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Abstract

The diversity of synapses within the simple modular structure of the cerebellum has been crucial
for study of the phasic extrasynaptic signaling by fast neurotransmitters collectively referred to as
‘spillover.” Additionally, the accessibility of cerebellar components for in vivo recordings and
their recruitment by simple behaviors or sensory stimuli has allowed for both direct and indirect
demonstrations of the effects of transmitter spillover in the intact brain. The continued study of
spillover in the cerebellum not only promotes our understanding of information transfer through
cerebellar structures but also how extrasynaptic signaling may be regulated and interpreted
throughout the CNS.

Introduction

Extrasynaptic actions of the fast neurotransmitters glutamate and GABA in the central
nervous system have been a well-studied topic in neurophysiological research over the last
two decades. Despite the initial skepticism towards its prevalence in the intact brain and the
perception that neurotransmitter spillover represents a breakdown of point-to-point synaptic
transmission, there is mounting evidence that spillover forms an extra layer of
communication between neurons, at times even in the absence of underlying synaptic
connections. Studies in many brain regions including the hippocampus (1-3), olfactory bulb
(4), and cortex (5, 6) have detailed circumstances when spillover of glutamate or GABA
from the synaptic cleft leads to significant signals in downstream neurons. But perhaps more
than any other region, the cerebellum has offered the most fertile environment for the
progress of this story from theory to mechanism to function over successive in vitro and in
vivo studies. In this review we will highlight the structural and functional mechanisms that
foster spillover in the cerebellum (7) with updates regarding the contribution spillover
makes to local circuit processes.

In contrast to tonic signaling from ambient levels of extrasynaptic neurotransmitter (8, 9) or
aberrant extrasynaptic glutamate signaling that drives excitotoxicity and neurodegeneration
(10-12), spillover occurs in a phasic manner and exhibits common features across disparate
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brain environments. Spillover is most often triggered by stimuli that recruit a dense group of
release sites to increase cooperativity between independent sites (13) or by high frequency
repetitive stimuli leading to a buildup of extracellular transmitter (1, 2). As the resulting
extrasynaptic concentration of glutamate is much lower than in the cleft, spillover detection
typically requires the presence of high affinity receptors such as NMDARs (13, 14), mGIluRs
(15), or GABARRSs (3, 16). The lower transmitter concentrations also result in slow-rising
and -decaying currents that may transmit different information than their fast synaptic
counterparts (17). Finally, spillover is highly regulated by transmitter uptake, such that it is
uncovered or potentiated by transporter blockade (18-20). Despite these general themes,
individual examples of GABA and glutamate spillover in the cerebellum appear to subserve
markedly different purposes depending on their context (Figure 1).

Mossy Fiber Input Pathway

Mossy fibers (MFs) arise from a variety of locations in the spinal cord and brain stem to
form one of only two projection pathways into the cerebellar cortex. Their glutamatergic
terminals in the granule cell (GC) layer form specialized glomerular structures that represent
one of the most complex arrangements of synaptic contacts in the CNS. Each MF terminal at
the core of the glomerulus makes closely spaced synaptic contacts with the dendrites of ~50
GCs (21). GC dendrites within the glomerulus also receive inhibitory synapses from the
main interneuron within the GC layer, the Golgi cell (GoC). The large MF terminal may
serve as a barrier to prevent dissipation of neurotransmitters by diffusion and to exclude
glial membranes, thereby reducing transmitter uptake (22). The plexus of dendritic processes
that surround the MF terminal is ensheathed by astrocytes that express GLT-1 and GLAST
subtypes of glutamate transporters. These structural features, in combination with the high
frequency burst firing of MFs (up to 700 Hz; ref. 23) set the stage for physiological
transmitter spillover.

