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Non-synaptic signaling from cerebellar
climbing fibers modulates Golgi cell
activity
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United States

Abstract Golgi cells are the principal inhibitory neurons at the input stage of the cerebellum,

providing feedforward and feedback inhibition through mossy fiber and parallel fiber synapses. In

vivo studies have shown that Golgi cell activity is regulated by climbing fiber stimulation, yet there

is little functional or anatomical evidence for synapses between climbing fibers and Golgi cells.

Here, we show that glutamate released from climbing fibers activates ionotropic and metabotropic

receptors on Golgi cells through spillover-mediated transmission. The interplay of excitatory and

inhibitory conductances provides flexible control over Golgi cell spiking, allowing either excitation

or a biphasic sequence of excitation and inhibition following single climbing fiber stimulation.

Together with prior studies of spillover transmission to molecular layer interneurons, these results

reveal that climbing fibers exert control over inhibition at both the input and output layers of the

cerebellar cortex.

DOI: https://doi.org/10.7554/eLife.29215.001

Introduction
Information transfer between neurons predominantly occurs at synapses, where neurotransmitter

released by the presynaptic cell activates postsynaptic receptors that are clustered at anatomically-

defined specialized structures. Anatomical reconstructions of synaptic connectivity thus delineate

pathways of information flow throughout the brain. Since monoamine neurotransmitters and GABA

can signal through volume transmission (Fuxe and Agnati, 1991; Overstreet-Wadiche and McBain,

2015), functional connectivity is not strictly synonymous with anatomical connectivity. Yet most excit-

atory neurotransmission is mediated by the fast neurotransmitter glutamate that is tightly limited to

the synapse by diffusion and reuptake by glutamate transporters (Wadiche and Jahr, 2005;

Tzingounis and Wadiche, 2007). Though this argues that anatomical connectivity faithfully repre-

sents excitatory circuits, at some synapses glutamate can spill out of the synaptic cleft at sufficient

levels to activate nearby receptors (Asztely et al., 1997; Isaacson, 1999; Chalifoux and Carter,

2011; Szmajda and Devries, 2011). This process, termed spillover, has been studied extensively at

cerebellar synapses, where it augments conventional point-to-point synaptic transmission between

neurons and enables glutamate signaling to Bergmann glia (Bergles et al., 1997; Linden, 1997;

Carter and Regehr, 2000; Mitchell and Silver, 2000b; DiGregorio et al., 2002; Mitchell and Lee,

2011; Tsai et al., 2012; Coddington et al., 2014). Despite the abundance of spillover transmission

at cerebellar synapses, it is unclear how glutamate spillover contributes to Golgi cell (GoC) activity.

Cerebellar climbing fibers (CFs) establish powerful synapses with Purkinje cells (PCs) comprised of

several hundred anatomically defined release sites (Palay and Chan-Palay, 1974). Each site releases

multiple vesicles per action potential to generate a high glutamate concentration that overwhelms

glutamate transporters, resulting in spillover to neighboring molecular layer interneurons (MLIs) in
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the absence of an anatomical synaptic connection (Palay and Chan-Palay, 1974; Wadiche and Jahr,

2001; Szapiro and Barbour, 2007; Mathews et al., 2012; Coddington et al., 2013). Remarkably,

the magnitude of spillover-induced AMPA and NMDA receptor-mediated depolarization is sufficient

to trigger MLI spiking, and can modulate PC excitability through feed-forward inhibition

(Szapiro and Barbour, 2007; Mathews et al., 2012; Coddington et al., 2013; Coddington et al.,

2014). Thus, glutamate spillover signaling from CFs is sufficient to shape network dynamics even in

the absence of anatomical connectivity.

GoCs are spontaneously active GABAergic interneurons providing the primary source of inhibi-

tion to granule cells. Early work suggested that CFs innervate GoCs (Scheibel and Scheibel, 1954;

Marr, 1969), an idea supported by subsequent in vivo studies showing transient suspension of GoC

tonic firing following CF stimulation (Schulman and Bloom, 1981; Xu and Edgley, 2008). However,

a recent study failed to find structural evidence of synaptic contacts between CFs and GoCs

(Galliano et al., 2013), and it is unclear how synaptic signaling by glutamatergic CFs would suppress

GoC activity. Here, we show that glutamate spillover from CFs controls GoC activity with a distinct

temporal profile in comparison to synaptic transmission from mossy fibers and parallel fibers, and

can suppress GoC spiking by mGluR2 activation. These results reconcile previously incongruous find-

ings obtained by anatomical mapping and functional studies, and combined with previous work

show that CFs influence inhibition at all levels of the cerebellar cortex (Jörntell and Ekerot, 2003;

Szapiro and Barbour, 2007; Mathews et al., 2012; Coddington et al., 2013).

Results

CFs signal to GoCs through spillover transmission
We recorded from over 200 GoCs in the granule cell layer of mouse cerebellar slices (Dieu-

donne, 1998; Forti et al., 2006; D’Angelo, 2008; see Material and methods and Figure 1—figure

supplement 1). Parallel fiber (PF) terminals form synapses on apical GoC dendrites that extend into

the molecular layer (ML) whereas mossy fiber (MF) terminals establish synapses on basal GoC den-

drites in the granule cell layer (Dieudonne, 1998). We used focal stimulation in the molecular layer

(while blocking GABAergic and glycinergic inhibition with picrotoxin, CGP55845 and strychnine) to

trigger EPSCs with fast kinetics (Figures 1Ai, D and E; 137 ± 20 pA; n = 17) and facilitating paired-

pulse ratios (Figure 1Ai and F), consistent with PF synapses (Dieudonne, 1998; Beierlein et al.,

2007). Alternatively, focal stimulation in the white matter or granule cell layer yielded EPSCs with

slightly faster kinetics (Figures 1Bi, D and E; 124 ± 16 pA; n = 14) and no short-term plasticity

(Figure 1Bi and F), consistent with MF inputs (Kanichay and Silver, 2008; Chabrol et al., 2015).

Both PF and MF EPSCs exhibited gradual increases in amplitude with increasing stimulus intensity

(Figure 1Ai and 1Bi). In marked contrast, focal stimulation near Purkinje cell soma evoked all-or-

none EPSCs in GoCs with kinetics slower than either PF- or MF-EPSCs (Figures 1Ci, D and E;

34.3 ± 4.2 pA; n = 11). Slow Purkinje cell layer-evoked EPSCs also exhibited robust paired-pulse

depression (PPD), unlike PF- and MF-EPSCs (Figure 1Ci and F). NBQX (5 mM) application equally

blocked the response from all three afferent pathways, indicating that EPSCs were mediated by

AMPARs (PF: inhibition to 8.5 ± 4.2%, MF: 7.0 ± 3.2%, CF: 8.3 ± 0.4%; n = 3–6, p>0.99 for each com-

parison, ANOVA, data not shown). Based on the all-or-none response, strong PPD and the slow rise

and decay kinetics of EPSCs, we hypothesized that stimulation near PC somata evokes EPSCs arising

from nearby climbing fibers (CFs) that course through the granule cell layer en route to making syn-

apses on PC dendrites and spines, similar to what is observed in molecular layer interneurons (MLIs,

Szapiro and Barbour, 2007; Mathews et al., 2012; Coddington et al., 2013).

The actions of glutamate outside the synaptic cleft are highly sensitive to glutamate uptake block-

ade, such that the glutamate transport blocker TBOA strongly potentiates CF-mediated spillover to

MLIs (Bergles and Jahr, 1997; Szapiro and Barbour, 2007; Mathews et al., 2012;

Coddington et al., 2013). To assess whether the slow CF-GoC EPSC is due to glutamate spillover

from distant release sites, we tested the sensitivity to glutamate uptake inhibition. Whereas the

amplitudes of PF- and MF-evoked EPSCs were unaffected by TBOA (Figure 1Aii, Bii, and G), the

slow Purkinje cell layer-evoked EPSC was significantly potentiated by TBOA (Figure 1Cii and G).

