel-296 

lar system under GABAergic dysfunction as the size and complexity of the CCTC loop increases, 297 

we expanded the original CCTC network by scaling up the number of neurons included in the 298 

model by a factor 5. The resultant scale-up CCTC model included 425 single-compartment neu-299 

rons with similar ratios between neural populations. In addition, the interconnections between neu-300 

rons in each population as well as the di-synaptic projections between DCN and ION neurons were 301 

randomized to avoid the formation of local closed-loop circuits between neurons in the cerebellum 302 



and ION. See SI Appendix, SI Note 3 for details. 303 

Under normal condition, an initial perturbation as described in section 2.2 above was applied 304 

to all ION neurons (40 out of 40) simultaneously but no ION neuron eventually engaged into tonic 305 

spiking activity, which led to no sustained oscillations throughout the network (Fig. 6A, C, E) and 306 

no tremor frequency in the Vim spectrogram (Fig. 6G). Vice versa, under ET condition, we varied 307 

the number of ION neurons that received the initial perturbation and we determined whether sus-308 

tained oscillations throughout the network were elicited. The ION neurons receiving the perturba-309 

tion were chosen among those interconnected by gap junctions. Across five instances of the scale-310 

up model, we found that an initial perturbation delivered to approximately 50% of the ION neurons 311 

(average: 20.8±5.4, mean ± S.D.; min: 16; max: 30) elicited a sustained spiking activity in the 312 

entire ION population within 500 ms (e.g., see example in Fig. 6B), along with complex spikes in 313 

the PCs and sustained bursting activity in the DCNs (Fig. 6D, F). The resultant widespread network 314 

oscillation was then associated with a sustained tremor activity in the Vim (Fig. 6H). 315 

Overall, the spread of tremor-related oscillations across multiple olivocerebellar loops indicates 316 

that, under GABAergic dysfunction, the olivocerebellar system is highly susceptible to perturba-317 

tions and can rapidly converge to global, tremor-related oscillatory dynamics. 318 

 319 

3. DISCUSSION 320 

The cellular origins of ET have been intensively investigated over the past twenty years. The 321 

presence of tremor cells in the cerebellum-recipient regions of thalamus in ET patients (31) indi-322 

cates that the cerebellothalamic pathway is pivotal to the generation of tremor. Moreover, ref. (58) 323 

reported an abnormal eyeblink conditioning in patients with ET, which suggests that the olivo-324 

cerebellar system may be functionally impaired. Furthermore, studies (16, 59, 60) have reported 325 



several microstructural alterations in the cerebellar cortex of ET patients, including a diffused loss 326 

of the Purkinje cells, reduced dendritic arborizations, and axonal swellings, which may severely 327 

alter the cerebellar activity. Studies (17-19) have also reported a significant increment of GABAA 328 

receptor binding sites in the cerebellum and, locally, a significant decrease of GABAA and GABAB 329 

receptors in the dentate nucleus in ET patients. Finally, disorders that involve cerebellar dysfunc-330 

tion like motor learning impairment, are frequently reported in ET subjects (61) along with a gen-331 

eralized hyperactivation of the cerebellar structures during movements (13, 62). Altogether, these 332 

results have contributed to the hypothesis that a cerebellar dysfunction may lead to pathologic 333 

activity along the cerebellothalamic pathway. It is unclear, though, how tremor-related activity in 334 

the Vim could result from such a variety of changes reported in the cerebellum. Our model pro-335 

vides a mechanistic explanation that reconciles several, apparently contradicting experimental ob-336 

servations. The following predictions are made. 337 

Tremor oscillations may have network origins. Studies (15, 20, 21, 63) have reported diffused 338 

alterations to the functional networks among cerebellum, thalamus, and cortices during motor tasks 339 

in ET subjects, including a significant reduction of the connectivity between cortical and cerebellar 340 

motor areas as well as between cerebellar cortex and dentate nuclei, and an increment in low-341 

frequency oscillatory activity in the motor cortices. Both the reduction in connectivity and the 342 

increment in low-frequency oscillations positively correlated with the severity of kinetic tremor, 343 

thus suggesting a link between network dysfunctions and tremor. Although it is unclear how os-344 

cillations in the cerebellum affect the activity of the cerebral cortex, it has been suggested that the 345 

structural alterations in the cerebellum may alter the cerebellar output to the cortico-thalamo-cer-346 

ebellar networks, thus contributing to the disruption of the connectivity in these functional net-347 

works (20). 348 



Our study identifies a potential network-based mechanism to sustain and amplify tremor-re-349 

lated neural oscillations. We predict that such oscillations are sustained by the interplay between 350 

inferior olivary nucleus, dentate nucleus, and cerebellar cortex. The oscillatory activity propagates 351 

along the olivocerebellar pathway into the cerebellum and re-enters the olivary nucleus through 352 

the dentato-rubro-olivary pathway. In addition, localized perturbations to a small portion of neu-353 

rons in the inferior olive nucleus can initiate neural oscillations that quickly spread to a larger 354 

network and eventually alter the thalamocortical discharge patterns. This prediction reconciles the 355 

role of the inferior olivary nucleus in maintaining neural oscillations with the lack of olivary dys-356 

functions reported in ET patients (10-12) and suggests that the olivary neurons may be recruited 357 

into tremor oscillations via the dentato-rubro-olivary pathway because of their intrinsic pacemaker 358 

capabilities, with no need for specific alterations of the ion channels or synapses.  359 

