Chapter 39
Oscillation in the Inferior Olive Neurons:
Functional Implication

Rodolfo R. Llinas

Abstract The inferior olives represent one of the omnipresent bulbar nuclei in
vertebrates.

Their axonal projection to cerebellar nuclei, and its powerful synaptic input to
Purkinje cells, (the so-called climbing fibers), serve as a powerful excitatory input
deeply related to the timing of motor execution. Inferior olive neuronal activity is
synchronized by intrinsic membrane oscillatory activity, via voltage dependant cal-
cium channel activation, and their interconnectivity via neuronal electrical
coupling.
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39.1 The Olivocerebellar System

The inferior olive nuclei, a set of two symmetrical neuronal groups, located on each
side of the bulbar region, are the cells of origin of the cerebellar climbing fiber sys-
tem (Szentagothai and Rajkovits 1959) and are one of two major afferent pathways
on to the cerebellar cortex (Cajal 1904). Their axons traverse the midline to enter the
cerebellum via the inferior peduncle where they form climbing fiber contacts on
Purkinje cells (PC) establishing the most powerful chemical synaptic contact in the
central nervous system (Eccles et al. 1966). Each inferior olive (IO) neuron gener-
ates ten or so climbing fibers that, in addition to innervating the cerebellar cortex,
also produce collateral branches that terminate in all cerebellar nuclei. The conduc-
tion times of climbing fibers are modulated such that their activation of Purkinje
cells are independent of location and distance in the cerebellar cortex (Sugihara
et al. 1993).
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Fig. 39.1 Inferior olivary neurons. (a) Golgi stain of IO neurons in the 10 nucleus. Note that cell
bodies are located in the center of an spherically distributed dendritic tree, except when the cell
body is next to the outer limit of the nucleus (Cajal 1888) (b) Electron micrograph showing gap
junction at a point of contact between 10 dendritic branches (Sotelo et al. 1974). The synaptic
shunting occurs due to the increased membrane conductance. (¢) Drawing of an IO glomerulus
showing inhibitory synaptic terminal (ST) arising from the cerebellar nuclei. The glomerulus is the

site of electrical junction junction. The diagrams below show electronic coupling between 10
dendrites (a) and it’s shunting by synaptic inhibition (b)

39.2 10 Single Cell Anatomy

IO neurons are characterized by their spherical dendritic trees (Fig. 39.1a). Within
the IO nucleus their dendrites intermingle and are electronically coupled via gap
junctions (Llinas et al. 1974; Sotelo et al. 1974) (Fig. 39.1b). The point of electrical
junction between dendrites (Fig. 39.1c) is surrounded by inhibitory terminals aris-
ing from the cerebellar nuclei neurons. These junctions modulate electrotonic cou-
pling by shunting current through an increase in membrane conductance (Llinas
1974; Lefler et al. 2014) (Fig. 39.1a—c).

39.3 Single Cell Electrophysiology

IO neurons fire spontaneously at 4-10 Hz and can exhibit rhythmic oscillatory
activity near 10 Hz (Llinas and Yarom 1981a, b). The fact that IO neurons are elec-
trically coupled and tend to fire in groups lends support to the proposal that climb-
ing fibers have a timing function in motor coordination (Llinas 1974). Furthermore,
simultaneous recordings from multiple PCs have shown that complex spikes occur
synchronously within groups of PCs (Fig. 39.2).

The synchronous nature of 1O oscillations have been shown to be important in
determining the timing and spatial organization of motor sequences (Llinas 1988;
Lampl and Yarom 1997; Welsh and Llinas 1997). In addition, a temporal correlation
between the firing of the olivocerebellar system and the execution of movements
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Fig. 39.2 Electrical characteristics of 10 neurons. (a, b) Two levels of 10 spike activation. (a)
From the resting membrane potential (dashed line) the high threshold spike has a large afterdepo-
larization generated by activation of a P-type calcium current followed by a prolonged afterhyper-
polarization activated by a calcium-gated potassium conductance (top trace). No spike is elicited
when a lower intensity current pulse is applied (middle trace). Bottom traces show injected current
pulses. (b) The low threshold calcium spike is generated by activation of a T-type calcium current
when the cell is depolarized from a hyperpolarized membrane potential. (¢) High threshold 10
spikes (a, b) producing spontaneous spike firing involving both low and high threshold calcium
currents (¢, d). Action potentials shown in a and b are the first action potential in ¢ and d,
respectively