While TBOA had little effect on the decay of the PF- and MF-evoked EPSC, the Purkinje cell layer

evoked EPSC was robustly prolonged (PF: 106 ± 6%; MF = 111 ± 15%; CF = 257 ± 30%; n = 15, 9,
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Figure 1. Synaptic- and spillover-mediated EPSCs onto cerebellar GoCs. . (Ai, left and middle) Parallel fibers (PFs)

were stimulated with an electrode placed in the molecular layer (ML). Superimposed PF-GoC EPSCs in response

to increasing stimulus intensity and paired-pulse (50 ms) stimulation. Gray trace is the average subthreshold

response. Arrows denote stimulation. (Ai, right) Normalized PF-GoC EPSCs (n = 9, triangles) with increasing

stimulus intensity relative to the first supra-threshold response (dotted line). (Aii) Inhibition of glutamate uptake

(TBOA; red) does not affect the amplitude or time-course of PF-GoC EPSCs. Holding potential = �60 mV. (Bi, left

and middle) Mossy fibers (MFs) were stimulated with an electrode placed in the white matter, below the granule

cell layer (GCL). Superimposed MF-GoC EPSCs in response to increasing stimulus intensity and paired-pulse (50

ms) stimulation. (Bi, right) Normalized MF-GoC EPSCs (n = 7, diamonds) with increasing stimulus intensity relative

to the first supra-threshold response (dotted line). (Bii) Inhibition of glutamate uptake (TBOA; red) does not affect

the amplitude or time-course of MF-GoC EPSCs. (Ci, left and middle) Climbing fiber (CF) was stimulated with an

electrode placed below the Purkinje cell layer (PCL). Superimposed CF-GoC EPSCs in response to increasing

stimulus intensity and paired-pulse (50 ms) stimulation. (Ci, right) Normalized CF-GoC EPSCs (n = 13, circles) with

increasing stimulus intensity relative to the first supra-threshold response. (Cii) Inhibition of glutamate uptake

(TBOA; red) increases the peak amplitude and slows the kinetics of CF-GoC EPSCs. (D) rise-times, (E) decay-times,

and (F) paired-pulse ratios following PF- (triangles), MF- (diamonds), and CF- (circles) stimulation. Red horizontal

bars represent the mean ± SEM. PF: rise = 0.62 ± 0.08 ms, decay = 3.0 ± 0.2 ms, PPR = 1.6 ± 0.07; n = 17 each. MF:

Figure 1 continued on next page
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and 11, PF v MF: p>0.99, PF v CF: p<10�4, MF v CF: p<10�4, ANOVA, data not shown). Finally, we

tested whether NMDA receptors sensed glutamate spillover by voltage clamping GoCs at +40 mV

by pharmacologically isolating NMDARs. Indeed, single CF-stimulation was sufficient to evoke CPP-

sensitive currents suggesting that under depolarizing conditions NMDARs may contribute to CF-

evoked responses (Figure 1—figure supplement 2). Together these results suggest that the slow

Purkinje cell layer-evoked EPSC is a result of CF signaling to GoCs through glutamate spillover trans-

mission. The slow kinetics, strong PPD and high sensitivity to TBOA establish criteria for distinguish-

ing CF-mediated spillover from synaptic PF- and MF-evoked EPSCs.

ChR2 stimulation of CF-mediated spillover and multiple CF recruitment
Next, we sought to determine whether GoCs could sense spillover from multiple CFs. We optoge-

netically activated CFs using mice that express ChR2 driven by the endogenous promoter/enhancer

elements of the corticotropin releasing hormone (CRH) locus that targets a subset of inferior olivary

neurons (Sawada et al., 2008; Taniguchi et al., 2011). CF afferents were identified by tree-like axo-

nal arbors in the molecular layer expressing EYFP tagged ChR2 (Figure 2A). Because ChR2 expres-

sion was also evident in subsets of MF terminals, we isolated CF activation by targeting light to the

molecular layer. Brief pulses of light (1–2 ms; 455 nm) generated all-or-none EPSCs onto GoCs with

amplitudes and strong PPD similar to electrical stimulation near PCs (Figure 2A inset, Figure 2B,

also see Figure 2—figure supplement 1). Furthermore, the kinetics of light-evoked EPSCs were sim-

ilar to EPSCs evoked by electrical stimulation near PCs (rise: 1.7 ± 0.3 ms, decay: 8.0 ± 0.9 ms;

n = 15 and 11, rise p=0.22 and decay p=0.96, unpaired t-tests, not shown), illustrating that ChR2

can be used to evoke CF spillover to GoCs in CRH-ChR2 mice.

The glutamate concentration at the CF-PC synapse and resulting spillover can be modulated

through changes in release probability (Dittman and Regehr, 1998; Wadiche and Jahr, 2001;

Rudolph et al., 2011). Thus, we tested if we could increase glutamate spillover onto GoCs by alter-

ing release probability. Modestly increasing extracellular calcium from 2.0 to 2.5 mM increased the

average CF-GoC EPSC amplitude while prolonging the EPSC decay without altering the rise-time.

Consistent with the increase in EPSC amplitude resulting from higher release probability, the PPR of

ChR2-evoked EPSCs was reduced in 2.5 Ca2+ (Figure 2—figure supplement 2A). However, increas-

ing calcium concentration did not alter the sensitivity to TBOA (Figure 2—figure supplement 2B),

suggesting that the increase in spillover signaling was not sufficient to alter the regulation of the

extracellular [glutamate] profile by transporters.

Interestingly, in a subset of GoCs (11 of 23 cells), we found a step-wise increase in current ampli-

tude with increasing light intensity (Figure 2C), suggesting that high intensity light stimulation was

sufficient to recruit multiple active CFs (Mathews et al., 2012). In these cells, EPSCs maintained CF

characteristics including strong PPD (0.15 ± 0.03 and 0.09 ± 0.02 for single and multiple CFs, respec-

tively; n = 11, p=0.09 paired t-test) and slow kinetics (rise time: 1.7 ± 0.3 ms and 1.6 ± 0.23 ms; for

single and multiple CFs, respectively; n = 11, p=0.79, paired t-test, not shown). Together these data

show that electrical and optogenetic stimulation evoke similar spillover EPSCs and that GoCs can

sense spillover from multiple CFs.

Figure 1 continued

rise = 0.49 ± 0.05 ms, decay = 2.4 ± 0.2 ms, PPR = 1.05 ± 0.08; n = 14, 12, and 11. CF: rise time = 1.3 ± 0.2 ms,

decay = 7.9 ± 0.9 ms, PPR = 0.27 ± 0.03; n = 11, 11, and 10). (G) Summary of % TBOA (50 mM) peak amplitude

increase following PF- (triangles), MF- (diamonds), and CF- (circles) stimulation. PF: 97 ± 6%; MF: 95 ± 7%, CF: 177

± 30%; n = 15, 11, and 11.

DOI: https://doi.org/10.7554/eLife.29215.002

The following figure supplements are available for figure 1:

Figure supplement 1. Electrophysiological and visual identification of cerebellar Golgi cells (GoC).

DOI: https://doi.org/10.7554/eLife.29215.003

Figure supplement 2. NMDA-receptor-EPSCs.

DOI: https://doi.org/10.7554/eLife.29215.004
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Synaptic and spillover transmission generate distinct epochs of
excitability
CF-MLI spillover signaling generates excitation and inhibition through spiking and di-synaptic feed-

forward inhibition, respectively, demonstrating that non-synaptic communication can engage micro-

circuits (Mathews et al., 2012; Coddington et al., 2013; Coddington et al., 2014). Accordingly, we

tested how CF spillover signaling affects GoC spiking. Using voltage clamp recordings, we first con-

firmed the identity of PF, MF or CF-evoked EPSCs (as in Figure 1), and then assessed the conse-

quences of stimulation of each pathway on GoC tonic firing. We constructed peristimulus probability

histograms (PSHs) of GoC spiking (see Materials and methods). The intrinsic GoC spiking rate was

comparable before PF, MF or CF stimulation (5.6 ± 0.8 Hz, 5.0 ± 0.6 Hz, 7.1 ± 0.4 Hz; n = 7, 6, and

25, PF v MF: p>0.99, PF v CF: p=0.25, MF v CF: p=0.09, ANOVA). Synaptic stimulation led to a tran-

sient and robust increase in the action potential (AP) frequency seen in raw traces and the PSHs

(Figure 3A and B). PF stimulation increased the peak AP probability to 0.36 ± 0.07 within a narrow

spike window (Figure 3D and E). Similarly, MF stimulation increased AP probability to 0.53 ± 0.09.

In contrast, CF stimulation prompted a modest increase in the peak spike probability (Figure 3C

and D) within a broader window that is consistent with the slow kinetics of spillover EPSCs
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Figure 2. Recruitment of multiple climbing fibers with CRH-ChR2 stimulation. (A) Confocal Z-projection showing

CFs expressing EYFP-tagged ChR2 in the ML from a parasagittal section of lobule III. Yellow and white dotted

lines indicate boundaries of the PCL and pial surface, respectively. Inset shows representative CRH ChR2-EPSCs

with strong depression following paired (50 ms inter stimulus) light stimulation. (A, right) Light-evoked (blue circles)

EPSCs (n = 8) showed all-or-none behavior with increasing light intensity similar to PCL electrical stimulation (see

Figure 1Ci for comparison). (B) The peak amplitude and PPR are similar with either electrical- (Ec; black circles) or

light- (Lt; blue circles) stimulation. Light-evoked amplitude: 44 ± 6 pA and PPR: 0.26 ± 0.03; n = 13. (C, left)

Example plot showing the recruitment of three CFs with increasing light intensity. Each discrete current measure

(dotted line with EPSC) represents a putative CF. (C, middle) Summary graph showing frequency distribution of

GoC receiving a discrete number of CFs. Light-evoked responses are shown in blue. On average light-stimulation

can recruit 1.7 CFs. (C, right) Activation of multiple CFs onto GoCs does not change the PPR (1CF: 0.15 ± 0.03,

2CF: 0.09 ± 0.02, n = 11).

DOI: https://doi.org/10.7554/eLife.29215.005

The following figure supplements are available for figure 2:

Figure supplement 1. CF-PC light stimulation.

DOI: https://doi.org/10.7554/eLife.29215.006

Figure supplement 2. CF-GoC spillover EPSCs are sensitive to release probability.