Although there is little knowledge about the dentato-rubro-olivary pathway, studies in ET pa-360 

tients have recently suggested that this pathway may be involved in tremor generation (64, 65). It 361 

is also known that drugs (e.g., alcohol) that interfere with the synaptic transmissions along this 362 

pathway can attenuate tremor symptoms and reduce the size of Purkinje cells’ complex spikes 363 

following climbing fiber activation (66, 67). Our model predicts that the reduction in complex 364 

spikes would result in shorter hyperpolarization and weaker rebound firing of the deep cerebellar 365 

neurons, and therefore cause a decreased activity of the dentato-rubro-olivary pathway, which is 366 

consistent with observations reported in ref. (66). We expect that the manipulation of this pathway 367 

in animal models, e.g., via optogenetic stimulation of the red nucleus, might help further assess 368 

the role in ET. 369 

Slow-decaying GABAergic currents in the dentate nucleus contribute to sustained neural 370 

oscillations. It has been speculated that the loss of Purkinje cells and the structural changes to the 371 



cerebellar cortex may cause a reorganization of the Purkinje cell functional network as well as the 372 

interface between climbing fibers and Purkinje cells (2). This reorganization would result in a 373 

reduced GABAergic modulation of the dentate nuclei and a facilitation of the pacemaker activity 374 

of the DCN cells, which would eventually propagate to the thalamus (2). Our study suggests that 375 

a nonspecific reduction in the GABAergic currents to the DCN can increase its average firing rate 376 

and thus the glutamatergic input to the thalamus, but it does not lead to a rhythmic activity in the 377 

tremor band either in the DCN or Vim. This is supported by the observation that deep cerebellar 378 

neurons rarely exhibit spontaneous pacemaker activity at frequencies within the tremor band (68). 379 

This is also consistent with earlier studies, e.g., (69), which reported that the degeneration of 380 

Purkinje cells alone may be insufficient to elicit sustained oscillations in the Vim, while highly 381 

synchronized afferent currents from the deep cerebellar structures are required to recruit the 382 

thalamocortical neurons.  383 

Our study suggests that the temporal dynamics of the GABAergic currents may be critical for 384 

tremor generation. Although none of the parametric changes that we applied to the GABAergic 385 

currents were sufficient to initiate tremor-related network oscillations in our model, we found that 386 

a specific range of GABAergic currents to the dentate nucleus can make these oscillations outlast 387 

the initial perturbation and self-sustain. This suggests that the role of the cerebellar dysfunctions 388 

in ET may be related to the preservation, amplification, and propagation of the tremor oscillations. 389 

Moreover, the need for an initial perturbation may be linked to the fact that tremor oscillations in 390 

the thalamus are enabled by voluntary movement, while absent at rest (31).  391 

On the other hand, the preservation of network oscillations depends on the dynamics of the 392 

GABAergic currents. Specifically, the GABAergic dysfunctions between Purkinje cells and den-393 

tate neurons may reduce the fast α1-subunit-mediated currents and increase the slowly-decaying 394 



currents mediated by the upregulated α2/3 subunits (23-26). Our model predicts that such currents 395 

can facilitate the after-hyperpolarization rebound of the deep cerebellar neurons, which robustly 396 

activates the olivary neurons at a preferred phase of their subthreshold oscillations, thus facilitating 397 

the synchronization along the olivocerebellar loop. Also, other ET-related pathologies such as the 398 

increased Purkinje cell axonal branching, recurrent collaterals, and terminal axonal sprouting, may 399 

further amplify such synchronization and therefore exacerbate tremor symptoms, even with sub-400 

stantial losses of inferior olive neurons and Purkinje cells (70, 71).  401 

Finally, our model shows that the range of tremor-related GABAergic currents to the dentate 402 

nucleus increases as the synaptic current from the nucleo-olivary neurons to the inferior olivary 403 

nucleus (NO→ION) decreases. This is mediated by an increment of the connectivity between oli-404 

vary neurons, which occurs because the modeled NO→ION pathway has an inhibitory effect on 405 

the gap junctions between olivary neurons. The net effect is consistent with the regulatory action 406 

of the NO→ION pathway on the neuronal coupling in the inferior olivary nucleus (72). However, 407 

the interaction between ION and NO neurons involves additional connections, such as the projec-408 

tions from climbing fibers to NO neurons (73), which are currently neglected in our model and 409 

may contribute a negative feedback to the ION neurons. In addition, the specific localization of 410 

the NO synapses on the ION neurons and the morphology of the dendrites of ION neurons may 411 

significantly steer the synchronization within the inferior olivary nucleus (72, 74-76). Accordingly, 412 

it is plausible that the NO-ION connectivity may affect the network oscillations. For instance, it is 413 

possible that the adaptation of the discharge pattern of NO and ION neurons may result in a wider 414 

range of oscillation frequencies across the entire network than in our model. Similarly, as the ION 415 

neurons form groups of densely coupled neurons interspersed with areas of weak coupling (75), it 416 

is possible that different circuits along the olivocerebellar pathway have oscillations at slightly 417 



different frequencies, thus resulting in a more complex spreading of the neural oscillations through 418 

the network. 419 

Neurostimulation modulates tremor networks. Currently, Vim DBS remains the most suc-420 

cessful neurostimulation therapy for ET. We investigated the effects of Vim DBS on different 421 

structures in the CCTC model. Although our representation of DBS aimed to mimic the shift in 422 

discharge pattern in Vim (57) and therefore lacks explicit representation of other mechanisms (77), 423 

