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SUMMARY

Here we provide evidence that revises the inhibitory
circuit diagram of the cerebellar cortex. It was
previously thought that Golgi cells, interneurons
that are the sole source of inhibition onto granule
cells, were exclusively coupled via gap junctions.
Moreover, Golgi cells were believed to receive
GABAergic inhibition from molecular layer interneu-
rons (MLIs). Here we challenge these views by
optogenetically activating the cerebellar circuitry to
determine the timing and pharmacology of inhibition
onto Golgi cells and by performing paired recordings
to directly assess synaptic connectivity. In contrast
to current thought, we find that Golgi cells, not
MLIs, make inhibitory GABAergic synapses onto
other Golgi cells. As a result, MLI feedback does
not regulate the Golgi cell network, and Golgi cells
are inhibited approximately 2 ms before Purkinje
cells, following a mossy fiber input. Hence, Golgi
cells and Purkinje cells receive unique sources of
inhibition and can differentially process shared
granule cell inputs.

INTRODUCTION

The cerebellar cortex plays a crucial role in orchestrating the

coordination and timing of body movements (Mauk et al.,

2000), and cerebellar deficits or damage typically results in

severe ataxia (Grüsser-Cornehls and Bäurle, 2001). At the neural

circuit level, timing is often governed by local synaptic inhibition,

which is critical for regulating spike timing, population

synchrony, and the frequency and amplitude of neural oscilla-

tions (Atallah and Scanziani, 2009; Cobb et al., 1995; Mann

et al., 2005; Pouille and Scanziani, 2001).

In the cerebellar cortex, inhibition is provided by only a few

distinct types of interneurons (Eccles et al., 1966), and the

general consensus is that all major pathways of synaptic inhibi-

tion have been identified. Of particular importance for local

synaptic processing is the cerebellar Golgi cell (D’Angelo,

2008). This interneuron is positioned in the granule cell layer at

the input stage of the cerebellar cortex (Figure 1A). Here,

sensory, motor, and higher cognitive information from several

brain regions carried by the mossy fibers (MFs), provides strong
excitatory drive to both Golgi cells and glutamatergic granule

cells (Eccles et al., 1967; Ito, 2006). In turn, Golgi cells generate

the sole source of inhibition onto granule cells (Eccles et al.,

1964), which are the most numerous cell type in the brain. Golgi

cells can also directly inhibit release from MFs by activating

presynaptic GABAB receptors (Mitchell and Silver, 2000). Hence,

by regulating the excitability of both granule cells and MFs,

Golgi cells can gate sensory activation of the cerebellar cortex

and thus have a major impact on cerebellar processing (Galliano

et al., 2010).

Golgi cells have indeed been found to play an integral role in

cerebellar function. At the behavioral level, acute ablation of

Golgi cells results in ataxia (Watanabe et al., 1998). Moreover,

Golgi cells are essential for generating behaviorally important

temporal patterns of activity in the cerebellum (De Schutter

et al., 2000; Isope et al., 2002; Kistler and De Zeeuw, 2003).

Electrical connections between Golgi cells, which are mediated

by gap junctions on their dendrites, allow both synchronous

Golgi cell spiking during periods of quiet wakefulness (Dugué

et al., 2009) and desynchronized spiking in response to MF

activation (Vervaeke et al., 2010).

To understand how Golgi cells make such essential con-

tributions to local cerebellar processing, it is necessary to

understand how their activity is regulated by synaptic inhibition.