DOI: https://doi.org/10.7554/eLife.29215.007
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Figure 3. CF stimulation increases GoC spiking. (A) Average PF-GoC PSH (green) shows a rapid and large

increase in the peak AP probability (0.36 ± 0.07; n = 7). The fit to a Gaussian distribution is overlaid in red (half-

width: 0.53 ± 0.06 ms; n = 7). Inset illustrates the relatively low jitter in spike latency (3.6 ± 0.4 ms; n = 7) measured

following PF stimulation (dotted line). (B) Average MF-GoC PSH (blue) shows a rapid and large increase in the

peak AP probability (0.53 ± 0.09; n = 6). The fit to a Gaussian distribution is overlaid in red (half-width: 0.48 ± 0.07

ms; n = 6). Inset illustrates the relatively low jitter in spike latency (2.8 ± 0.2 ms) measured following MF

Figure 3 continued on next page
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(Figure 3E). Despite the distinct peak frequencies and temporal windows, a similar number of APs

were added (measured over 40 ms) for all stimulated afferents (Figure 3F). Thus, all afferent activity

is uniformly capable of recruiting GoC spiking but with distinct temporal profiles.

Uptake inhibition reveals biphasic GoC spiking
To further investigate the consequences of CF signaling, we assessed GoC spiking over a longer

time period. CF stimulation transiently increased AP probability in most GoCs, with high variability in

the return to baseline spiking (Figure 4A). To confirm that spiking was due to glutamate spillover

from distant CF release sites, we tested the sensitivity to glutamate uptake inhibition that robustly

increased CF-EPSCs (see Figure 1). TBOA increased the peak spiking probability over 250% as well

as increased the time window of spiking, consistent with spillover signaling (Figure 4B). Unexpect-

edly, TBOA subsequently reduced GoC AP probability to approximately 70% of baseline

(Figure 4B, ~200 ms after CF stimulation, arrow). This suggests that CF stimulation can regulate

GoC spiking in a biphasic manner with both the increase and decrease in excitability regulated by

glutamate transporters.

CF stimulation can suppress GoC firing
To further explore the potential for bi-phasic regulation of GoC spiking with glutamate transporters

intact, we more closely analyzed the raster plots and PSHs of individual GoGs with only inhibition

blocked (from Figure 4A). Individual GoCs showed high variability in patterns of CF-induced spiking,

from rapid recovery to baseline within 10 ms (Figure 5A) to complete suppression of APs for tens of

milliseconds (Figure 5B). To distinguish between the spike and spike-pause pattern of GoC spiking,

Figure 3 continued

stimulation. (C) Average CF-GoC PSH (grey) shows a slower and smaller increase in the peak AP probability

(0.16 ± 0.03; n = 25). The fit to a Gaussian distribution is overlaid in red (half-width: 2.1 ± 0.7 ms; n = 10). Inset

illustrates the high jitter in spike latency (9.1 ± 0.8 ms; n = 25) measured following CF stimulation. (D) AP

probability and (E) pike latency following PF- (green triangles), MF- (blue diamonds), and CF- (grey circles)

stimulation. Red horizontal bars represent the mean ±SEM. (F) Average number of added spikes following PF-

(green triangles, 0.75 ± 0.06), MF- (blue diamonds, 0.86 ± 0.06), and CF- (grey circles, 0.68 ± 0.05) stimulation. Red

horizontal bars represent the mean ± SEM.

DOI: https://doi.org/10.7554/eLife.29215.008
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Figure 5. CF stimulation can suppress GoC firing. (A, top) Example traces (10 traces overlaid) and (middle) raster

plot from a GoC that increases spiking in response to CF stimulation (blue arrow and dotted line) and immediately

returns to baseline firing rate. (A, bottom) PSH of GoC spike probability (20 ms bin) with CF stimulation at time = 0

s. Inset shows the PSH integral to yield the cumulative spike probability (see text). Red lines illustrate the ratio of

the steady state (b) to peak number of spikes (a) added with each stimulus to define a cumulative ratio (b/a). (B,

top) Example traces (10 traces overlaid) and (middle) raster plot from a GoC that displays a suppression of GoC

spiking following CF stimulation (arrow). (B, bottom) PSH of GoC spike probability (20 ms bin) with CF stimulation

at time = 0 s. Inset shows the PSH integral to yield the cumulative spike probability with red lines illustrating the

low cumulative ratio indicative of spike suppression. (C and D) Average PSHs for non-pausing (grey; cumulative

ratio >0.65; n = 12 of 25) and pausing (black; cumulative ratio <0.65; n = 13 of 25) GoCs. Insets are the average

cumulative spike probability for the non-pausing and pausing GoCs. (E) Summary plot showing that the average

Figure 5 continued on next page
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we first integrated the PSH to yield a cumulative spike probability plot (Figure 5A and B insets) to

quantify the number of action potentials added by CF stimulation (Mittmann et al., 2005;

Coddington et al., 2013). The ratio of the steady state to the initial number of spikes added pro-

vided a relative measure of the inhibition that sometimes followed excitation (cumulative ratio, red

lines in insets of Figure 5A and B; see Materials and methods) with a low cumulative ratio indicating

spike suppression. There was considerable heterogeneity in the cumulative ratio across the popula-

tion of GoCs, with a continuum between 0 and 1 that was not well fit by a model with two separate

populations (not shown). We used this measure to quantify the biphasic nature of GoC spiking and

classify cells as non-pause (spiking only) and pause (spiking followed by spike suppression) based on

their response to GoC stimulation. We defined GoCs with a cumulative ratio >0.65 as non-pausing

(Figure 5A) whereas GoCs with a ratio <0.65 were classified as pausing cells (Figure 5B). We aver-

aged the PSHs and cumulative spiking plots of all non-pausing and pausing GoCs to highlight the

distinct response patterns (Figure 5C and D). In GoCs classified as pausing cells, CF stimulation

decreased the spike frequency from 6.7 ± 0.6 Hz to 3.3 ± 0.5 Hz (p<10�4, paired t-test) for 93 ± 16

ms (n = 9 of 18 cells), which was equivalent to a reduction of the AP probability from 0.13 ± 0.01 to

0.07 ± 0.01 (Figure 5D).

Although there was no difference in the average peak AP probability between non-pause and

pause GoC responses (0.42 ± 0.07 and 0.58 ± 0.07; n = 12 and 13, respectively, p=0.12, unpaired

t-test), we wondered whether heterogeneity in CF-evoked pausing was related to variability in the

CF-evoked EPSC. Not surprisingly, the CF-evoked average spike frequency (over 40 ms post CF-

stimulation) was correlated with the CF-EPSC amplitude across all GoCs (Figure 5E, R2 = 0.2;

n = 25, p=0.02). However, we did not find a correlation between the cumulative ratio and the EPSC

amplitude (Figure 5F) nor the cumulative ratio and the CF-evoked average spike frequency

(Figure 5G). This suggests that GoC pauses did not result from intrinsic mechanisms that dictate the

frequency of firing after depolarization, as occurs with PF- and MF-synaptic stimulation (see below).

CF stimulation pauses GoC firing via postsynaptic mGluR2 activation
What generates the suppression of GoC excitability following CF stimulation? CF-spillover to MLIs

generates a similar biphasic change in excitability resulting from sequential glutamate-mediated

depolarization followed by GABAergic feedforward inhibition (Mathews et al., 2012;

Coddington et al., 2013). However, inclusion of GABA receptor antagonists in our experiments pre-

cludes a contribution of feedforward inhibition. Alternatively, GoCs express mGluR2, a Gi/Go cou-

pled glutamate receptor that reduces excitability by activating inwardly rectifying potassium

channels (GIRKs; Ohishi et al., 1994; Neki et al., 1996; Luján et al., 1997; Nakanishi, 2005). CF-

spillover could thus suppress GoC spiking via mGluR2-mediated GIRK activation, as occurs following

strong or high frequency PF stimulation (Watanabe and Nakanishi, 2003).

We therefore tested whether the mGluR2 antagonist LY341495 altered CF-dependent GoCs spik-

ing. We initially used simultaneous recordings in neighboring PCs to monitor if CF activation

revealed an mGluR2-dependent pause in GoC spiking, although stimulus-induced spike resetting

(see below) made the window of mGluR2-inhibition difficult to quantify across cells with heteroge-

neous spike patterns (Figure 6—figure supplement 1). We therefore used TBOA in addition to

inhibitory blockers to enhance glutamate spillover. In the subset of GoCs showing CF-induced

pauses (Figure 6A), TBOA increased the initial CF-evoked spiking probability (Figure 6B and D) as

well as enhanced the duration of the subsequent pause period (from 93.3 ± 16 ms to 183 ± 23 ms;

n = 9, p=0.01, paired t-test). The cumulative ratio trended to increase following TBOA application

(0.6 ± 0.1) but was highly variable, likely due to the irregular effects on evoked spiking that could

occlude the subsequent pause (Figure 6D; also see Figure 1G for variable TBOA effect on EPSCs).

Figure 5 continued

spike frequency is correlated with the EPSC amplitude (linear regression, n = 25 cells). (F) No correlation between

the cumulative ratio and EPSC amplitude using all (dotted line), only non-pausing (grey squares and line), or

pausing cells (filled circles and solid line). (G) No correlation between the cumulative ratio and average spike

frequency using all (dotted line), only non-pause (grey squares and line), or pause cells tested (filled circles and

solid line).