the local effects of Vim DBS on the thalamocortical and pyramidal neurons were consistent with 424 

recordings in ET subjects, showing a robust attenuation of the tremor oscillations in the Vim and 425 

activation of the motor cortex (78). Our results show that, although the main effect of Vim DBS 426 

likely involves blocking tremor oscillations at thalamocortical level (77), through an increment in 427 

cortical excitability, it also has secondary effects on the neural oscillations in the olivocerebellar 428 

structures, which received a shift in frequency consistent with clinical observations (34, 56). It also 429 

provides an explanation for the higher tremor frequency in kinetic versus postural tasks, since the 430 

former presumably involve a higher motor cortical activity (79). Altogether, these predictions sug-431 

gest that the oscillations underlying ET may involve a large network including both the cerebellar 432 

and cerebral structures. 433 

 434 

4. MATERIALS AND METHODS 435 

4.1. Computational model.  436 

We developed a network of 85 single-compartment model neurons (73 biophysically based 437 

neurons and 12 leaky integrate-and-fire neurons). The equations and parameters for the model 438 

neurons of PC, GrL cluster, TC, PYN, and FSI were obtained from refs. (80-83), respectively, and 439 

modified as reported in SI Appendix, SI Note 1. The ION neuron included the soma compartment 440 



of the multicompartment model in ref. (48) with calcium channel equations from refs. (84, 85), 441 

which account for the reduction to single-compartment and fit in vitro recordings from rodents 442 

reported in ref. (85). The DCN model neuron included the soma compartment of the multicom-443 

partment model in ref. (86), with ion channel conductance values adjusted to account for the re-444 

duction to single-compartment (see SI Appendix, Table S1). The NO model neuron was derived 445 

from the DCN model and includes fast sodium channels, fast and slow delayed rectifier potassium 446 

channels, and leaky channels with parameters adjusted to match the in vitro recordings in (54) as 447 

shown in SI Appendix, Fig. S2E-H (model described in SI Appendix, SI Note 1). The ratios of PCs 448 

to DCN (40:1) and PYNs to FSIs (20:2) were as in refs. (87) and (88), respectively, and account 449 

for the convergence of PCs onto DCNs, as well as the extensive connectivity of the cortical py-450 

ramidal neurons and interneurons. Details about the network connectivity are reported in SI Ap-451 

pendix, SI Note 1 and Fig. S3. 452 

Each neuron was endowed with a constant current (IOC) to simulate the background excitation 453 

and a Gaussian noise with zero mean to simulate the subthreshold membrane voltage fluctuations 454 

(±5 mV). The intensity of current IOC varied across the ION neurons (uniform distribution) to 455 

generate subthreshold oscillations at different frequencies. Similarly, the intensity of IOC varied 456 

across the PCs (gamma distribution) to simulate a range of spontaneous firing rates. See values in 457 

SI Appendix, Table S1 and Table S2. The transition from normal conditions to harmaline-induced 458 

tremor conditions was simulated by modifying the ION model neuron as proposed in ref. (48). 459 

Briefly, the maximum conductance of the ION calcium channels was increased from 0.27 to 0.3 460 

mS∙cm2 and the maximum conductance of h-type channels was lowered from 0.08 to 0.02 mS∙cm2 461 

to mimic the experimental conditions reported in ref. (6), while the intensity of IOC was set to 2 pA 462 

for all ION neurons. Accordingly, all ION neurons presented subthreshold oscillations at the same 463 



frequency and became spontaneously active, with one action potential fired by each neuron in 464 

synchrony per oscillation cycle. 465 

4.2. Computational tools. 466 

In each analysis, three different instances of the model network were generated. Numerical 467 

simulations were programmed in NEURON, ver. 7.5 (89) and run on an eight-core Intel Xeon 468 

workstation (3.6 GHz/core, 16 GB RAM). The differential equations were integrated via CVODE 469 

method with time step 0.0125 ms. Results were analyzed in MATLAB R2017a (The MathWorks, 470 

Inc.). We implemented published algorithms to compute firing and burst rates, power spectral 471 

densities, and cross-correlation as in refs. (90, 91). Further details about the implementation are 472 

given in SI Appendix, SI Note 2. The NEURON code implementing the proposed model will be 473 

made available on ModelDB (https://senselab.med.yale.edu/modeldb/). 474 
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FIGURE LEGENDS 666 

Figure 1. A) Schematic of the CCTC model. Legend: Blue arrows: glutamatergic excitatory 667 

connections; red arrows: GABAergic inhibitory connections; PC: Purkinje cells; DCN: deep 668 

cerebellar neurons; NO: nucleo-olivary neurons; ION: inferior olive nucleus; GrL: granular layer; 669 

RN: red nucleus; PN: pontine nucleus; IN: cerebellar interneurons; Vim: ventral intermediate 670 

nucleus of the thalamus; MC: motor cortex. B-E) Response of PC and DCN neurons to a 671 

depolarizing stimulus applied in the ION in the proposed network model (B, D) and in rodents in 672 

vivo (C, E) in normal, tremor-free conditions. A single supra-threshold (10 pA) current pulse (pulse 673 

duration: 20 ms) was applied to all ION neurons in our model (black arrows in B, D) and in the 674 

inferior olivary nucleus of the rodent (black arrows in C, E) and resulted in a burst of action 675 

potentials with amplitude adaptation (i.e., complex spike) in the PC (B, C) and an after-676 

hyperpolarization rebound burst of action potentials in the DCN (D, E). Inset in B): Zoom-in of 677 

the complex spike. Images in C) and E) are reproduced under Creative Commons Attribution 678 