Glutamate spillover was suggested by Silver and colleagues (24) to explain the speeding of
MF-GC excitatory postsynaptic current (EPSC) decay times in response to lower release
probability (Pr). The presence of multiple closely aligned release sites allows postsynaptic
receptors to sense glutamate spillover from neighboring synapses, resulting in a slowing of
the EPSC decay that is absent when release site density is reduced under conditions of low
Pr. Subsequent studies uncovered the presence of distinct fast- and slow-rising EPSCs at
single MF-GC connections, representing direct synaptic responses to high glutamate
concentrations and indirect spillover responses to lower glutamate concentrations (17, 25).
Summation of slower spillover with fast synaptic responses increased the probability of GC
spiking suggesting that spillover increases the reliability of synaptic transmission (17, 26).
Although pooling of transmitter following spillover could desensitize AMPARSs on GCs and
thus limit synaptic responses to subsequent release events, desensitization under most
conditions is modest and EPSC amplitudes can be maintained at high frequencies (22, 27).

Activation of low-affinity AMPARs by spillover indicated that spillover signaling was
robust at MF glomeruli, so it is not surprising that spillover at these synapses is also sensed
by high-affinity NMDARSs. Extrasynaptic NMDARs were activated during evoked but not
quantal release, displaying a requirement for spillover from multiple sites suggesting that
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NMDARs were located outside the synapse (28, 29). Interestingly, both AMPAR- and
NMDAR-spillover behave similarly in facilitating temporal integration of subsequent
signals in a burst (30), indicating that however it is sensed, spillover not only strengthens the
MF-GC connection, but also increases its dynamic range. This is achieved through
summation of the slower NMDAR and AMPAR spillover-mediated conductances that are
resistant to desensitization (22, 27). This idea is supported by the work of Hausser and
colleagues that used in vivo MF terminal recordings in response to sensory stimulation (23).
Stimulation in the form of an air puff directed at a rat’s whiskers induced bursts of spiking
(at least 500 Hz) in MF terminals that were followed reliably by GC spiking. Interestingly,
while GC EPSC amplitudes depressed during sensory-evoked MF bursts, the charge transfer
accompanying each release event continued to summate due to the recruitment of slow, non-
depressing spillover EPSCs. The conclusions from Rancz et al. (23) are not only consistent
with evidence for glutamate spillover in vitro, but also suggest that spillover extends the
ability of synapses to exchange information at the upper range of physiological frequencies.

Transmitter spillover also regulates the MF-GC connection indirectly, via regulation of local
inhibition. In addition to its actions at GC dendrites, glutamate spillover interacts with GoC
terminals that project into the active glomerulus (15). MF burst stimulation (> 10-Hz)
decreases GABA release by recruiting presynaptic mGIluRs, disinhibiting the active
glomerulus. Heterosynaptic modulation also occurs in the opposite direction with phasic
GABA spillover regulating glutamate release from MFs. Metabotropic GABAgRs on MF
axons are not activated by baseline GoC activity, but can be recruited with higher frequency
GoC stimulation (16). Spillover activation of GABAgRs decreased MF glutamate release
through local control of terminal Ca2* influx, such that release may even be modulated on a
sub-glomerular scale (31). GABA spillover also plays a significant role in the direct
inhibition of GCs through dendritic GABAaRs. Both fast- and slow-components of GC
inhibitory postsynaptic currents (IPSCs) have been detailed, mirroring the synaptic and
spillover components seen for GC EPSCs (32). The slower spillover component formed
~90% of the phasic inhibitory charge transfer in mixed responses (33), and in some
individual GoC-GC connections formed 100% of the response, demonstrating pure GABA
spillover transmission (34). Furthermore, dynamic clamp studies modeling fast and slow
inhibition found the spillover component to be extremely effective at blocking spiking
during the later portions of a one second MF stimulus train, suggesting that the presence of
GABA spillover shapes GC responses to prolonged MF activity (34).

Spillover of both glutamate and GABA is thus facilitated at MF inputs by a combination of
the glomerular structure and high rates of activity experienced with sensory stimulation.
Slow glutamate spillover as well as local disinhibition by mGluR-dependent dampening of
GoC GABA release promotes the reliable transfer of this signal to GCs for the next stage of
information processing. On the other hand, activation of GoCs by afferent signals can lead
to phasic inhibition strengthened by GABA spillover within the glomerulus, an effect that
may be magnified by concurrent depression of MF transmitter release through spillover
activation of presynaptic GABARgRs. Together, transmitter spillover provides multiple
mechanisms to regulate signaling within the glomerulus, allowing the MF-GC connection to
function over the range of its physiological frequencies.
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Parallel Fiber Relay Pathway