DOI: https://doi.org/10.7554/eLife.29215.010
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Inhibition of mGluR2s entirely blocked post-excitation pausing, returning the GoC spiking to base-

line levels (Figure 6C; TBOA + LY341495 = 6.0 ± 0.9 and 6.7 ± 0.5 Hz, respectively; n = 9, p=0.28,

paired t-test). Furthermore, mGluR2 inhibition did not significantly change the number APs added

with CF-stimulation and resulted in a cumulative ratio comparable to that of non-pause GoCs

(0.89 ± 0.04 n = 12 and 0.93 ± 0.06; n = 9, p=0.57, unpaired t-test and Figure 6D). Thus, CF-induced

pausing results from spillover activation of mGluR2s. In the GoC subset showing a purely excitatory

response (non-pause), application of TBOA enhanced post-stimulus spiking as expected and further

application of LY341495 did not alter GoC activity (data not shown). Together, these results demon-

strate that CF stimulation generates a rapid increase in GoC excitability which can be followed by a

longer-lasting suppression of spiking. CF-induced inhibition happens in the absence of functional

inhibitory connections, can be unmasked by uptake inhibition, and is dependent upon postsynaptic

mGluR2 activation.
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Figure 6. CF-mediated GoC pausing is dependent upon activation of postsynaptic mGluR2. (A, top) Example

traces (10 traces overlaid) and raster plot (middle) from a GoC that displays a suppression of GoC spiking

following CF stimulation (arrow) in control solutions. (A, bottom) PSH showing GoC spike probability constructed

(20 ms bin) with CF stimulation at time = 0 s. Inset, shows the PSH integral to yield the cumulative spike

probability (see text). (B and C) Same experimental paradigm as in (A) but in the presence of 50 mM TBOA (red),

and in 50 mM TBOA +0.5 mM LY3414195 (green), respectively. (D, left) The number of added APs in response to CF

stimulation increased from 0.46 ± 0.07 (black) to 2.0 ± 0.18 in the presence of TBOA (red) or TBOA +LY (1.47 ± 0.18

(green). (D, right) The average cumulative ratio in response to CF stimulation in control (black, 0.32 ± 0.03) was

sustained in the presence of TBOA (red, 0.6 ± 0.1) and abolished by the application of TBOA +LY341495 (green,

0.93 ± 0.05).

DOI: https://doi.org/10.7554/eLife.29215.011

The following figure supplements are available for figure 6:

Figure supplement 1. CF-mediated GoC spike suppression is mGluR2 dependent.

DOI: https://doi.org/10.7554/eLife.29215.012

Figure supplement 2. Current injections reset GoC intrinsic activity.

DOI: https://doi.org/10.7554/eLife.29215.013
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Figure 7. PF and MF stimulation produce an intrinsic pause in GoC firing. (A, top) Example traces (10 traces

overlaid) and raster plot (middle) from a GoC that shows an increase followed by a short suppression in firing

following PF stimulation. (A, bottom) Average PSH of GoC spiking probability (20 ms bins) with PF stimulation

(time = 0 s). Inset, shows the integration of the PSH to yield cumulative spike probability plot. Data in control

(lack), TBOA (50 mM, red) and TBOA +LY (50 mM + 0.5 mM, green). (B, left) Average number of added action

potentials (APs) as a result of PF stimulation was measured at the peak of the cumulative probability plot in each

condition. The average number of added APs was not different from control (black, 0.64 ± 0.05), in the presence of

Figure 7 continued on next page
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PF and MF stimulation produce an intrinsic pause in GoC firing
We were surprised that a single CF stimulus was sufficient to trigger mGluR2-dependent GoC silenc-

ing. Previous work determined mGluR mediated inhibition of GoC excitability occurs only after

strong high frequency PF-activation (Watanabe and Nakanishi, 2003). However, low frequency syn-

aptic stimulation coupled with intrinsic mechanisms have been shown to efficiently reset GoC tonic

spiking (Vos et al., 1999; Forti et al., 2006; Solinas et al., 2007b; Kanichay and Silver, 2008;

Vervaeke et al., 2010). Indeed, we found a linear relationship between the spiking induced by

direct current injection and the subsequent GoC spiking suppression suggestive of intrinsic spike

resetting (Solinas et al., 2007b; Figure 6—figure supplement 2). However, blocking mGluR2 recep-

tors had no effect, whereas blocking mGluR2 receptors selectively abolished the pause following CF

stimulation (Figure 6). These results suggest that CF-evoked pausing of GoCs are not the result of

phase resetting mechanisms that regulate pacemaking activity.

We next sought to determine the effect of single PF or MF stimuli on GoC firing. Stimulation of

either afferent generated a biphasic pattern of GoC spiking, with the synaptically-evoked APs fol-

lowed by a rapid and brief suppression of spiking (Figure 7A and C). In contrast to CF stimulation,

the pattern of PF and MF induced spiking was unaffected either by TBOA or TBOA + LY341495

(Figure 7A–7D). The insensitivity of spiking to TBOA is consistent with the insensitivity of the PF and

MF EPSCs to inhibition of glutamate transport (see Figure 1), and suggests that the pause in spiking

reflects a resetting of tonic spike rate (or spike synchronization) due to intrinsic mechanisms that set

the interspike interval. Supporting this idea, the PF and MF cumulative ratio was correlated with the

spike frequency (Figure 7—figure supplement 1). These results highlight further differences in spill-

over and synaptic signaling to GoCs. Whereas both modes of transmission can trigger biphasic mod-

ulation of excitability, the underlying mechanisms mediating these changes are markedly different.

Variability of CF-mediated GoC pausing is not due to heterogeneous
mGluR expression
Heterogeneity in mGluR2/GIRK expression in GoCs has been postulated to determine an individual

GoC’s contribution to local network activity (Rössert et al., 2015). We tested whether the variability

of GoC responses to CF spillover similarly result from a population of GoCs that do not express

mGluR2 (Neki et al., 1996; Luján et al., 1997). We applied an exogenous mGluR agonist to GoCs

to assess the presence of functional mGluR2, using TBOA to facilitate identification of pause/non-

pause cells. In GoCs that lacked a CF-induced pause, assessed by a cumulative spike ratio >0.65

(Figure 8A), the mGluR2 agonist DCGIV generated a robust outward current that was blocked by

LY341495 (Figure 8A). In GoCs with a cumulative ratio �0.65 (Figure 8B), DCGIV also generated an

outward current consistent with GIRK channel activation that was subsequently blocked by

LY341495 (Figure 8B). These data show that the heterogeneity of CF-evoked responses is not a

result of receptor expression, since all the tested GoCs had a similar response to the exogenous

mGluR2 agonist. Although GoCs that lack mGluR2 have been reported, they are located deep near

the white matter (Ohishi et al., 1994), while we restricted our recordings to the middle and outer

granule cell layer.

Figure 7 continued

TBOA (red, 0.67 ± 0.1) or TBOA +LY (green, 0.62 ± 0.09; n = 5–7). (B, right) The average cumulative ratio after a

single PF stimulus (black, 0.37 ± 0.05) was unaffected by the application of TBOA (red, 0.39 ± 0.1) and TBOA +LY

(green, 0.54 ± 0.2; n = 5–7). (C, top) Example traces (10 traces overlaid) and raster plot (middle) from a GoC before

and after MF stimulation. (C, bottom) Average PSH of GoC spike probability before and after MF stimulation

(time = 0 s). Inset shows cumulative spike probability plot. (D, left) Average number of added APs as a result of MF

stimulation was not different between control (black, 0.82 ± 0.05), TBOA (red, 0.82 ± 0.08) and TBOA +LY (green,

0.92 ± 0.07; n = 6). (D, right) The average cumulative ratio after a single MF stimulus (black, 0.54 ± 0.08) was

unaffected by the application of TBOA (red, 0.66 ± 0.1) and TBOA +LY (0.65 ± 0.1; n = 6).

DOI: https://doi.org/10.7554/eLife.29215.014

The following figure supplement is available for figure 7:

Figure supplement 1. PF and MF cumulative ratio correlates with spike frequency.

DOI: https://doi.org/10.7554/eLife.29215.015
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GoC pausing is correlated with CF-evoked mGluR current
To test whether the degree of mGluR activation contributes to GoC response heterogeneity, we

measured the CF-evoked mGluR2-mediated outward current associated with CF-evoked inhibition.

In experiments where we recorded CF-evoked EPSCs and spiking in all three pharmacological condi-

tions, we quantified the LY341495-sensitive current by assessing the charge difference between the

TBOA and TBOA +LY341495 EPSCs (noting that paired-pulses at a 50 ms interval were used). As

expected, GoCs with a large CF-evoked LY341495-sensitive current exhibited a robust pause follow-

ing CF stimulation whereas GoCs with a small or undetectable CF-evoked LY341495-sensitive cur-

rent did not exhibit pausing behavior (Figure 9A). Across nine GoCs there was a correlation

between the LY341495-sensitive charge and the cumulative ratio, further confirming that CF-evoked

pausing results from mGluR activation (Figure 9B). Altogether, these results suggest that the subcel-

lular location of spillover signaling to GoCs, rather than differences in receptor expression give rise

to the observed response heterogeneity.