License from refs. (43) and (45), respectively.  679 

 680 

Figure 2. Single unit activity of neurons in the CCTC model under normal and harmaline-induced 681 

tremor conditions. A-H) Raster plot of ION neurons and PCs under normal condition (A, C) and 682 

harmaline-induced tremor condition (B, D), respectively, and correspondent membrane voltage of 683 

the DCN and TC neurons (E, G: normal condition; F, H: tremor condition, respectively). Blue bars 684 

in panel E-F report the timing of action potentials fired by the NO neuron. Data in A-H) are from 685 

one instance of the CCTC model simulated over a 4,000-ms-long period. Time scales in G) and 686 

H) also apply to panels A, C, E) and B, D, F), respectively. I-J) Comparison between the power 687 

spectral density (PSD) of the TC neuron in the CCTC model and a tremor cell in the Vim of an ET 688 



patient, respectively. PSD in I) is reported under normal tremor-free (blue curve) and harmaline-689 

induced tremor conditions (red curve). PSD curves are averaged across three instances of the 690 

CCTC model, each one simulated over a 60,000-ms-long period. PSD in J) is reported for a single 691 

tremor cell in a patient with ET. Image in J) is reported with permission from ref. (31). Copyright 692 

© 2005 American Physiology Society. 693 

  694 

Figure 3. Effects of cerebellar GABAergic dysfunctions on tremor-related neural oscillations in 695 

the CCTC model. A) 2-D map depicting the region of the parameter space (R, τPC→DCN) where 696 

tremor activity in the Vim is observed along with the tremor peak frequency. The blue mark 697 

indicates parameters used to simulate normal, tremor-free conditions. The yellow circle indicates 698 

parameters used for the ET-like tremor activity analyzed in B-E), i.e., R=0.7, τPC→DCN=12 ms). 699 

For each combination of parameters (R, τPC→DCN), the CCTC model was simulated for 4,000 ms 700 

and the first 1,000 ms were excluded from subsequent analyses. B-E) Comparison between the 701 

bursting activity of DCN under harmaline-induced tremor (HAR, black bars) and GABAergic 702 

dysfunctions of the PC-DCN synapses (ET, gray bars). The burst analysis was performed as 703 

reported in SI Appendix, SI Note 2 on data collected over 60,000-ms-long simulations. The average 704 

burst period (B), burst duration (C), inter-burst interval (D), and intra-burst discharge rate (E) are 705 

reported as mean ± S.D across three model instances. Asterisks denote significant difference 706 

(Wilcoxon rank-sum test, P-value P<0.01) between values measured under HAR and ET 707 

conditions. 708 

 709 

Figure 4. Role of the phase of ION subthreshold oscillations in the generation of tremor-related 710 

network oscillations. A) In any ION neuron, the lag between an action potential and the peak of 711 



the following subthrehsold oscillation (black asterisk) defines the duration of the oscillation cycle. 712 

The onset time T of the depolarizing input current ISTEP is varied between 0 (i.e., at the time of the 713 

action potential) and the peak of the subthreshold oscillation. The current is applied until an action 714 

potential is generated (red line) or the peak of the subthreshold oscillation (black line), whichever 715 

happens first. B) 2-D map depicting the region of the parameter space (ISTEP, T) where ION neurons 716 

sustain tonic spiking along with the resultant firing rate. Curves in black, pink, cyan, green, and 717 

yellow denote the region where at least 4, 5, 6, 7, or all ION neurons sustain spiking 718 

simultaneously, respectively. For each combination (ISTEP, T) in B), three model instances were 719 

simulated over a 4,000-ms-long period and the simulation results from the first 1,000 ms were 720 

discarded. The firing rate was measured from any ION neuron that sustained spiking until the end 721 

of simulation. C) The ION firing rate as a function of the duration of the current ISTEP for several 722 

values of the current intensity. D) Role of the dentato-rubro-olivary pathway in propagating 723 

tremor-related oscillations through the olivocerebellar loop. A schematic of the interconnections 724 

between ION, PC, and DCN cells mediated by di-synaptic connections through the red nucleus 725 

(RN) is provided (a) along with the simulated spiking activity of an ION neuron (black lines, panels 726 

b,c), PCs (d,e), and the DCN (f,g) under normal, tremor-free condition (b,d,f) and ET condition 727 

(i.e., yellow circle in Fig. 3A) (c,e,g). Green lines in (b,c) denote the postsynaptic glutammatergic 728 

currents to the ION neuron mediated by the RN. The red vertical lines denote the onset time for 729 

the ION neuron’s action potential. This action potential elicits a complex spike in the PCs, which 730 

hyperpolarizes the DCN and causes a post-hyperpolarization rebound burst (f,g). The lag 731 

ΔION→DCN_burst between the ION neuron’s action potential and the DCN rebound predicts whether 732 

the ION neuron will spike again and corresponds to the parameter T in A-B). Time scales in f) and 733 

g) also apply to b, d) and c, e), respectively. E) Histogram of the values of ΔION→DCN_burst measured 734 



under non-tremor (blue bars) and ET conditions (red bars). For each condition, data were obtained 735 

from the simulations reported in Fig. 3A above. 736 

 737 

Figure 5. Effect of Vim deep brain stimulation (DBS) under cerebellar GABAergic dysfunctions. 738 