Cerebellar GCs relay integrated MF information into the cerebellar cortex by projecting
axons that ascend through the molecular layer and bifurcate to run long distances (~5 mm;
ref. 35) in the longitudinal plane. These parallel fibers (PFs) collectively provide dense
innervation throughout the molecular layer, but each individual fiber extends only sparse
glutamatergic synapses to the many Purkinje cells (PCs) and molecular layer interneurons
(MLIs) along its course (36, 37). PF spillover can occur during high-frequency GC activity
(23) or multivesicular release (38-40), resulting in glutamate concentration transients that
can overwhelm the moderate glial coverage near these synapses (41). However, the sparse
and low Pr synapses (42) made by individual PFs suggests coincident activation of beams of
PFs is required to achieve significant spillover (but see 39, 43, 44).

Glutamate transporters limit spillover during PF beam stimulation (45); however, burst
stimulation of PFs seems to overcome this barrier, recruiting perisynaptic mGIuR1 receptors
(46). When paired with activation of the climbing fiber input pathway, PF burst stimulation
can trigger mGluR1-dependent long-term depression of synaptic receptors that may underlie
cerebellum-dependent learning (47-49). Differential expression of the neuronal glutamate
transporter EAAT4 in PC dendrites regulates spillover signaling to PCs (50-52) as well as to
nearby glial processes (53).

A similar pattern of receptor activation follows burst stimulation in the other known targets
of PFs: MLIs and GoCs. In acute slices (54) as well as in the intact brain (55), PFs burst
stimulation activates dendritic mGluR2s on GoCs. This glutamatergic signal paradoxically
decreases GoC activity through a G-protein coupled potassium conductance (54), resulting
in a pause in spiking. This might be a complimentary mechanism to the gap junction-
mediated pause that occurs in GoC networks following sparse physiological activation (56).
At PF-MLI synapses, high-frequency stimulation results in spillover activation of AMPARS
at neighboring synapses (57), extrasynaptic NMDARs (57, 58) and group | mGIuRs (59).
All three signals converge to increase MLI activity: AMPAR/NMDAR activation increases
the gain of the PF-MLI signal, while mGIuR activation signals for a short term increase in
MLI excitability (59, 60). Interestingly, high-frequency signaling through the MLI network
also results in elevated extrasynaptic GABA. GABA spillover closely follows PF burst
stimulation to signal back to PFs, activating both axonal GABAARS (61-63) and GABAgRS
(64, 65). While axonal GABAAR activation increases [Ca2*] and excitability (62),
GABAGR activation decreases [Ca2*] and Pr (after ~300 ms, 65). These effects might work
in concert to produce a biphasic regulation of PF release, but as each of the cited works
included antagonists of the opposing GABAR subtype, no direct data exists to test this
speculation.

Although high-frequency burst protocols used in most PF-spillover studies are modeled after
firing rates measured in GCs responding to sensory input (23), but results in slices could be
biased towards spillover due to the recruitment of dense beams of PFs resulting from
electrical stimulation in the molecular layer. Studies by Attwell and colleagues (66, 67)
demonstrated that changing the site of stimulation from the molecular layer to the GC layer
greatly reduced the spillover component of PF signaling due to the sparse GC activation
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(45). While molecular layer burst stimulation results in mGIuR- and endocannabinoid-
dependent LTD of PF glutamate release, GC layer burst stimulation failed to induce such
plasticity due to the lack of effective spillover signaling (66). These results indicate a
requirement not only for high-frequency, but also dense activation of PFs to induce
significant spillover signaling.

Together these results indicate that spillover in the PF pathway represents a salient signal
that may underlie forms of cerebellar learning through extrasynaptic mGIuR signaling at PC
dendrites while simultaneously providing feedback regulation of PF release through
disynaptic GABA spillover or PC retrograde signaling. PF spillover may also provide a
feedback signal to the cerebellar input stage by triggering an mGluR-dependent decrease in
GoC spiking.