Discussion
Here, we show that cerebellar CFs signal to GoCs by glutamate spillover. Spillover generates direct

excitation through activation of AMPARs, as well as inhibition through activation of mGluRs. The

ability of glutamate spillover to inhibit GoC firing suggests that mGluR-mediated inhibition may
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Figure 8. Variability of CF-mediated GoC pausing is not due to heterogeneous mGluR2 expression. (A, top)

Normalized average number of added APs in TBOA (±SEM in grey) and cumulative ratio in response to CF

stimulation in non-pausing GoCs (0.96 ± 0.13, n = 4). (A, bottom) The average holding current (40 ± 4 pA, n = 4;

baseline normalized to 0 pA) before and after bath application of DCG-IV (1 mM) and LY341495 (0.5 mM) in non-

pausing cells. (B, top) Normalized average number of added APs in TBOA (±SEM in grey) and cumulative ratio in

response to CF stimulation in pausing (0.48 ± 0.09, n = 4) GoCs. (B, bottom) The average holding current (41 ± 9

pA, n = 4; baseline normalized to 0 pA) before and after bath application of DCG-IV (1 mM) and LY341495 (0.5

mM). The average holding current was not significantly different in the two groups (p=0.8, unpaired t-test).

DOI: https://doi.org/10.7554/eLife.29215.016
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contribute to the transient pauses in GoC tonic firing reported in vivo by stimulation of the inferior

olive (Schulman and Bloom, 1981; Xu and Edgley, 2008). We show that antagonizing the mGluR2

receptor blocks the pause in GoC firing conferred by CF spillover, further supporting the importance

of mGluR2 inhibition of GoC activity seen in vivo (Holtzman et al., 2011). Whereas CFs were sug-

gested to innervate GoCs via thin collateral branches (Shinoda et al., 2000), recent work failed to

find evidence for anatomical synaptic contacts between CFs and GoCs (Galliano et al., 2013). Our

identification of spillover signaling may reconcile conflicting anatomical and functional results show-

ing a lack of synaptic connections between CFs and GoCs yet functional consequences of CF

stimulation.

Cerebellar GoC afferent and efferent synaptic connectivity
GoCs receive information from all layers of the cerebellar cortex. GoCs extend short basal dendrites

in the granule cell layer to sample MF activity (Marr, 1969; DiGregorio et al., 2002; Ito, 2006;

Kanichay and Silver, 2008) and also extend 2–3 apical dendrites into the molecular layer to receive

several thousand PF inputs (Vos et al., 1999; Ito, 2006; Robberechts et al., 2010). We expect that

CF spillover signaling occurs on apical GoC dendrites in the ML, due to their proximity to CFs that

innervate PC dendrites. Spillover signaling may enable integration of synaptic inputs in apical den-

drites over a broader time window in contrast to the narrow window of integration of synaptic inputs

arising in basal dendrites.

GoCs exert their influence in the GC layer at glomerular MF-GC synapses. Here, single mossy

fiber boutons are contacted by ~50–100 GC dendrites and usually a single GoC axon

(Crowley et al., 2009). The influence of GoCs is facilitated by the complex glomerular geometry

that enables GABA released from GoCs to spillover to adjacent, non-synaptically coupled GCs

(Hamann et al., 2002). The extensive ramification of the complex GoC axon also allows a single

GoC to contact many glomeruli (Ito, 2006). Synaptic activation of GoCs generates feedforward pha-

sic inhibition of GCs, and pacemaker activity contributes to tonic inhibition of GCs (Brickley et al.,

1996). Thus CF-excitation of GoCs has the potential to influence the excitability of thousands of

GCs.
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Figure 9. GoC pausing is correlated with a CF-evoked mGluR current. (Ai, top and bottom) Representative

cumulative spike probability plot (normalized) for a non-pausing and pausing GoC in the presence of TBOA. (Aii,

top and bottom) Example traces of CF-EPSCs (red, 50 mM TBOA) and TBOA +LY341495 (50 mM + 0.5 mM, black)

for a non-pausing GoC and pausing GoC. Gray shaded region illustrates the amount of charge reduction

observed with LY341495 application (0.6 pA*sec and 5.3 pA*sec, respectively for the non-pausing and pausing

GoC shown). (B) Negative relationship between the charge blocked by LY341495 versus the cumulative ratio for

each GoC. The quantity of CF-EPSC charge blocked by the application of LY341495 was measured by calculating

the difference between the EPSC traces in TBOA +LY341495 and TBOA alone (n = 9). Colored circles indicate

example cells from (Aii).

DOI: https://doi.org/10.7554/eLife.29215.017
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In addition to their glutamatergic inputs, GoCs receive GABAergic inhibition from Lugaro cells (at

a ratio of 10:1 LC:GoC; Dieudonné and Dumoulin, 2000; Dumoulin et al., 2001), cerebellar nuclear

cells (Ankri et al., 2015), and other GoCs but not MLIs (Dugué et al., 2009; Hull and Regehr,

2012; Szoboszlay et al., 2016). Reciprocal connections between GCs and GoCs thus creates a tradi-

tional feedback inhibitory loop, that together with feedforward and tonic inhibition, maintain sparse

population activity in the GC layer (D’Angelo et al., 2013). We speculate that reciprocal GABAergic

synapses between GoCs or connections from Lugaro cells or recurrent PC-GoC connections

(Witter et al., 2016) could contribute to CF-evoked pausing in vivo, a possibility that we did not

test due to the difficulty of identifying CF-evoked EPSCs in the presence of intact inhibition.

Stimulation of GoC afferents perturbs intrinsic firing by distinct
mechanisms
We found that CF-mediated regulation of GoC spiking displayed distinct temporal properties com-

pared to synaptic signaling from PF and MFs. Single PF and MF stimuli triggered rapid GoC spiking

followed by a short-latency pause in tonic firing that was unaffected by mGluR2 antagonism. It is

likely that this brief pause is due to the intrinsic pacemaker firing of GoCs that is synchronized across

trials (Vos et al., 1999; D’Angelo, 2008). GoCs respond to afferent stimulation with a short burst of

spikes that disrupts their intrinsic pacemaker activity (Solinas et al., 2007b, 2007a). As a result, the

pause seen after synaptic stimulation or current injection results from the synchronized reset in the

pacemaker activity of the GoC.

In contrast, CF evoked suppression of GoC spiking depended on mGluR activation rather than

intrinsic spike resetting. Both CF excitation and inhibition were enhanced by application of the gluta-

mate transporter antagonist TBOA, but suppression of CF spiking was selectively blocked by

mGluR2 antagonism, suggesting suppression results from mGluR-induced inhibition, similar to PF

burst stimulation that activates postsynaptic mGluR2 on GoCs (Watanabe and Nakanishi, 2003;

Nakanishi, 2005). In the intact brain, multiple active CFs may provide spillover to GoCs to produce

a response under physiological conditions. In addition, spillover dependent mGluR-mediated inhibi-

tion may augment feedforward GABAergic synaptic inhibition imposed by other GoCs and Lugaro

cells, although these possibilities remain to be tested.

mGluRs may be uniquely poised to sense glutamate spillover from active CFs. Unlike mGluR1/5

subunits that preferentially localize near excitatory synapses, mGluR2 is randomly distributed across

the entire somatodendritic domain and axon of GoCs (Luján et al., 1997). The preferential activation

of mGluR2 by single CF stimuli likely reflects the accessibility of spillover glutamate to reach suffi-

ciently large regions of extrasynaptic GoC membranes to recruit detectable mGluR2-mediated GIRK

activation. Because spillover is not confined to an anatomical post-synaptic site, its actions are

largely regulated by glutamate clearance in the extracellular space and the proximity of postsynaptic

receptors to the release sites. Our results showing that transport blockade enhances the duration of

the mGluR2-mediated pause are consistent with this idea. In contrast, glutamate release at PF and

MF synapses is likely constrained to peri-synaptic regions by a high density of glutamate transporters

at excitatory synapses, such that extrasynaptic mGluR2 activation is controlled by the strength and

duration of synaptic stimulation (Watanabe and Nakanishi, 2003). Our results confirm that gluta-

mate released by single PF and MF stimuli was insufficient to activate mGluR2-mediated inhibition,

even when glutamate transporters are blocked.

Golgi cells in vivo do not show excitation but exclusively show a pause in firing in response to

climbing fiber stimulation (Xu and Edgley, 2008). It is possible that differences in experimental

approaches between in vivo and in vitro studies contribute to this discrepancy in outcomes. We stim-

ulated a single or a small number of CFs near recorded GoCs and identified CF-EPSCs by the well-

known characteristics of CF spillover transmission (all-or-none EPSCs with PPD and TBOA sensitivity).

Thus we ‘selected’ only GoCs that show AMPA receptor EPSCs - these recordings could be viewed

as a ‘paired’ recording between a single CF and a single GoC. In vivo experiments use a protocol

consisting of stimulation of the inferior olive, a site that is distant from recorded GoCs. We speculate

that the discrepancy between in vivo and in vitro results reflects the difference in the probability of

identifying a ‘paired’ recording between a particular CF and GoC in the two preparations. We

expect that CFs can generate a range of GoC responses including excitation only, biphasic excita-

tion-inhibition and inhibition only, depending on the complement of glutamate receptors respond-

ing to spillover. Since mGluRs have a higher affinity for glutamate than AMPARs (Malherbe et al.,
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2001; Traynelis et al., 2010), it is possible that most GoCs in vivo exhibit solely an inhibitory

response, but due to our selection criteria for confirming the CF source of glutamate, all of our GoC

recordings have AMPA receptor components that will undoubtedly cause excitation. Just as exten-

sive anatomical studies have detailed traditional synaptic connectivity, further work is needed to

understand how release dynamics and tissue architecture might shape activation of extrasynaptic

receptors to regulate functional connectivity.