A) Power spectral density (PSD) of Vim under ET condition (i.e., yellow circle in Fig. 3A) with 739 

185-Hz DBS of the Vim (ET + Vim DBS, black line) and without Vim DBS (ET, red line). Note 740 

the logarithmic scale on the axes. B) 2-D map depicting the region of the parameter space (R, 741 

τPC→DCN) where tonic spiking activity in the ION neurons is observed under 185-Hz-DBS of the 742 

Vim along with the average ION firing rate. The red dashed lines indicate the boundary of the 743 

tremor region when no DBS was applied. The upper-right region with no sustained ION firing is 744 

due to overly strong DCN rebound firing, which is facilitated as a result of DBS and is not 745 

compensated by the postsynaptic inhibitory currents elicited by the PC complex spikes. The PSD 746 

curves in A) and the 2-D map in B) are obtained from 4,000-ms simulations of the CCTC model 747 

(first 1,000 ms are discarded to let model instances reach steady-state conditions). C) Average 748 

inter-burst interval (IBI) for the DCN in response to Vim DBS at different frequencies (black dots) 749 

and least-square fourth order polynomial fit (red curve, coefficient of determination for the fitting 750 

R2= 0.73). Inset: Coefficient of variation (CoV) of the IBI values under Vim DBS (black dots) and 751 

least-square fourth order polynomial fit (red curve, R2=0.41). D) Average firing rate of the ION 752 

neurons under Vim DBS at different frequencies (black dots) and fourth order polynomial fit (red 753 

curve, R2=0.48). Each data point in C-D) is obtained from a 5,000-ms simulation of the CCTC 754 

model (first 1,000 ms were discarded for initialization) under ET condition. 755 

 756 

Figure 6. Scale-up model (i.e., 425- instead of 85-single compartment model) under normal, 757 



tremor-free condition (A, C, E, G) and ET condition (i.e., yellow circle in Fig. 3A) (B, D, F, H), 758 

respectively. A) A current pulse (duration: 20 ms; amplitude: 10 pA) was applied to all 40 ION 759 

neurons simultaneously (red triangle), which led to synchronous firing of ION neurons for 2-3 760 

cycles but no tonic spiking activity. B) The same current pulse as in A) was applied to 16 ION 761 

neurons simultaneously under ET condition (red triangle mark) and caused tonic spiking activities 762 

that spread to the entire ION neuron population. C-F) Spiking pattern of the PC, DCN and NO 763 

neurons in response to the exogenous pulse to the ION neurons in A) (C, E) and in B) (D, F), 764 

respectively. G-H) Power spectrogram of the Vim in response to the pulse to the ION neurons in 765 

A) (G) and in B) (H), respectively. Note that under ET condition, a prominent 7-8 Hz oscillation 766 

emerged in the spectrogram after the ION neurons were engaged into tonic spiking. Time scales 767 

in G) and H) also apply to A, C, E) and B, D, F), respectively. 768 
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SI 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 

(INaF), the fast and slow delayed rectifier potassium 

currents (IfKdr and IsKdr, 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 

(IOC, 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 IOC 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 wm(t)~N(0, σm
2) 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 

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 (I-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 IOC, 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-

rons matched the I-f curve es-

timated in vivo in mice under 

anesthesia (8), Fig. S1, panels 

E-H.  

Fig. S2, panels A and C, 

show the sample distribution 

of inter-spike intervals (ISI) 

for a Purkinje cell (PC) and 

the deep cerebellar neuron 

(DCN), respectively, in one 

instance of the CCTC model. 

Parameters of the intercon-

nections between DCN and 

PCs were constrained to 

match the sample ISI distribu-

tion of PC and DCN recorded 

in vivo in healthy non-human 

primates during voluntary 

arm movements, see Fig. S2, 

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. S3 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).  

Figure S2. A-D) Inter-spike interval (ISI) distribution of one Purkinje cell (PC) and one deep cerebellar neuron 

(DCN) in the CCTC model (A, C) and in awake nonhuman primates (B, D) during upper limb movements. 
Histograms in A) and C) are from one instance of the CCTC model simulated over a 60,000-ms-long period. 

Inset: Average firing rate (mean ± S.D.) of the PCs and DCNs, respectively, across three instances of the CCTC 

model, each instance simulated over a 60,000-ms-long period. Fig. S2B and Fig. S2D: Reprinted with permis-

sion from ref. (2); permission conveyed through Copyright Clearance Center, Inc. 



Synapses between the granule cells, Golgi cells, and stellate cells in the GrL 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:  

 ( )( )syn s syn i ynI g s V t E= −   (1) 

 ( ) ( )
( )

1 tanh 1
j off

s t
V t t Vds s

s w
dt


 

 −  − 
= + − − +  

  
  (2) 

where Vj(t – Δt) is the membrane potential 

of the pre-synaptic neuron at time (t – Δt) 

and Δt accounts for the synaptic transmis-

sion delay. The term ws(t) represents synap-

tic noise and is defined by: 

 2 )
( )

, (0,s
s

dw t
S S

dt
=  (3) 

where N is a Gaussian distribution with 

mean 0 and standard deviation σs. For the 

motor cortex, Voff =0 mV, β=4, Δt=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 

CCTC loop were simulated in NEURON 

using the NETCON mechanism, which 

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 Isyn to the target 

neuron i in response to the occurrence of a spike in the pre-synaptic neuron j. The current Isyn is either an 

exponentially decaying current of form: 

 ( )( )/( ( ))
j it t

syn syn s i synI g e w t V E →− −= + −   (4) 

or a two-state exponentially decaying current of form: 
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where Δt is the synaptic transmission delay from neuron j to neuron i, Esyn is the synaptic reverse potential, 

Vi is the postsynaptic membrane potential in neuron i, gsyn is the postsynaptic conductance, and τk
 j→i, k=1, 

2, are decay time constants, respectively. A spike was detected in the pre-synaptic neuron j if the voltage 

Vj passed the threshold thr= –40 mV (–50 mV for Golgi cells).  