Climbing Fiber Input Pathway

In contrast to the divergent MF-PF pathway, each branch of a climbing fiber (CF) from the
inferior olivary nucleus forms hundreds of glutamatergic synapses onto a single PC. These
high Pr synapses exhibit multivesicular release, where simultaneous or near simultaneous
release of multiple vesicles per site generates a very high concentration of synaptic
glutamate (68, 69). The activation of a dense group of release sites sets the stage for
spillover signaling. However, CFs do not approach the high firing rates of MFs or PFs, with
average rates around 1 Hz and short sensory-induced bursts of ~15 Hz (70, 71), decreasing
the likelihood of frequency-dependent spillover. Near-complete glial ensheathment (41) and
postsynaptic glutamate transporter expression (51, 72, 73) further restrain potential
extrasynaptic glutamate signaling, as inhibition of glial and neuronal uptake uncovers
significant activation of perisynaptic mGIuRs (74) as well as spillover between neighboring
PCs (75).

Although it was accepted that CFs synapse exclusively to PCs providing a privileged
connection, recent studies have uncovered other direct (76) and indirect signaling pathways.
For example, MLIs do not receive CF synapses (77, 78), yet in vivo studies have
demonstrated plasticity at MLI synapses following coincident CF-PF activation (79) as well
as slow inward postsynaptic responses following inferior olive stimulation (80). A
subsequent study in acute brain slices showed the CF-MLI response occurs concurrently
with CF-PC responses, is mediated by long duration, low concentration glutamate transients
and is strongly regulated by glutamate transporters - all indicators that slow MLI responses
are the result of CF-mediated glutamate spillover (78). Two recent studies have directly
examined the implications of this connection for ongoing cerebellar cortical activity. Viral
delivery of channelrhodopsin to inferior olivary neurons demonstrated that synchronous
activation of multiple CFs induced spillover-mediated MLI spiking that contributed to a
pause in PC activity regardless of whether or not they were targets of the active CF (81).
This stimulation paradigm could be relevant to cerebellar function following recent
demonstrations of sensory-induced synchronous CF activity across broad patches of
neighboring PCs in vivo (82, 83), albeit at the relatively slow time resolution of the Ca?*-
imaging techniques used in those studies.
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Our group showed that CF-MLI spillover results in a long-lasting feedforward inhibition
between MLIs following stimulation of a single CF (84). This agrees with in vivo recordings
of prolonged MLI spiking following CF stimulation, supporting its relevance in the intact
brain (85). Interestingly, simultaneously excited MLIs did not inhibit each other’s spiking,
but rather worked in concert to send strong inhibitory signals to other interneurons and PCs
not excited by the active CF. This spillover-mediated feedforward inhibition ultimately
resulted in a biphasic regulation of neighboring PC excitability, inducing inhibition followed
by a subsequent period of disinhibition (84). These data may explain in vivo accounts of
biphasic regulation of neighboring PCs spiking following CF stimulation (71, 86, 87), and
complement observations that CF signaling is a strong regulator of simple spike activity
(88-90).

Taken together, these studies indicate two distinct modes of operation for CF glutamate
spillover in routing information through the PC layer. During non-synchronous firing,
individual CF activation can regulate multiple neighboring PCs while the target PC
experiences a complex spike. Neighboring PCs could be either inhibited or disinhibited
depending on the net effect of MLIs that are excited or inhibited by CF spillover. During
synchronized CF release; however, MLIs excitation extends post-complex spike pauses to
targeted PCs (81).

Deep Cerebellar Nuclei

CF and MF activity is processed and relayed by PCs as an inhibitory projection to the deep
cerebellar nuclei (DCN), the final output structure of the cerebellum. Spontaneously active
glutamatergic, GABAergic, and glycinergic projection neurons in the DCN (91) are
modulated by PC GABA release that occurs at rates up to 100 Hz spontaneously and 300 Hz
during movement (92, 93). The interaction of convergent PC inputs to individual DCN
neurons can lead to powerful control of their activity patterns (94) and gate the induction of
synaptic plasticity (95, 96). PC-DCN synapses are often somatic, with large presynaptic
boutons housing ~10 individual release sites (97). Glia surround boutons but do not seem to
separate release sites, suggesting that individual PC-DCN connections operate
independently from each other but yet have the capacity for spillover between release sites.
This intra-bouton spillover is reminiscent of glutamate-spillover at MF glomeruli (17), and
was shown to counteract synaptic depression during high frequency signaling due to
transmitter pooling even in spite of presynaptic vesicle depletion (97).