Implications for granule cell processing and heterogeneity
GoCs are responsible for regulating the responsiveness of GCs to MF afferent activity and thus set-

ting the tone of information flow through the cerebellar cortex. The activity of GoCs sets the firing

threshold as well as controls the timing of GC firing and subsequent information transfer to Purkinje

cells (Gabbiani et al., 1994; De Schutter et al., 2000; Vos et al., 2000). Tonic and spillover inhibi-

tion from GoCs play a large role in determining the number of GCs able to respond to a given MF

input (Brickley et al., 1996; Rossi et al., 2003; Duguid et al., 2012), which in turn helps generate a

sparse representation that is thought to enhance the storage capacity of the cerebellum. Phasic inhi-

bition generated by PF and MF activity serves to synchronize inhibition, and by extension GC activity

generating center-surround inhibition (Vos et al., 1999; D’Angelo and De Zeeuw, 2009;

Vervaeke et al., 2010).

Since GoCs regulate transmission at the mossy fiber-granule cell relay, CF input could serve to

demarcate groups of GoCs depending on the type of response to CF input (with or without an

mGluR-induced pause) to promote spatial filtering of mossy fiber signals (Mitchell and Silver,

2000a, 2000b, 2003). In addition, recent models have moved away from the granule cell layer being

a simple spatial filter to emphasize its role in the timing of motor commands (Yamazaki and Tanaka,

2009; Rössert et al., 2015). In this context, GoCs set the time window for GC spiking and time is

encoded through the sequential activation of populations of GCs. Indeed, results from behavioral

assays in combination with lesioning studies have shown that disrupting the cerebellar cortical circuit

leads to changes in learned response times while failing to abolish the learned response itself

(Perrett et al., 1993; Raymond et al., 1996; Prestori et al., 2008). In the context of timing, spill-

over may serve to desynchronize cells within each layer of the cortex to promote efficient learning.

Given the regularity with which the cerebellar cortex is organized, it becomes necessary for cells

to generate a multitude of responses to distinguish between stimuli (Yamazaki and Tanaka, 2005;

Rössert et al., 2015). This requires significant heterogeneity and randomness in GCL activity pat-

terns. Heterogeneity can arise from differential connectivity patterns between GCs and mossy fibers,

as well as by recurrent inhibition from the GoC network which enhances sparse GC activity. An addi-

tional source of heterogeneity comes from receptor activation profiles. In recent cerebellar models,

mGluR2 activity was suggested to increase the dynamic range of GC responses while preventing the

circuit from entering an erratic state (Rössert et al., 2015). Thus, heterogeneity in CF-mediated

mGluR activation on GoCs could provide as a source of variability in GCL activity.

Our results identify a new mechanism for regulating GoC activity at the cerebellar input stage.

Here, conjunctive stimulation of CFs and peripheral inputs may lead to LTD at the MF-GC relay and/

or plasticity at excitatory GoC synapses (Xu and Edgley, 2008; Robberechts et al., 2010). In the

broader context of cerebellar function, it is possible that CF spillover allows local interneuron circuits

to monitor input to PCs and regulate local circuit excitation and inhibition required to refine cerebel-

lar-dependent actions. In the context of CFs providing an error signal, spillover signal to GoCs may

relay privileged information at the input stage that is not encoded by mossy fibers. In this manner,

CF spillover may enhance response complexity and regulate signaling through a form of transmission

not constrained to synapses.

Materials and methods
All experiments were conducted through protocols approved by the Institutional Animal Care and

Use Committee of the University of Alabama at Birmingham

Slice preparation
Mice (C57BL/6 or CRH-ires-CRE, Jackson Labs stock # 012704 x ChR2 (H134R)-EYFP, Jackson Labs

stock # 012569) of either sex aged P16-28 were anesthetized via isoflurane inhalation or with 2, 2, 2-
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tribromoethanol and intra-cardially perfused with ice cold cutting solution prior to decapitation. The

cerebellum was quickly dissected into one of three ice cold cutting solutions (in mM): solution 1 (110

CholineCl, 7 MgCl2, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 25 glucose, 11.5 Na-Ascorbate, 3 Na-pyru-

vate, 25 NaHCO3); solution 2 (130 KGluconate, 15 KCl, 0.05 EGTA, 20 HEPES, 25 Glucose with 2.5

mM R-CPP); solution 3 (85 NaCl, 75 Sucrose, 24 NaHCO3, 25 Glucose, 4 MgCl2, 2.5 KCl, 1.25

NaH2PO4, 0.5 CaCl2 with 2.5 mM R-CPP). Solution 1 was typically used for voltage clamp experi-

ments while solution 2 and 3 were used for current clamp experiments that assay tonic firing

(Hull and Regehr, 2012; Santhakumar et al., 2013). Parasagittal slices from the cerebellar vermis

(300 mM) were cut and incubated for 30 min in 35˚C ACSF in 119 or 125 NaCl, 26 NaHCO3, 2.5 KCl,

1–1.25 NaH2PO4, 11 or 25 Glucose, 2–2.5 CaCl2, 1–1.3 MgCl2, and 2.5 mM R-CPP before being

stored at room temperature. Recordings were performed in the same ACSF as used for incubation

with R-CPP omitted for up to 5 hr post-slicing.

Electrophysiology
Recordings were made from visually identified Golgi cells (GoCs). GoC identity was confirmed by

the observation of action potential firing in either the cell-attached or whole-cell configurations and

characteristic input resistance (see Figure 1—figure supplement 1; 185 ± 22 MW, n = 45). Record-

ings were made at ~32˚C maintained with an inline heater (Warner Instruments, Hamden, CT). Cells

were visualized using a 60X water immersion objective on an Olympus BX51WI microscope

equipped with infrared contrast optics (Dodt et al., 2002). Synaptic activity was recorded using a

Multiclamp 700B amplifier and pClamp10 acquisition software (Molecular Devices, Sunnyvale, CA).

Signals were filtered at 4–10 kHz and digitized at 20–50 kHz (Digidata 1440). Patch pipettes (BF150-

086; Sutter Instruments, Novato, CA) were pulled on a Sutter P-97 (Sutter Instruments) horizontal

puller to a resistance between 2.5 and 6 MW.

For voltage-clamp experiments, pipettes were filled with solutions containing (in mM): 140

CsMeSO3, 15 HEPES, 0.5 EGTA, 2 TEA-Cl, 2 Mg-ATP, 0.3 Na-GTP, 10 phosphocreatine, 5 QX-

314Cl, and 0.1 spermine. For current-clamp experiments, pipettes were filled with solutions contain-

ing (in mM): 150 KGluconate, 3 KCl, 10 HEPES, 0.5 EGTA, 3 Mg-ATP, 0.5 Na-GTP, 5 phosphocrea-

tine (ditris), 5 phosphocreatine (disodium) or 90 KH2PO4, 10 KCl, 10 HEPES, 10 BAPTA, 4 MgCl2, 0.4

Na-GTP, 2 Mg-ATP, 5 phosphocreatine (dipotassium) pH to 7.2 with KOH. Series resistance (Rs) was

monitored by responses to a 5 mV voltage step and compensated to remain less than 10 MW. If Rs

changed significantly (�20%) experiments were discarded. Current injection (20–100 pA) was some-

times used to maintain a baseline firing rate of 5–10 Hz. If action potential firing ceased or became

erratic experiments were discarded.

Climbing fibers were stimulated using a theta glass pipette positioned near the Purkinje cell layer

(100 ms, 20–100 mA). The stimulus intensity was adjusted to produce an all-or-none response with

minimal parallel fiber (PF) or mossy fiber (MF) contamination. PFs or MFs were stimulated by posi-

tioning the theta glass pipette in the molecular layer or in the granule cell layer/white matter (>300

mm lateral to the recording pipette), respectively. PF- and MF- stimulus intensity was adjusted to

keep EPSCs below 300 pA to minimize transmitter pooling (Clark and Cull-Candy, 2002). ChR2-

expressing CFs were stimulated by positioning the epifluorescence-mounted LED (455 nm; Thorlabs,

Newton, NJ) over the molecular layer. In most cases, the light was directed to the outer molecular

layer knowing that it would spread to the middle and inner molecular layers to minimize activation

of mossy fibers that sporadically express ChR2. For all current-clamp experiments we first confirmed

that EPSCs evoked by putative CF stimulation displayed slow kinetics and profound paired-pulse

depression; stimulation near the Purkinje cell layer or light stimulation that evoked EPSCs with fast

kinetics and little synaptic depression (indicating contamination by PFs or MFs) were excluded from

further analysis. Additional whole cell recordings were made from PCs in ChR2-expressing mice. Pip-

ettes were filled with a solution containing in mM: 110 CsCl, 35 CsF, 10 Hepes, 10 EGTA, and 5 QX-

314Cl. Recordings were made at �60 mV in the presence of 100 nM NBQX to reduce the size of CF-

evoked EPSCs. In all cells tested, CF EPSCs were all-or-none in nature and no activation of multiple

CFs onto individual PCs was observed.
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Immunohistochemistry and confocal imaging
In a subset of cells 0.2% biocytin was included in the intracellular solution to allow post-hoc morpho-

logical identification of GoCs. Slices were post fixed in 4% paraformaldehyde (PFA) for 24 hr. Free

floating sections were washed with 1X PBS and rinsed with 0.3M glycine and 0.5% Triton-X 100. Sli-

ces were blocked in TBS containing 10% normal goat serum, 3% bovine serum albumin, 1% glycine,

and 0.4% Triton-X 100 for 1 hr at room temperature. After the initial block, slices were incubated

with Streptavidin conjugated Alexa 647 (1:1000; Invitrogen, Waltham, MA) overnight at 4˚C. In cases

of transgenic CRH-ires-CRE floxed ChR2-EYFP, slices were also incubated (overnight at 4˚C) with
rabbit anti-EGFP (1:1000; Invitrogen) to amplify staining of the EYFP-fused ChR2 protein. After stain-

ing, slices were rinsed with PBS and mounted with Vectashield anti-fade reagent (Vectorlabs, Burlin-

game, CA). Images of cells (Alexa 647) or CFs (ChR2-EYFP) were acquired using a 20X oil-immersion

objective (0.85 NA) on an Olympus FluoView 300 confocal microscope using a 633 nm or 488 nm

excitation wavelength. Images were processed using ImageJ software (NIH, Bethesda, MD).

