
https://doi.org/10.7554/eLife.83239
https://pure.knaw.nl/portal/en/publications/a08099d9-9a8c-4657-abb4-85c21df7ae7b
https://doi.org/10.7554/eLife.83239


Loyola, Hoogland et�al. eLife 2023;12:e83239. DOI: https://doi.org/10.7554/eLife.83239 � 1 of 30

How inhibitory and excitatory inputs gate 
output of the inferior�olive
SebastiÆn Loyola1,2,3*�, Tycho M Hoogland1,2*�, Hugo Hoedemaker2, 
Vincenzo Romano1, Mario Negrello1*�, Chris I De Zeeuw1,2*�

1Department of Neuroscience, Erasmus MC, Rotterdam, Netherlands; 2Netherlands 
Institute for Neuroscience, Royal Academy of Arts & Sciences, Amsterdam, 
Netherlands; 3Faculty of Health Sciences, Universidad Católica Silva Henríquez, 
Santiago, Chile

Abstract The inferior olive provides the climbing �bers to Purkinje cells in the cerebellar cortex, 
where they elicit all-or-none complex spikes and control major forms of plasticity. Given their 
important role in both short-term and long-term coordination of cerebellum-dependent behaviors, 
it is paramount to understand the factors that determine the output of olivary neurons. Here, we 
use mouse models to investigate how the inhibitory and excitatory inputs to the olivary neurons 
interact with each other, generating spiking patterns of olivary neurons that align with their intrinsic 
oscillations. Using dual color optogenetic stimulation and whole-cell recordings, we demonstrate 
how intervals between the inhibitory input from the cerebellar nuclei and excitatory input from the 
mesodiencephalic junction affect phase and gain of the olivary output at both the sub- and suprath-
reshold level. When the excitatory input is activated shortly (~50 ms) after the inhibitory input, the 
phase of the intrinsic oscillations becomes remarkably unstable and the excitatory input can hardly 
generate any olivary spike. Instead, when the excitatory input is activated one cycle (~150 ms) after 
the inhibitory input, the excitatory input can optimally drive olivary spiking, riding on top of the �rst 
cycle of the subthreshold oscillations that have been powerfully reset by the preceding inhibitory 
input. Simulations of a large-scale network model of the inferior olive highlight to what extent the 
synaptic interactions penetrate in the neuropil, generating quasi-oscillatory spiking patterns in large 
parts of the olivary subnuclei, the size of which also depends on the relative timing of the inhibitory 
and excitatory inputs.

Editor’s evaluation
Inferior olivary neurons drive complex spiking activity in Purkinje neurons of the cerebellar cortex, 
ultimately playing critical roles in controlling motor coordination and plasticity. Using transgenic 
mice or optogenetic techniques to independently control a major excitatory and inhibitory pathway 
to the inferior olive, the authors show solid evidence that the probability and phase of olivary neuron 
output depend critically on the relative timing of excitation and inhibitory inputs. Network models 
predict that appropriately timed excitatory and inhibitory input patterns ef�ciently synchronize larger 
clusters of inferior olivary neurons, raising the possibility that input timing can gate the output of the 
motor commands. These valuable �ndings have the potential to impact the �eld’s understanding of 
sensorimotor processing.

Introduction
The inferior olive (IO) forms an integral part of the cerebellar system in that it provides all the climbing 
�bers innervating Purkinje cells in the cerebellar cortex (Ito, 1984). Activation of the climbing �ber 
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terminals elicits both short-term and long-term effects (De Zeeuw et�al., 2011). In the short-term, it 
evokes powerful, all-or-none, depolarizations in Purkinje cells also known as complex spikes (Thach, 
1967); increases in complex spike activity within cerebellar microzones can facilitate re�ex-like 
movements, such as fast reactive limb movements following a perturbation (De Gruijl et�al., 2014a; 
Hoogland et�al., 2015), but when occurring in more widespread ensembles they also mediate more 
demanding forms of motor behavior, such as skilled sequences of contractions of tongue muscles 
upon presentation of speci�c sensory cues (Welsh et�al., 1995; Bina et�al., 2022; Romano et�al., 
2022). In the more long term, modulation of climbing �ber activity facilitates the induction of various 
forms of pre- and postsynaptic plasticity at most, if not all, parallel �ber synapses onto interneurons 
and Purkinje cells in the molecular layer of the cerebellar cortex (Gao et�al., 2012). Due to the fact 
that these different subcellular effects occur in a synergistic fashion in that they ultimately converge 
into either a downbound or upbound impact on simple spike activity in the Purkinje cells (De Zeeuw, 
2021), climbing �bers are also prominently implicated in cerebellar learning (Ito and Kano, 1982; 
Raymond and Lisberger, 1998; Safo and Regehr, 2008; ten Brinke et�al., 2015 and ten Brinke 
et�al., 2019; Gutierrez-Castellanos et�al., 2017; Boele et�al., 2018; Bina et�al., 2022; Romano et�al., 
2018). For both the short-term and long-term effects in the cerebellar cortex the precise timing of the 
climbing �ber activation is crucial. For example, when the synchronization of complex spikes within 
microzones is enhanced, the latency of subsequent re�ex movements will be shortened (Kistler et�al., 
2002; Van Der Giessen et�al., 2008; De Gruijl et�al., 2014a). Or likewise, depending on the timing 
of the activity of the climbing �ber input with respect to that of the parallel �ber input, depression or 
potentiation plasticity mechanisms in Purkinje cells will prevail (Wang et�al., 2000; De Zeeuw, 2021).

