Chapter 22
Stellate Cells

Siqiong June Liu and Christophe J. Dubois

Abstract Stellate cells are inhibitory interneurons located in the molecular layer of
the cerebellar cortex. Stellate cells receive excitatory inputs from parallel fibers (PF)
and climbing fibers and suppress the activity of Purkinje cells through feed-forward
inhibition in the cerebellar cortex. A variety of mechanisms regulate GABA release
at inhibitory synapses in the cerebellar cortex cells and consequently motor tasks.
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22.1 Introduction

In vivo studies reveal that cerebellar interneurons are vitally important during
behavioral tasks such as motor coordination because a selective increase in GABA
receptor activity in Purkinje cells causes deficits in motor coordination (Wulff et al.
2007) and mutations in Kv1.1 channels enhance GABA release from stellate cells,
causing type 1 episodic ataxia (Herson et al. 2003). Genetic deletion of GABA
receptors on Purkinje cells impairs the consolidation of vestibulo-cerebellar motor
learning (Wulff et al. 2009), and thus inhibitory transmission is critical for motor
learning. Associative learning in the cerebellum, such as fear conditioning (Scelfo
et al. 2008), enhances GABA release and associative eye-blink conditioning reduces
the activity of Purkinje cells. Given the importance of inhibitory transmission in
cerebellar function, GABA release at inhibitory synapses in the cerebellum is
closely regulated.
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22.2 Stellate Cells and Synaptic Transmission

22.2.1 Excitatory Synaptic Transmission

Stellate cells are electrically compact and can be activated by a single excitatory
input, triggering GABA release onto Purkinje cells. Because PFs also innervate
Purkinje cells, feed-forward inhibition via stellate cells gives rise to a delayed inhi-
bition and thereby restrict the excitation of Purkinje cells to the onset of excitatory
input. Excitatory transmission at the PF to stellate cell synapse is mediated by post-
synaptic AMPA receptors, which do not contain GluA2 subunits and are permeable
to Ca®*. Synaptic currents display rapid kinetics and an increased current amplitude
when activated by two consecutive stimuli, allowing stellate cells to respond to high
frequency excitatory inputs, such as occurs during sensory stimulation (Chadderton
et al. 2004). Ca* entry via AMPA receptors triggers the release of endocannabi-
noids from stellate cells, which reduce glutamate release from PFs (Soler-Llavina
and Sabatini 2006). Consequently this lowers the excitatory drive for feed-forward
inhibition in the cerebellar circuit. Stimulation of climbing fiber also evokes excit-
atory synaptic response in stellate cells. Co-stimulation of these two excitatory
inputs in vivo induces a lasting increase in EPSPs at the PF-stellate cell synapse,
which is reversed by stimulation of PFs alone (Jorntell and Ekerot 2003). Thus stel-
late cells mediate associative learning-induced change.

Synaptic AMPA receptors in stellate cells undergo dynamic changes in response
to presynaptic activity. Repetitive stimulation of PFs triggers a long lasting increase
in synaptic GluA2 content, which replace GluA2-lacking AMPA receptors (Liu and
Cull-Candy 2000) in stellate cells. This not only reduces the amplitude and prolongs
the decay time of EPSCs, but also lowers the Ca?*-permeability of AMPA receptors,
producing a qualitative change in synaptic transmission. The switch is triggered by
activation of synaptic AMPA or extrasynaptic NMDA receptors, and requires a
Ca*-rise that activates PKC, leading to a PICK-dependent insertion of GluA2-
containing receptors (Liu and Cull-Candy 2000; Sun and Liu 2007). Activation of
mGluRs can also induce a switch in AMPA receptor subtypes via a mechanism that
requires protein synthesis (Kelly et al. 2009). The switch in synaptic AMPA recep-
tor phenotype reduces the ability of sensory stimulation to evoke multiple action
potentials in stellate cells and thereby weakens the feed-forward inhibition.

Acute stress can also enhance gene transcription of GluA2 in stellate cells (Liu
et al. 2010). Stress causes increased synaptic input to the cerebellum from norepi-
nephrine containing fibers. Release of norepinephrine in the cerebellum activates
p-adrenergic receptors and elevates cAMP levels. This increases Ca** entry during
action potentials, activates ERK pathways and promotes GluA2 transcription in
stellate cells. Consequently the elevated GluA2 expression prolongs the synaptic
current duration and enhances the ability of each synaptic input to evoke an action
potential and thus the feed-forward inhibition (Savtchouk and Liu 2011). Therefore
acute stress can induce a lasting change in the activity and computation within the
cerebellar circuitry.
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22.2.2 Inhibitory Synaptic Transmission

Interneurons innervate each other to form inhibitory networks and provide the
inhibitory inputs to Purkinje cells. Enhanced GABA release by the inhibitory inter-
neurons is thought to promote synchronous activity of interneuron network and
suppress Purkinje cell activity. Glutamate released from PFs and Purkinje cell den-
drites enhance GABA release (Duguid and Smart 2004; Liu and Lachamp 2006),
altering the balance between excitatory and inhibitory transmission. A train of PF
stimulation triggers glutamate spillover which activates presynaptic NMDA recep-
tors, inducing a lasting increase in GABA release via a mechanism that requires
PKA and an active zone protein, RIM1a (Lachamp et al. 2009; Dubois et al. 2016).
This alters the pattern and reduces the frequency of action potential firing in synap-
tically connected stellate cells. Neuromodulators, including noradrenaline (Liano
and Gerschenfeld 1993) and neuropeptide Y (Dubois et al. 2012) also induce a
sustained increase in GABA release. Such activity-dependent potentiation may
underlie the associative learning-induced increase in GABA release.

22.2.3 Presynaptic Regulation

Endocannabinoids are critically involved in learning and extinction and dysregula-
tion of endocannabinoid metabolism leads to cerebellar ataxia in PHARC disease
(Fiskerstrand et al. 2010). In the cerebellar cortex depolarization of Purkinje cells
triggers the release of endocannabinoids which activate the G-protein coupled CB1
receptors at the presynaptic terminal of interneurons (Yoshida et al. 2002; Beierlein
and Regehr 2006). This decreases GABA release and reduces action potential firing
in stellate cells (Kreitzer et al. 2002). The axons of interneurons extend over several
hundred micrometers in a parasagittal plane and inhibit neighboring Purkinje cells,
producing lateral inhibition. Thus inhibition of interneuron firing can lead to lateral
excitation in the cerebellar cortex.

22.3 Gap Junctions

Interneurons are connected via gap junctions allowing current flow between neigh-
boring cells. These electrical connections play a key role in temporal synchroniza-
tion of neuronal activity (Mann-Metzer and Yarom 1999). Each stellate cells is
directly connected to one neighboring interneurons in the sagittal plane (Alcami and
Marty 2013). Thus changes in membrane potential could spread among the inter-
neurons. The pattern of connections (Rieubland et al. 2014) contributes to the spa-
tial convergence onto Purkinje cells where seven interneurons form functional
synapses onto a single Purkinje cell (Kim et al. 2014). Therefore electrical networks
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Fig. 22.1 Schematic of the connections made by molecular layer interneurons

spatially and temporally coordinate interneurons, which ultimately influence con-
vergence of synaptic inhibition onto Purkinje cells, the only output neurons in the
cerebellar cortex. In conclusion, both chemical and electrical synapses are critical in
shaping the activity of Purkinje cells and controlling information processing in the
cerebellum (Fig. 22.1).
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