Data and statistical analysis
Recordings were analyzed using AxographX software (Axograph Scientific, Sydney, Australia).

Changes to basal spontaneous action potential firing were quantified as in (Coddington et al.,

2013). Briefly, peristimulus histograms (PSH) were computed and integrated. A linear fit to the base-

line (200–300 ms) of the integral was extrapolated and subtracted from the integral to yield the

cumulative spike probability plot. The ratio of the steady state (600–800 ms) to the initial number of

spikes added (within 20 ms) provided a relative measure of the inhibition that sometimes followed

the excitation with each stimulus (see Figure 5, insets). Average PSH and cumulative probability

plots were calculated for cells with at least 20 individual episodes. Data are displayed as mean ±SEM

and statistical significance was determined using paired or unpaired two-tailed Student’s t-tests or

ANOVAs followed by Bonferroni’s multiple comparison test (GraphPad Prism, La Jolla, CA). In some

figures, the values of the number of cells (n) tested changed if experiments were not carried out

through all pharmacological treatments.

Drugs
Picrotoxin (GABAAR antagonist; 100 mM), NBQX (AMPAR antagonist; 5 mM), QX-314 (Na+-channel

blocker; 5 mM), and CGP55845 (GABABR antagonist; 2 mM) were obtained from Abcam (Cambridge,

UK). R-CPP (NMDAR antagonist; 5–10 mM), LY341495 (mGluR2 antagonist; 0.5 mM), DCG-IV

(mGluR2 agonist; 1 mM), and DL-TBOA (EAAT antagonist; 25–50 mM) were purchased from Tocris

Bioscience (Minneapolis, MN). Strychnine (GlyR antagonist; 1 mM) and all other drugs and chemicals

were obtained from Sigma Aldrich (St. Louis, MO) or Fisher Scientific (Pittsburgh, PA).
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Electrical coupling mediates tunable low-frequency oscillations and resonance in the cerebellar Golgi cell
network. Neuron 61:126–139. DOI: https://doi.org/10.1016/j.neuron.2008.11.028, PMID: 19146818
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Gabbiani F, Midtgaard J, Knöpfel T. 1994. Synaptic integration in a model of cerebellar granule cells. Journal of
Neurophysiology 72:999–1009. PMID: 7527078

Galliano E, Baratella M, Sgritta M, Ruigrok TJ, Haasdijk ED, Hoebeek FE, D’Angelo E, Jaarsma D, De Zeeuw CI.
2013. Anatomical investigation of potential contacts between climbing fibers and cerebellar Golgi cells in the
mouse. Frontiers in Neural Circuits 7:59. DOI: https://doi.org/10.3389/fncir.2013.00059, PMID: 23580075

Hamann M, Rossi DJ, Attwell D. 2002. Tonic and spillover inhibition of granule cells control information flow
through cerebellar cortex. Neuron 33:625–633. DOI: https://doi.org/10.1016/S0896-6273(02)00593-7,
PMID: 11856535

Holtzman T, Sivam V, Zhao T, Frey O, van der Wal PD, de Rooij NF, Dalley JW, Edgley SA. 2011. Multiple extra-
synaptic spillover mechanisms regulate prolonged activity in cerebellar Golgi cell-granule cell loops. The
Journal of Physiology 589:3837–3854. DOI: https://doi.org/10.1113/jphysiol.2011.207167, PMID: 21669981

Hull C, Regehr WG. 2012. Identification of an inhibitory circuit that regulates cerebellar Golgi cell activity.
Neuron 73:149–158. DOI: https://doi.org/10.1016/j.neuron.2011.10.030, PMID: 22243753

Isaacson JS. 1999. Glutamate spillover mediates excitatory transmission in the rat olfactory bulb. Neuron 23:377–
384. DOI: https://doi.org/10.1016/S0896-6273(00)80787-4, PMID: 10399942

Ito M. 2006. Cerebellar circuitry as a neuronal machine. Progress in Neurobiology 78:272–303. DOI: https://doi.
org/10.1016/j.pneurobio.2006.02.006, PMID: 16759785

Jörntell H, Ekerot CF. 2003. Receptive field plasticity profoundly alters the cutaneous parallel fiber synaptic input
to cerebellar interneurons in vivo. Journal of Neuroscience 23:9620–9631. PMID: 14573542

Kanichay RT, Silver RA. 2008. Synaptic and cellular properties of the feedforward inhibitory circuit within the
input layer of the cerebellar cortex. Journal of Neuroscience 28:8955–8967. DOI: https://doi.org/10.1523/
JNEUROSCI.5469-07.2008, PMID: 18768689

Linden DJ. 1997. Long-term potentiation of glial synaptic currents in cerebellar culture. Neuron 18:983–994.
DOI: https://doi.org/10.1016/S0896-6273(00)80337-2, PMID: 9208865

Nietz et al. eLife 2017;6:e29215. DOI: https://doi.org/10.7554/eLife.29215 20 of 22

Research article Neuroscience

https://doi.org/10.1016/j.neuron.2013.04.019
https://doi.org/10.1016/j.neuron.2013.04.019
http://www.ncbi.nlm.nih.gov/pubmed/23707614
https://doi.org/10.1007/s12311-014-0554-7
http://www.ncbi.nlm.nih.gov/pubmed/24590660
https://doi.org/10.1016/j.neuron.2009.09.004
https://doi.org/10.1016/j.neuron.2009.09.004
http://www.ncbi.nlm.nih.gov/pubmed/19778512
https://doi.org/10.3389/neuro.01.008.2008
http://www.ncbi.nlm.nih.gov/pubmed/18982105
https://doi.org/10.1016/j.tins.2008.09.007
http://www.ncbi.nlm.nih.gov/pubmed/18977038
https://doi.org/10.3389/fncir.2013.00093
https://doi.org/10.3389/fncir.2013.00093
http://www.ncbi.nlm.nih.gov/pubmed/23730271
http://www.ncbi.nlm.nih.gov/pubmed/10943118
https://doi.org/10.1016/S0896-6273(02)00787-0
https://doi.org/10.1016/S0896-6273(02)00787-0
http://www.ncbi.nlm.nih.gov/pubmed/12165473
https://doi.org/10.1111/j.1469-7793.1998.845bj.x
https://doi.org/10.1111/j.1469-7793.1998.845bj.x
http://www.ncbi.nlm.nih.gov/pubmed/9660898
http://www.ncbi.nlm.nih.gov/pubmed/10684885
http://www.ncbi.nlm.nih.gov/pubmed/9698309
https://doi.org/10.1126/stke.2002.120.pl2
https://doi.org/10.1523/JNEUROSCI.0460-12.2012
https://doi.org/10.1523/JNEUROSCI.0460-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22875944
https://doi.org/10.1016/j.neuron.2008.11.028
http://www.ncbi.nlm.nih.gov/pubmed/19146818
http://www.ncbi.nlm.nih.gov/pubmed/11487628
https://doi.org/10.1113/jphysiol.2006.110858
http://www.ncbi.nlm.nih.gov/pubmed/16690702
http://www.ncbi.nlm.nih.gov/pubmed/16690702
http://www.ncbi.nlm.nih.gov/pubmed/7527078
https://doi.org/10.3389/fncir.2013.00059
http://www.ncbi.nlm.nih.gov/pubmed/23580075
https://doi.org/10.1016/S0896-6273(02)00593-7
http://www.ncbi.nlm.nih.gov/pubmed/11856535
https://doi.org/10.1113/jphysiol.2011.207167
http://www.ncbi.nlm.nih.gov/pubmed/21669981
https://doi.org/10.1016/j.neuron.2011.10.030
http://www.ncbi.nlm.nih.gov/pubmed/22243753
https://doi.org/10.1016/S0896-6273(00)80787-4
http://www.ncbi.nlm.nih.gov/pubmed/10399942
https://doi.org/10.1016/j.pneurobio.2006.02.006
https://doi.org/10.1016/j.pneurobio.2006.02.006
http://www.ncbi.nlm.nih.gov/pubmed/16759785
http://www.ncbi.nlm.nih.gov/pubmed/14573542
https://doi.org/10.1523/JNEUROSCI.5469-07.2008
https://doi.org/10.1523/JNEUROSCI.5469-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18768689
https://doi.org/10.1016/S0896-6273(00)80337-2
http://www.ncbi.nlm.nih.gov/pubmed/9208865
https://doi.org/10.7554/eLife.29215