has been demonstrated experimentally (Welsh et al. 1995). The ability of the olivo-
cerebellar system to generate synchronous rhythmic activity has been attributed to
the intrinsic oscillatory properties of the IO neurons (Llinas and Yarom 1981a, b;
Benardo and Foster 1986; Bal and McCormick 1997) and their electrotonic cou-
pling (Llinas 1974; Sotelo et al. 1974; Llinas and Yarom 1981b; Lampl and Yarom
1997; Makarenko and Llinas 1998; Yarom and Cohen 2002). In particular, several
types of voltage-dependent calcium and potassium conductances, in addition to
those involved in action potential generation, enable 1O cells to oscillate and fire
rhythmically at 1-10 Hz. These conductances include a high-threshold calcium
conductance (P-type channels), a low-threshold calcium conductance (T-type chan-
nels), a calcium-gated potassium conductance, and a hyperpolarization-activated
cationic conductance (Llinas and Yarom 1981a, b, 1986; Bal and McCormick
1997).

39.4 Electrical Coupling

Electrical coupling between IC neurons has been assumed to play a crucial role in
synchronizing IO oscillations and in generating groups of concurrently oscillating
neurons (Llinas and Yarom 1986). Originally, the degree of coupling was proposed
to be controlled by return glomerular inhibition (Llinas 1974) that served to shunt
the electronic coupling between IO dendrites. The pathway was found to originate
from cerebellar nuclear GABAergic neurons (Sotelo et al. 1986; de Zeeuw et al.
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Fig. 39.3 Oscillations in IO cells recorded in vitro. (a) Top trace. Intracellular recording from 10
neurons demonstrate regular the existence of spontaneous subthreshold membrane potential oscil-
lations. (a) Bottom. The oscillation is regular enough in amplitude and frequency that a Lissageu
figure could be generated. (b) A second property, quite fundamental to IO function is the ability to
reset its phase following extracellular stimulation. Note that extracellular stimulation only modi-
fied the phase of the spontaneous oscillations without affecting their amplitude or frequency.
(Superposition of six individual intracellular traces of stimulus-evoked oscillations reset) (Modified
from Choi et al. 2010)

1989, 1996; Fredette and Mugnaini 1991; Medina et al 2002) and, surprisingly,
represent almost 50 % of the total neuronal population of the cerebellar nuclei.

39.5 Membrane Potential Subthreshold Oscillation
and Phase Resetting

In addition to uniform membrane potential oscillatory properties, IO neurons have
the unique ability to reset their oscillatory phase when activated (Leznik et al. 2002;
Lefler et al. 2013).

The functional significance of the oscillatory properties illustrated in Fig. 39.3 is
an increased probability of PC complex spike activation relating to rapid recovery
of motor execution following stumbling, or other unpredicted motor events.

39.6 Pathology

The single neurological condition related to the inferior olive is IO hypertrophy,
associated with large synchronous movements of both midline musculature (palatal
myoclonus) and multi-limb abnormal motricity especially in progressive supranu-
clear palsy.
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39.7 Functional Implications

Four main issues are central of 10 neurons: (1) their subthreshold oscillatory prop-
erties, relating to the control of motor timing. (2) The intrinsic electrical properties
with electrical coupling allowing neuronal synchronization clusters. (3) The elec-
tronic decoupling by inhibition and (4) the resetting of oscillatory phase by synaptic
input. These four elements allow simultaneous temporal control supporting rapid
correction such as on the fly recovery from stumbling.

References

Bal T, McCormick DA (1997) Synchronized oscillations in the inferior olive are controlled by the
hyperpolarization-activated cation current I(h). J Neurophysiol 77:3145-3156

Benardo LS, Foster RE (1986) Oscillatory behavior in inferior olive neurons, modulation, cell
aggregates. Brain Res Bull 17:773-784

Cajal R (1888) Sobre las fibras de la capa molecular del cerebelo. Rev Trimest Hist Norm Patol
2:343-353

Cajal R (1904) La Textura del Sistema nervioso del Hombre y los vertebrados. Ed. Moya, Madrid

Choi S, Yu E, Kim D, Urbano FJ, Makarenko V, Shin HS, Llinas RR (2010) Subthreshold mem-
brane potential oscillations in inferior olive neurons are dynamically regulated by P/Q and
T-type calcium channels: a study in mutant mice. J Physiol 588:3031-3043

de Zeeuw CI, Holstege JC, Ruigrok TJ, Voogd J (1989) Ultrastructural study of the GABAergic,
cerebellar, and mesodiencephalic innervation of the cat medial accessory olive: anterograde
tracing combined with immunocytochemistry. J Comp Neurol 284:12-35

