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Sensing how to balance
How does the inner ear communicate with the cerebellar cortex to

maintain balance and posture?

FABRICE ANGO AND RAPHAËL DOS REIS

K
eeping your head upright may seem like

a trivial task, but the neural circuitry

required to perform this task is rather

complex and not fully understood. This circuitry

starts with the vestibular system: a sensory sys-

tem in the inner ear that relies on hair cells to

detect movements, and to provide our sense of

balance and spatial awareness. The vestibular

system contains five organs that are sensitive to

different types of movement. The sacculus and

the utricle detect gravity and linear movements,

respectively, and there are three semi-circular

canals that detect rotation. Information about

these movements is sent from the vestibular sys-

tem to the cerebellum, which co-ordinates the

motor movements needed to maintain posture

and balance (Ito, 2006).

The hair cells in the vestibular system contact

VG (vestibular ganglion) neurons, which then

send sensory information along nerve cells called

mossy fibers to the vestibular region of the cere-

bellum (Dow, 1936). The fibers that send signals

directly to the cerebellum are called primary

afferents, and the fibers that send signals indi-

rectly via the brainstem nuclei (which also

receive information from other sensory systems)

are called secondary afferents (Maklad and

Fritzsch, 2003; see Figure 1).

Both the primary and secondary afferents

form synapses with neurons called granule cells

in the cerebellum: granule cells are the most

numerous excitatory neurons in the brain

(Chadderton et al., 2004). A single mossy fiber

can activate hundreds of granule cells which, in

turn, form synapses with the dendrites of Pur-

kinje cells. These cells are the sole output neu-

rons from the cerebellar cortex and they have a

crucial role in motor learning.

However, this is not the full story because the

vestibular region of the cerebellum also contains

a high proportion of excitatory neurons called

unipolar brush cells (UBCs). These cells, which

receive input from just a single mossy fiber, form

synapses with the granule cells (Mugnaini et al.,

2011). UBCs essentially create an intermediate

step in the circuitry, where signals sent between

mossy fibers and granule cells can be modified.

How the signal is modified depends on the type

of UBC involved: ON UBCs will have an ampli-

fied response, whereas OFF UBCs will have a

dampened response (Borges-Merjane and Trus-

sell, 2015). However, there is much about the

pathways connecting the vestibular system and

cerebellum that is not fully understood: for

instance, how is information from the vestibular

system processed once it reaches the cerebel-

lum? Now, in eLife, Timothy Balmer and Lau-

rence Trussell of Oregon Health and Science

University report the results from experiments

on genetically-modified mice that will help to

answer such questions (Balmer and Trussell,

2019).

The two researchers used a combination of

transgenic mice and retrograde-infecting viruses

to map the morphology of the VG neurons.

These experiments showed that the primary

afferents largely originated at the three semi-
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circular canals of the vestibular system, and that

the dendrites of the VG neurons mostly had a

dimorphic morphology (see Figure 1). These

results, combined with our current knowledge of

the sensory organs of the vestibular system, led

Balmer and Trussell to conclude that the primary

afferents are responsible for sensing rotational

movements of the head (Fernández et al.,

1988).

An optogenetic approach was then employed

to assess which neurons in the cerebellum were

targeted by these dimorphic VG neurons. Using

light to stimulate light-sensitive ion channels in

VG neurons led to electric impulses being

observed in UBCs in the cerebellum. The charac-

teristics of this response were distinctive of ON

UBCs, and a response could not be detected

from the OFF UBCs. This finding was further bol-

stered by immunohistochemical staining, which

showed primary afferent synapses projecting

solely onto the ON UBC subtype. These data

suggest that direct projections of VG neurons

solely target ON UBCs, but not OFF UBCs.

Finally, Balmer and Trussell investigated the

differences between the direct and the indirect

pathways by expressing a light-sensitive channel

in the vestibular region of the brainstem. In con-

trast with primary afferents, secondary afferents

targeted both ON and OFF UBCs to a similar

degree (see Figure 1).

The complexity of the circuitry revealed by

Balmer and Trussell seems suited to the delicate

task of balancing one’s head, but a number of

questions remain. In particular, how and where

do the primary and secondary afferent pathways

converge to trigger the relevant responses? An

interesting follow up to this study would be to

compare the role played by UBCs in maintaining

balance and posture with their role in processing

the other types of sensory inputs that are sent to

the cerebellum.
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Figure 1. Primary and secondary afferents from the vestibular system to the cerebellum. Neurons from the hair

cells (black) within the five organs of the vestibular system (left) form different types of synapses – dimorphic, calyx

or bouton – with vestibular ganglion (VG) neurons (red). Mossy fibers (also in red) can project directly from the VG

neurons to the cerebellum (in which case they are called primary afferents), or indirectly via vestibular nuclei within

the brainstem (secondary afferents). The primary afferents (red) form synapses with a type of unipolar brush cell

(UBC) called an ON UBC, whereas secondary afferents form synapses with both ON UBCs (dark blue) and OFF

UBCs (light blue). UBCs form synapses with granule cells (grey), which in turn make contact with Purkinje cells (dark

blue), which convey motor responses to the rest of the body.
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Raphaël Dos Reis is in the Department of

Neuroscience, Institut de Génomique Fonctionnelle,
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Mugnaini E, Sekerková G, Martina M. 2011. The
unipolar brush cell: a remarkable neuron finally
receiving deserved attention. Brain Research Reviews
66:220–245. DOI: https://doi.org/10.1016/j.
brainresrev.2010.10.001, PMID: 20937306

Ango and Dos Reis. eLife 2019;8:e46973. DOI: https://doi.org/10.7554/eLife.46973 3 of 3

Insight Cerebellum Sensing how to balance

http://orcid.org/0000-0002-5548-209X
http://orcid.org/0000-0003-2432-669X
https://doi.org/10.7554/eLife.44964
https://doi.org/10.7554/eLife.44964
https://doi.org/10.1016/j.neuron.2015.02.009
http://www.ncbi.nlm.nih.gov/pubmed/25741727
https://doi.org/10.1038/nature02442
https://doi.org/10.1038/nature02442
http://www.ncbi.nlm.nih.gov/pubmed/15103377
https://doi.org/10.1002/cne.900630308
https://doi.org/10.1002/cne.900630308
https://doi.org/10.1152/jn.1988.60.1.167
https://doi.org/10.1152/jn.1988.60.1.167
http://www.ncbi.nlm.nih.gov/pubmed/3404215
https://doi.org/10.1016/j.pneurobio.2006.02.006
http://www.ncbi.nlm.nih.gov/pubmed/16759785
https://doi.org/10.1016/S0361-9230(03)00054-6
http://www.ncbi.nlm.nih.gov/pubmed/12787869
https://doi.org/10.1016/j.brainresrev.2010.10.001
https://doi.org/10.1016/j.brainresrev.2010.10.001
http://www.ncbi.nlm.nih.gov/pubmed/20937306
https://doi.org/10.7554/eLife.46973