Luján R, Roberts JD, Shigemoto R, Ohishi H, Somogyi P. 1997. Differential plasma membrane distribution of
metabotropic glutamate receptors mGluR1 alpha, mGluR2 and mGluR5, relative to neurotransmitter release
sites. Journal of Chemical Neuroanatomy 13:219–241. DOI: https://doi.org/10.1016/S0891-0618(97)00051-3,
PMID: 9412905

Malherbe P, Knoflach F, Broger C, Ohresser S, Kratzeisen C, Adam G, Stadler H, Kemp JA, Mutel V. 2001.
Identification of essential residues involved in the glutamate binding pocket of the group II metabotropic
glutamate receptor. Molecular Pharmacology 60:944–954. PMID: 11641422

Marr D. 1969. A theory of cerebellar cortex. The Journal of Physiology 202:437–470. DOI: https://doi.org/10.
1113/jphysiol.1969.sp008820, PMID: 5784296

Mathews PJ, Lee KH, Peng Z, Houser CR, Otis TS. 2012. Effects of climbing fiber driven inhibition on Purkinje
neuron spiking. Journal of Neuroscience 32:17988–17997. DOI: https://doi.org/10.1523/JNEUROSCI.3916-12.
2012, PMID: 23238715

Mitchell SJ, Silver RA. 2000a. GABA spillover from single inhibitory axons suppresses low-frequency excitatory
transmission at the cerebellar glomerulus. Journal of Neuroscience 20:8651–8658. PMID: 11102470

Mitchell SJ, Silver RA. 2000b. Glutamate spillover suppresses inhibition by activating presynaptic mGluRs. Nature
404:498–502. DOI: https://doi.org/10.1038/35006649, PMID: 10761918

Mitchell SJ, Silver RA. 2003. Shunting inhibition modulates neuronal gain during synaptic excitation. Neuron 38:
433–445. DOI: https://doi.org/10.1016/S0896-6273(03)00200-9, PMID: 12741990

Mitchell CS, Lee RH. 2011. Synaptic glutamate spillover increases NMDA receptor reliability at the cerebellar
glomerulus. Journal of Theoretical Biology 289:217–224. DOI: https://doi.org/10.1016/j.jtbi.2011.08.018,
PMID: 21884708
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Szoboszlay M, Lőrincz A, Lanore F, Vervaeke K, Silver RA, Nusser Z. 2016. Functional properties of dendritic gap
junctions in cerebellar golgi cells. Neuron 90:1043–1056. DOI: https://doi.org/10.1016/j.neuron.2016.03.029,
PMID: 27133465

Taniguchi H, He M, Wu P, Kim S, Paik R, Sugino K, Kvitsiani D, Kvitsani D, Fu Y, Lu J, Lin Y, Miyoshi G, Shima Y,
Fishell G, Nelson SB, Huang ZJ. 2011. A resource of Cre driver lines for genetic targeting of GABAergic
neurons in cerebral cortex. Neuron 71:995–1013. DOI: https://doi.org/10.1016/j.neuron.2011.07.026, PMID: 21
943598

Traynelis SF, Wollmuth LP, McBain CJ, Menniti FS, Vance KM, Ogden KK, Hansen KB, Yuan H, Myers SJ,
Dingledine R. 2010. Glutamate receptor ion channels: structure, regulation, and function. Pharmacological
Reviews 62:405–496. DOI: https://doi.org/10.1124/pr.109.002451, PMID: 20716669

Tsai MC, Tanaka K, Overstreet-Wadiche L, Wadiche JI. 2012. Neuronal glutamate transporters regulate glial
excitatory transmission. Journal of Neuroscience 32:1528–1535. DOI: https://doi.org/10.1523/JNEUROSCI.
5232-11.2012, PMID: 22302796

Tzingounis AV, Wadiche JI. 2007. Glutamate transporters: confining runaway excitation by shaping synaptic
transmission. Nature Reviews Neuroscience 8:935–947. DOI: https://doi.org/10.1038/nrn2274, PMID: 17987031

Vervaeke K, Lorincz A, Gleeson P, Farinella M, Nusser Z, Silver RA. 2010. Rapid desynchronization of an
electrically coupled interneuron network with sparse excitatory synaptic input. Neuron 67:435–451.
DOI: https://doi.org/10.1016/j.neuron.2010.06.028, PMID: 20696381

Vos BP, Maex R, Volny-Luraghi A, De Schutter E. 1999. Parallel fibers synchronize spontaneous activity in
cerebellar Golgi cells. Journal of Neuroscience 19:RC6. PMID: 10341267

Vos BP, Volny-Luraghi A, Maex R, De Schutter E. 2000. Precise spike timing of tactile-evoked cerebellar Golgi
cell responses: a reflection of combined mossy fiber and parallel fiber activation? Progress in Brain Research
124:95–106. PMID: 10943119

Wadiche JI, Jahr CE. 2001. Multivesicular release at climbing fiber-Purkinje cell synapses. Neuron 32:301–313.
DOI: https://doi.org/10.1016/S0896-6273(01)00488-3, PMID: 11683999

Wadiche JI, Jahr CE. 2005. Patterned expression of Purkinje cell glutamate transporters controls synaptic
plasticity. Nature Neuroscience 8:1329–1334. DOI: https://doi.org/10.1038/nn1539, PMID: 16136036

Watanabe D, Nakanishi S. 2003. mGluR2 postsynaptically senses granule cell inputs at Golgi cell synapses.Neuron
39:821–829. DOI: https://doi.org/10.1016/S0896-6273(03)00530-0, PMID: 12948448

Witter L, Rudolph S, Pressler RT, Lahlaf SI, Regehr WG. 2016. Purkinje cell collaterals enable output signals from
the cerebellar cortex to feed back to purkinje cells and interneurons. Neuron 91:312–319. DOI: https://doi.org/
10.1016/j.neuron.2016.05.037, PMID: 27346533

Xu W, Edgley SA. 2008. Climbing fibre-dependent changes in Golgi cell responses to peripheral stimulation. The
Journal of Physiology 586:4951–4959. DOI: https://doi.org/10.1113/jphysiol.2008.160879, PMID: 18755742

Yamazaki T, Tanaka S. 2005. Neural modeling of an internal clock. Neural Computation 17:1032–1058.
DOI: https://doi.org/10.1162/0899766053491850, PMID: 15829099

Yamazaki T, Tanaka S. 2009. Computational models of timing mechanisms in the cerebellar granular layer. The
Cerebellum 8:423–432. DOI: https://doi.org/10.1007/s12311-009-0115-7, PMID: 19495900

Nietz et al. eLife 2017;6:e29215. DOI: https://doi.org/10.7554/eLife.29215 22 of 22

Research article Neuroscience

https://doi.org/10.1016/S0079-6123(00)24015-6
https://doi.org/10.1016/S0079-6123(00)24015-6
http://www.ncbi.nlm.nih.gov/pubmed/10943124
https://doi.org/10.3389/neuro.03.002.2007
http://www.ncbi.nlm.nih.gov/pubmed/18946520
https://doi.org/10.3389/neuro.03.004.2007
http://www.ncbi.nlm.nih.gov/pubmed/18946522
https://doi.org/10.1038/nn1907
http://www.ncbi.nlm.nih.gov/pubmed/17515900
https://doi.org/10.1523/JNEUROSCI.2105-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21940436
https://doi.org/10.1016/j.neuron.2016.03.029
http://www.ncbi.nlm.nih.gov/pubmed/27133465
https://doi.org/10.1016/j.neuron.2011.07.026
http://www.ncbi.nlm.nih.gov/pubmed/21943598
http://www.ncbi.nlm.nih.gov/pubmed/21943598
https://doi.org/10.1124/pr.109.002451
http://www.ncbi.nlm.nih.gov/pubmed/20716669
https://doi.org/10.1523/JNEUROSCI.5232-11.2012
https://doi.org/10.1523/JNEUROSCI.5232-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22302796
https://doi.org/10.1038/nrn2274
http://www.ncbi.nlm.nih.gov/pubmed/17987031
https://doi.org/10.1016/j.neuron.2010.06.028
http://www.ncbi.nlm.nih.gov/pubmed/20696381
http://www.ncbi.nlm.nih.gov/pubmed/10341267
http://www.ncbi.nlm.nih.gov/pubmed/10943119
https://doi.org/10.1016/S0896-6273(01)00488-3
http://www.ncbi.nlm.nih.gov/pubmed/11683999
https://doi.org/10.1038/nn1539
http://www.ncbi.nlm.nih.gov/pubmed/16136036
https://doi.org/10.1016/S0896-6273(03)00530-0
http://www.ncbi.nlm.nih.gov/pubmed/12948448
https://doi.org/10.1016/j.neuron.2016.05.037
https://doi.org/10.1016/j.neuron.2016.05.037
http://www.ncbi.nlm.nih.gov/pubmed/27346533
https://doi.org/10.1113/jphysiol.2008.160879
http://www.ncbi.nlm.nih.gov/pubmed/18755742
https://doi.org/10.1162/0899766053491850
http://www.ncbi.nlm.nih.gov/pubmed/15829099
https://doi.org/10.1007/s12311-009-0115-7
http://www.ncbi.nlm.nih.gov/pubmed/19495900
https://doi.org/10.7554/eLife.29215