De Zeeuw C, Lang EJ, Sugihara I, Ruigrok TJ, Eisenman IM, Mugnaini et al (1996) Morphological
correlates of bilateral synchrony in the rat cerebellar cortex. J Neurosci 16:3412-3426

Eccles JC, Llinas R, Sasaki K (1966) The excitatory synaptic action of climbing fibres on the
Purkinje cells of the cerebellum. J Physiol 182:268-296

Fredette BJ, Mugnaini E (1991) The GABAergic cerebello-olivary projection in the rat. Anat
Embryol 184:225-243

Lampl I, Yarom Y (1997) Subthreshold oscillations and resonant behavior: two manifestations of
the same mechanism. Neuroscience 78:325-341

Lefler Y, Torben-Nielsen B, Yarom Y (2013) Oscillatory activity, phase differences, and phase
resetting in the inferior olive. Front Syst Neurosci 7:1-8

Lefler Y, Yarom Y, Yoe-Uusisaari M (2014) Cerebellar inhibitory input to the inferior olive
decreases electrical coupling and blocks subthreshold oscillation. Neuron 81:1389-1400

Leznik E, Makarenko V, Llinas R (2002) Electrotonically mediated oscillatory patterns in neuronal
ensembles. An in vitro voltage-dependent dye-imaging study in the inferior olive. Neuroscience
22:2804-2815

Llinas R (1974) Eighteenth Bowditch lecture: motor aspects of cerebellar control. Physiologist
17:19-46

Llinas R (1988) The intrinsic electrophysiological properties of mammalian neurons: insight into
central nervous system function. Science 242:1654-1664

Llinas R, Yarom Y (1981a) Electrophysiology of mammalian inferior olivary neurones in vitro.
Different types of voltage-dependent ionic conductances. J Physiol (Lond) 315:549-567

Llinas R, Yarom Y (1981b) Properties and distribution of ionoc conductances generating electrore-
sponsiveness of mammalian inferior olivary neurons in vitro. J Physiol (Lond) 315:569-584

Llinas R, Yarom Y (1986) Oscillatory properties of guinea-pig inferior olivary neurones and their
pharmacological modulation: an in vitro study. J Physiol 376:163—182

Llinds R, Baker R, Sotelo C (1974) Electrotonic coupling between neurons in cat inferior olive.
J Neurophysiol 37:560-571



298 R.R. Llinas

Makarenko V, Llinas R (1998) Experimentally determined chaotic phase synchronization in a neu-
ronal system. Proc Natl Acad Sci U S A 95:15747-15752

Medina JF, Nores WL, Mauk MD (2002) Inhibition of climbing fibers is a signal for the extinction
of conditioned eyelid reponse. Nature 62:330-333

Sotelo C, Llinas R, Baker R (1974) Structural study of inferior olivary nucleus of the cat: morpho-
logical correlates of electrotonic coupling. J Neurophysiol 37:541-559

Sotelo C, Gotow T, Wassef M (1986) Localization of glutamic-acid-decarboxylase-immunoreactive
axon terminals in the inferior olive of the rat, with special emphasis on anatomical relations
between GABAergic synapses and dendrodendritic gap junctions. J Commun Neurol
252:32-50

Sugihara I, Lang EJ, Llinds R (1993) Uniform olivocerebellar conduction time underlies Purkinje
cell complex spike synchronicity in the rat cerebellum. J Physiol 470:243-271

Szentagothai J, Rajkovits K (1959) Ueber den Ursprung der Kletterfasern des kleinhirns. Z Anat
Entwicklungsgeschichte 121:130-141

Welsh JP, Llinas R (1997) Some organizing principles for the control of movement based on olivo-
cerebellar physiology. Prog Brain Res 144:449-461, de Zeeuw, Strata and Voogd (Eds.)

Welsh JP, Lang EJ, Suglhara I, Llinas R (1995) Dynamic organization of motor control within the
olivocerebellar system. Nature 374:453-457

Yarom Y, Cohen D (2002) The olivocerebellar system as a generator of temporal patterns. Ann N
Y Acad Sci 978:122-134



	Chapter 39: Oscillation in the Inferior Olive Neurons: Functional Implication
	39.1 The Olivocerebellar System
	39.2 IO Single Cell Anatomy
	39.3 Single Cell Electrophysiology
	39.4 Electrical Coupling
	39.5 Membrane Potential Subthreshold Oscillation and Phase Resetting
	39.6 Pathology
	39.7 Functional Implications
	References