 
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) 

indicate electric gap junctions, whereas blue and red arrows in B-C) indicate glutamatergic 
excitatory and GABAergic inhibitory connections, respectively. Arrow tips indicate post-

synaptic neurons. 



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 λ 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., λ ~ N(μ, σ2) with μ=20 

ms and σ=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 λ of the Poisson processes was randomly generated (one Poisson 

process per ION) and followed a uniform distribution, i.e., λ ~ 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., 

 ( )jgap gap C iI g V V= −   (6) 

where γC is a coupling coefficient, ggap is the gap junction conductance, and Vi and Vj are the membrane 

potential of the target cell i and the cell j in electrotonic contact with the target cell. The conductance ggap 

was normally distributed across the gap junctions in the model with values drawn from the distribution 

function N(μ, σ2) with parameters μ=2.25×10-5 mS/cm2 and σ=1.0×10-5 mS/cm2 to match data in ref. (27).  

The coupling coefficient γC 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 γC 

as a function of the spiking of the NO neuron, i.e.:  

 ( )( )n1 0 ta h.9C S t = −    (7) 

where S(t) is a two-state exponential function of the NO spiking time, i.e.:  
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Specific parameters for the gap junctions are reported in Table 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 τPC→DCN=12 ms.  



 

SI 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, τPC→DCN) obtained by varying R between 0 and 1 with 0.025 increments and 

τPC→DCN between 2.0 ms and 24 ms with 0.5 ms increments. A total of 1,800 grid points (R, τPC→DCN) 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 (ISTEP, 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 ± 

 
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: PYNs; 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 t=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.  



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

long segments of simulated data. In the subse-

quent analyses, a burst was defined as a group of 

at least three consecutive spikes with inter-spike 

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 

from spike trains recorded over 60,000-ms-long 

simulations. Spike trains were sampled at 800 

Hz and the PSD was computed using the 

Welch’s method as average over 4,000-ms-long 

windows (Hanning window, 2,000-ms overlap). 

Three model instances were simulated and the 

resultant thalamocortical spike trains were used.  

The power spectrogram in Fig. 6A and Fig. 

6H in the main text were computed via wavelet 

decomposition (Morlet wavelet) on the superpo-

sition of the spike trains of 5 TC neurons in the 

Vim. 

 

SI 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, ION 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 ggap 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 μ=40 and S.D. σ=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 μ=5 and S.D. σ=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 

 
Figure S5. 2-D map depicting the region of the parameter space (R, τPC→DCN) where

tremor activity in the Vim is observed along with the tremor frequency (colormap). 
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, 

tremor-free conditions. The synaptic strength of the NO→ION synapses in this fig-
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 

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. 



W was drawn from a Gaussian distribution with mean μ=40 and S.D. σ=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.  

4) Every DCN projected di-synaptically onto W1 out of 40 ION neurons chosen randomly, where W1 

was drawn from a Gaussian distribution with mean μ=40 and S.D. σ=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; 

5) 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; 

6) Every PYN formed glutamatergic projections with 5 neighboring PYNs. The synaptic strength gsyn of 

the PYN→PYN connections was reduced to 20% of the original value reported in Table 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 gsyn 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 gsyn of the FSI→PYN connections was reduced to 10% of the original value in 

Table S2; 

7) 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; 

8) To reflect the heterogeneous properties across the 200 PC→DCN synapses, we modeled the normal, 

tremor-free condition by setting the parameters τPC→DCN ~ N(μ, σ2), μ=2.4 ms, σ=0.4 ms, and R ~ 

N(μ, σ2), μ=1, σ=0.2, and we modeled the ET condition by setting τPC→DCN ~ N(μ, σ2), μ=12 ms, 

σ=2 ms, and R ~ N(μ, σ2), μ=0.7, σ=0.14. 

 
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 R2=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, R2=0.95). B-C) Linear regressor (red line) estimated for the 

average DCN inter-burst intervals (R2=0.61) (B) and the average ION firing rate (R2=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 τPC→DCN=12 ms. First 1,000 ms were discarded to let model instances reach steady-state conditions. 
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Neuron 

type 
Parameter Value Source 

ION 

Length (μm) 20 Ref. (33) 

Diameter (μm) 20 Ref. (33) 

EK (mV) -70 Modified from ref. (3) 

ENa (mV) 55 Ref. (3) 

gKdr (mS∙cm2) 9 Ref. (3) 

gNa (mS∙cm2) 37 Ref. (3) 

gh (mS∙cm2) 8e-2 Ref. (3) 

gCa (mS∙cm2) 0.27 Ref. (5) 

gl (mS∙cm2) 0.13 Ref. (5) 

IOC (nA) IOC ~U(-1.5,-1.15)×1e-3 Set to match the subthreshold oscillatory activity with ref. (7) 

σm (nA) 1e-5  

DCN 

Length (μm) 65 Set to fit the f-I curve reported in ref. (8) 

Diameter (μm) 20.25 Ref. (8) 