In addition to PC inhibitory synapses, DCN neurons also receive direct excitatory input from
MFs. This connection is thought to be an important site for cerebellar-dependent learning
(98, 99) during tasks that activate both MFs and PCs (100). Not surprisingly, transmitter
spillover is implicated in multiple forms of MF-DCN plasticity. Reminiscent of PF-PC
responses, synaptic MF responses are mediated by AMPARs- and NMDARs, but
physiological burst stimulation recruits perisynaptic mGIluRs (101). Pairing mGIuR1
activation with postsynaptic depolarization induces LTD of MF responses that may
correspond to extinction during associative eyelid conditioning (98). Conversely, pairing
MF burst stimulation with either step hyperpolarization or PC burst stimulation induces an
NMDAR-dependent LTP of MF synapses (95, 100). Such a protocol mimics DCN
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activation patterns during classical eyelid conditioning, and is dependent on the timing of
the bursts of PC inhibition (100) to control CaZ* entry and rebound firing (94). As GABA
spillover maintains the influence of PC-DCN inhibition during high frequency trains, it
likely provides an essential mechanism that could underlie the acquisition phase of
cerebellar classical conditioning. Thus, much like in the MF or PF pathway, transmitter
spillover may represent an important mechanism that allows DCN neurons to process salient
high-frequency signals.

Common Themes of Mechanism and Function

Two non-mutually exclusive conditions support spillover signaling during cerebellar
synaptic transmission: 1) Structural restrictions to diffusion and uptake promote spatially-
specific transmitter pooling from nearby release sites 2) Activity-dependent spillover
resulting from high frequency stimulation that elevate extrasynaptic transmitter
concentrations. Such high frequency firing occurs during sensory induced MF or PF
signaling in the cortex or MF signaling in the DCN. Dense, synchronous release site
activation as with PF beam stimulation could also be considered a form of activity-
dependent spillover, as it represents a specific pattern of fiber activation. Interestingly, these
conditions are good predictors of how the spillover signal might function within the local
circuit. Structurally restricted spillover seems to participate in the main signal being
transmitted, extending and complementing the fast excitation or inhibition it accompanies.
Activity-dependent spillover generally functions as a teaching signal that a salient stimulus
is occurring by inducing pre- or postsynaptic plastic changes in synaptic strength. CF
spillover represents something of an anomaly within this classification scheme, as it results
from dense synchronous release that is the sole mode of transmission for the pathway. Due
to the specific nature of CF spillover to MLIs but not nearby oligodendrocyte precursor cells
or neighboring PCs, it seems possible that some as yet unspecified structural specializations
predispose MLIs to receive that signal.

Conclusions

The study of spillover in the cerebellum not only promotes our understanding of information
transfer through cerebellar structures, but will also provide insight into the potential for non-
synaptic signaling throughout the CNS. Establishing the mechanisms and consequences of
spillover in the cerebellum will lay the foundation for a deeper functional understanding of
anatomically-defined neural maps.
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Figure 1. Diverse sites of fast neurotransmitter spillover in local cerebellar circuits
(A) Glutamate spillover (red) occurs at the mossy fiber-granule cell (MF-GC) glomerulus

including signaling to Golgi cell (GoC; 1) axons, following high frequency parallel fiber
(PF) stimulation onto Purkinje cells (PCs; 2), molecular layer interneurons (MLIs; 2) and
GoCs (3), heterosynaptically from climbing fiber (CF)-to-PC synapses that activate MLIs
(4), and following MF stimulation onto deep cerebellar nuclei (DCN; 5) neurons.

(B) GABA spillover (blue) occurs from Golgi cells (GoC; 1), molecular layer interneurons
(MLI) to Purkinje cells (PC; 2) and to MLIs (2), and PC axons that terminate on deep
cerebellar nuclei (DCN; 3) neurons. See text for references.
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