Given the paramount impact of precise timing of climbing �ber activation, it is important to iden-
tify the factors that contribute to this process. Classical work by Llinas and Yarom has revealed that 
olivary neurons are endowed with dendro-dendritic gap junctions as well as ionic conductances that 
allow them to oscillate in synchrony (Llinas et�al., 1974; Sotelo et�al., 1974; LlinÆs and Yarom, 1981; 
LlinÆs and Yarom, 1986; Lampl and Yarom, 1993; Lampl and Yarom, 1997; Leznik and LlinÆs, 2005; 
Choi et�al., 2010). More speci�cally, olivary neurons can show different types of subthreshold activity 
(Khosrovani et�al., 2007; Turecek et�al., 2014), which can partly be explained at the cellular level 
by differential expression of Cav 3.1 channels (T-type Ca+2) (Urbano et�al., 2006; Bazzigaluppi and 
de Jeu, 2016). Whole-cell recordings in vivo, systems� extracellular recordings, as well as modeling 
studies indicate that olivary subthreshold oscillations (STOs) are likely to occur at preferred frequen-
cies below 10�Hz for a limited number of cycles and that the complex spikes ride on this rhythm 
(Sasaki et�al., 1989; Bal and McCormick, 1997; Blenkinsop and Lang, 2006; Chorev et�al., 2007; 
Choi et�al., 2010; Le�er et�al., 2014; Turecek et�al., 2014; Turecek et�al., 2016; Lang et�al., 2017; 
Khosrovani et�al., 2007; Negrello et�al., 2019). Question remains though, how and to what extent 
the afferents to the olivary neurons modify the intrinsic pattern of STOs and thereby that of their 
spiking activity (Placantonakis et�al., 2006; Best and Regehr, 2009; Bazzigaluppi et�al., 2012a; 
Bazzigaluppi et�al., 2012b; Garden et�al., 2017; Garden et�al., 2018). The vast majority of the axon 
terminals of the afferents target the dendritic spines located in the olivary glomeruli (Sotelo et�al., 
1974; de Zeeuw et�al., 1989). Many of these spines are electronically coupled by gap junctions and 
most, if not all, of them receive both an inhibitory and excitatory input (de Zeeuw et�al., 1989; De 
Zeeuw et�al., 1990). Based upon a theoretical model of excitable spines in such con�guration (Segev 
and Parnas, 1983; Segev and Rall, 1988), it has been advocated that spike generation of olivary 
neurons may be highly sensitive to the temporal interval between activation of the inhibitory and 
excitatory inputs (De Zeeuw, 1990; De Zeeuw et�al., 1998).

Using whole-cell patch-clamp recordings of olivary neurons in combination with dual color opto-
genetics, we set out to test this hypothesis in mice by investigating the temporal response properties 
of neurons in the principal olive (PO) and rostral medial accessory olive (MAO), both of which receive 
their monosynaptic, inhibitory and excitatory inputs from the cerebellar nuclei (CN) and mesodien-
cephalic junction (MDJ), respectively (de Zeeuw et�al., 1989; De Zeeuw et�al., 1990; Ruigrok and 
Voogd, 1990; Apps and Hawkes, 2009; Le�er et�al., 2014). Our data indicate that optimal and 
stable control of olivary spiking behavior indeed strongly depends on the temporal interval between 
cerebellar inhibition and mesodiencephalic excitation, allowing bidirectional control of �ring proba-
bility. The sensitivity to this interval is so high that stimulation of the excitatory input at the appro-
priate moment following inhibition triggers more olivary spikes than stimulation of the excitatory input 
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