EK (mV) -70 Modified from ref. (6) 

ENa (mV) 61 Modified from ref. (6) 

gNaF (mS∙cm2) 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) 

σm (nA) 5e-2  

NO 

Length (μm) 200 Set to fit the f-I curve reported in ref. (8) 

Diameter (μm) 14.88 Ref. (8) 

gKdr (mS∙cm2) 2.86e-2 Modified from ref. (6) 

IOC (nA) -3e-2 Set to adjust the baseline firing rate to values in ref. (8) 

σm (nA) 2e-2  

PC 

Q10 2.2 Modified from ref. (9) 

IOC (nA) IOC ~-3e-4 + Γ(0.8,3.7e-3) Set to adjust the baseline firing rate to values in ref. (9) 

σm (nA) 1e-6  

TC 

Length (μm) 96 Ref. (12) 

Diameter (μm) 96 Ref. (12) 

σm (nA) 0.1  

PYN IOC (nA) 0.17 Modified from ref. (24) 

σm (nA) 0.1  

FSI IOC (nA) 0.15 Modified from ref. (24) 

σm (nA) 0.1  

Table S1. Parameters used in the proposed model. Legend: Γ(0.8,3.7e-3) is the gamma function with shape parameter k=0.8 

and scale parameter θ=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 

ION→PC 

(AMPA) 

τION→PC (AMPA) (ms) 0.6 Ref. (28) 

Esyn (mV) 0 Value used in every excitatory synapse 

Δt (ms) 4 Ref. (34) 

gsyn (uS) 4e-3 Set to reproduce the PC response in refs. (29, 35) 

σw 5e-9 Set to induce ±0.1 pA synaptic current fluctuation 

ION→PC 

(NMDA) 

τ1
ION→PC (NMDA) (ms) 2.63 Ref. (28) 

τ2
ION→PC (NMDA) (ms) 28 Ref. (28) 

Esyn (mV) 0  

Δt (ms) 4 Ref. (34) 

gsyn (uS) 2.5e-3 Set to reproduce the PC response in refs. (29, 35) 

σw 5e-9 Set to induce ±0.1 pA synaptic current fluctuation 

ION→PC 

(di-synaptic 

interneuron-

mediated) 

τ1
ION→PC (LTD) (ms) 5.0 Refs. (30, 31) 

τ2
ION→PC (LTD) (ms) ~N(μ, σ2), μ=80, σ=10 Refs. (30, 31) 

Esyn (mV) -65 Refs. (30, 31) 

Δt (ms) 14 Ref. (34) 

gsyn (uS) 1e-2 Refs. (30, 31) 

σw 5e-9 Set to induce ±0.1 pA synaptic current fluctuation 

ION→DCN 

τION→DCN (ms) 0.8 Refs. (13, 21) 

Esyn (mV) 0  

Δt (ms) 2.5 Ref. (13) 

gsyn (uS) 5e-3 Refs. (13, 20, 21) 

σw 1e-10 Set to induce ±2e-3 pA synaptic current fluctuation 

PC→DCN 

α 0.2 Set to reproduce the DCN response in refs. (20, 36) 

β 1 Set to reproduce the DCN response in refs. (20, 36) 

Voff (mV) -52 Set to accommodate DCN response to PC CS 

τPC→DCN (ms) 2.4 Refs. (8, 37) 

Esyn (mV) -80 Ref. (6) 

Δt (ms) 4.2 Ref. (38) 

gsyn (uS) 1e-3 Set to reproduce the DCN response in refs. (20, 36) 

σw 1e-7 Set to induce ±5.5e-5 pA current fluctuation 

PC→NO 

α 0.2 Same as PC→DCN 

β 1 Same as PC→DCN 

Voff (mV) -52 Same as PC→DCN 

τPC→NO (ms) 35 Refs. (8, 38) 

Esyn (mV) -80 Estimated from (8)  

Δt (ms) 4.2 Ref. (38) 

gsyn (uS) 2.8e-5 Set to adjust the in vivo firing rate in ref. (17) 

σw 1e-7 Set to induce ±2e-3 pA synaptic current fluctuation 

DCN→TC 

τ1
DCN→Vim (ms) 1.3 Ref. (39) 

τ2
DCN→Vim (ms) 20 Ref. (39) 

Esyn (mV) 0  

Δt (ms) 2 Ref. (39) 

gsyn (uS) 1.5e-3 Set to reproduce the bursting behavior in ref. (40) 

σw 1e-5 Set to induce synaptic current fluctuation of ±0.2 nA 

DCN→ION 

(dentato-

rubro-

τ1
DCN→ION (ms) 2 Refs. (17, 41) 

τ2
DCN→ION (ms) 10 Refs. (17, 41) 

Esyn (mV) 0  

Δt (ms) 15 Refs. (17, 41) 



olivary 

pathway) 

gsyn (uS) 8e-6 Refs. (17, 41) 

σw 1e-12 Set to induce ±2e-5 pA synaptic current fluctuation 

NO→ION 

τ1
NO→ION (ms) 40 Refs. (17, 27, 42) 

τ2
NO→ION (ms) 180 Refs. (17, 27, 42) 

Esyn (mV) -65 Ref. (27) 

Δt (ms) 45 Refs. (17, 27) 

gsyn (uS) 3e-5 Refs. (17, 27) 

σw 1e-12 Set to induce ±2e-5 pA synaptic current fluctuation 

PP→ION 

τ1
PP→ION (ms) 2 Refs. (17, 41) 

τ2
PP→ION (ms) 10 Refs. (17, 41) 

Esyn (mV) 0  

gsyn (uS) 1.5e-5 Set to adjust the in vivo firing rate as in ref. (1) 

PYN→PYN 

Esyn (mV) 0 Ref. (24) 

gsyn (uS) 
2.7e-2×w, w ~N(μ, σ2), 

μ=1, σ=0.2 
Modified from ref. (24) 

σw 1e-5 Set to induce ±5.0 pA synaptic current fluctuation 

FSI→FSI 

Esyn (mV) -80  Ref. (24) 

gsyn (uS) 1.5e-3 Modified from ref. (24) 

σw 1e-5 Set to induce ±0.3 pA synaptic current fluctuation 

FSI→PYN 

Esyn (mV) -80 Ref. (24) 

gsyn (uS) 2.2e-2×w,  w ~N(μ, σ2), 

μ=1, σ=0.16 
Modified from ref. (24) 

σw 1e-5 Set to induce ±4.0 pA synaptic current fluctuation 

PYN→FSI 

Esyn (mV) 0 Ref. (24) 

gsyn (uS) 2.5e-3 Modified from ref. (24) 

σw 1e-5 Set to induce ±0.5 pA synaptic current fluctuation 

PP→PYN 

τPP→PYN (ms) 3 Modified from ref. (24) 

Esyn (mV) 0 Ref. (24) 

gsyn (uS) 2.2e-3×w,  w ~N(μ, σ2), 

μ=1, σ=0.5 
Set to adjust the in vivo firing rate as in ref. (43) 

TC→PYN 

τVim→PYN (ms) 5.26 Ref. (24) 

Esyn (mV) 0 Ref. (24) 

Δt (ms) 1  

gsyn (uS) 
1.5e-2×w,  w ~N(μ, σ2), 

μ=1, σ=0.25 
Refs. (24, 43) 

σw 1e-6 Set to induce ±0.2 nA synaptic current fluctuation 

PYN→TC 

τPYN→Vim (ms) 5.26 Ref. (24) 

Esyn (mV) 0 Ref. (24) 

Δt (ms) 1  

gsyn (uS) 
9e-4×w, w 

[0.64,1.36,0.60,1.53] 
Modified from ref. (24) 

σw 1e-6 Set to induce ±0.2 nA synaptic current fluctuation 

TC→FSI 

τVim→FSI (ms) 5.26 Ref. (24) 

Esyn (mV) 0 Ref. (24) 

Δt (ms) 2  

gsyn (uS) 9e-4 Modified from ref. (24) 

σw 1e-6 Set to induce ±0.2 nA synaptic current fluctuation 

PYN→GrC 

(AMPA) 

Esyn (mV) 0 Ref. (10) 

Δt (ms) 4 Ref. (10, 15) 



gsyn (nS) 3.48 Modified from ref. (10) 

PYN→GrC 

(NMDA) 

Esyn (mV) 0 Ref. (10) 

Δt (ms) 4 Ref. (10, 15) 

gsyn (nS) 0.348 Modified from ref. (10) 

PYN→GoC 

Esyn (mV) 0 Ref. (10) 

Δt (ms) 4 Ref. (10, 15) 

gsyn (nS) 50 Modified from ref. (10) 

GrC→GoC 

Esyn (mV) 0 Ref. (10) 

Δt (ms) 1 Ref. (10) 

gsyn (nS) 300 Modified from ref. (10) 

GrC→STC 

Esyn (mV) 0 Ref. (10) 

Δt (ms) 1 Ref. (10) 

gsyn (nS) 30 Modified from ref. (10) 

GoC→GrC 

Esyn (mV) -65 Ref. (10) 

Δt (ms) 0.5 Ref. (10) 

gsyn (nS) 6 Modified from ref. (10) 

STC→GoC 

Esyn (mV) -65 Ref. (10) 

Δt (ms) 1 Ref. (10) 

gsyn (nS) 12.5 Modified from ref. (10) 

GrC→PC 

τ1
GrC→PC (ms) 1.2 Ref. (10, 44) 

τ2
GrC→PC (ms) 14 Ref. (10, 44) 

Esyn (mV) 0  

Δt (ms) Δt ~U(0, 10) Estimated from (45) 

gsyn (uS) 
3.27e-5×w, w ~N(μ, σ2), 

μ=1, σ=0.5 
Set to match the in vivo firing rate as in ref. (2) 

σw 5e-9 Set to induce ±0.1 pA synaptic current fluctuation 

PYN→DCN 

(AMPA) 

τPYN→DCN (AMPA) (ms) 1 Ref. (16) 

Esyn (mV) 0  

Δt (ms) 1.7 Ref. (16) 

gsyn (uS) 2.1e-4 
Relative amplitude vs NMDA: ref. (16); set to match 

in vivo firing rate in ref. (2) 

σw 1e-10 Set to induce ±5.5e-5 pA current fluctuation 

PYN→DCN 

(NMDA) 

τ1
PYN→DCN (NMDA) (ms) 1 Ref. (16) 

τ2
PYN→DCN (NMDA) (ms) 6 Ref. (16) 

Esyn (mV) 0  

Δt (ms) 1.7 Ref. (46) 

gsyn (uS) 1.26e-4 Set to match in vivo firing rate in ref. (2) 

σw 1e-10 Set to induce ±5.5e-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(μ, σ2), is the Gaussian distribution 

with mean μ and standard deviation σ. 