Some of the inhibition onto Golgi cells is generated by rare inter-

neurons called Lugaro cells, which provide a mixed glycinergic/

GABAergic input (Dumoulin et al., 2001). However, this input has

only been observed in vitro in the presence of serotonin (Dieu-

donné and Dumoulin, 2000) and does not account for the more

prominent GABAergic inhibition of Golgi cells. Indirect evidence,

both anatomical (Palay and Chan-Palay, 1974) and physiological

(Dumoulin et al., 2001), has suggested that molecular layer

interneurons (MLIs) inhibit Golgi cells in the same manner as

Purkinje cells (PCs) and may also be electrically coupled to

Golgi cells via gap junctions (Sotelo and Llinás, 1972). Because

recent studies have failed to identify inhibitory synaptic con-

nections between Golgi cells (Dugué et al., 2009; Vervaeke

et al., 2010), the prevailing view maintains that the Golgi cell

network is connected exclusively by gap junctions and receives

GABAergic inhibition from MLIs (Geurts et al., 2003; D’Angelo

and De Zeeuw, 2009; De Schutter et al., 2000; Isope et al.,

2002; Galliano et al., 2010; Jörntell et al., 2010). This longstand-

ing hypothesis suggests an important functional role for MLIs

in providing ongoing feedback inhibition to Golgi cells and

hence in regulating activity throughout the granule cell layer.

Here, we overturn this view by revealing that Golgi cells

make inhibitory GABAergic synapses onto each other and do
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Figure 1. GABAergic Inhibitory Inputs to Golgi

Cells

(A) Schematic showing the major cell types in the cere-

bellar cortex with their known synaptic contacts. Abbre-

viations as follows: PC, Purkinje cell; PF, parallel fiber; MLI,

molecular layer interneuron; GrC, granule cell; GoC, Golgi

cell; MF, mossy fiber; V-clamp, voltage clamp. Inhibitory

synapses (red minus sign) and all other synapses (trian-

gles) are glutamatergic.

(B) Spontaneous inhibitory postsynaptic currents re-

corded from Golgi cells at a holding potential of +10mV in

the presence of NBQX (5 mM) and CPP (2.5 mM) to block

glutamatergic inputs. All events were blocked by the

GABAAR antagonist gabazine (5 mM).

(C) Average IPSC evoked with a stimulus electrode placed

in the granule cell layer near the recorded Golgi cell.

Evoked IPSCs were also blocked by gabazine.

(D) Fluorescence image of a cerebellar slice from the vermis of a Thy1-ChR2/EYFP mouse that expresses channelrhodopsin 2 (ChR2) and YFP in a subset

of MFs. GcL, granule cell layer; ML, molecular layer. Scale bar represents 100 mm.

(E) Optical stimulation of ChR2-expressingMFs (473 nm light for 5ms) evoked EPSCs (recorded at the reversal potential for IPSCs; see Experimental Procedures)

and IPSCs (recorded at the EPSC reversal potential). IPSCs evoked by ChR2 activation were blocked by gabazine.

(F) In another experiment, ChR2-evoked IPSCs were also abolished by blocking glutamatergic transmission (NBQX and CPP), indicating that they were

polysynaptic.
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Figure 2. Timing of MF-Evoked Inhibition onto Golgi Cells, Purkinje

Cells, and Granule Cells

(A) Schematic illustrating the recording configuration for (B). Blue bolt repre-

sents ChR2 activation with 473 nm light.

(B) Top: simultaneous recordings from a Purkinje cell (gray) and a Golgi cell

(black) at the EPSC reversal potential demonstrate IPSCs onto both cells

following ChR2 activation. Bottom left: scaled IPSCs on an expanded time-

scale show that the Golgi cell IPSC arrives earlier than the Purkinje cell IPSC.

Bottom right: on average, Golgi cell IPSCs arrived nearly 2 ms earlier than

IPSCs onto simultaneously recorded Purkinje cells (n = 6).

(C) Schematic of the recording configuration for (D).

(D) Top: simultaneous recordings of IPSCs evoked by ChR2 activation for

a granule cell (blue) and a Golgi cell (black). Bottom left: scaled IPSCs on an

expanded timescale show that the Golgi cell IPSC and granule cell IPSC arrive

simultaneously. Bottom right: on average, for simultaneously recorded Golgi

cells and granule cells, IPSCs arrived synchronously (n = 5).
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not receive either inhibitory synapses or electrical connections

from MLIs. This indicates that a significant revision of the inhib-

itory wiring diagram of the cerebellar cortex is needed. More-

over, these newfound connections have functional implications

for the timing of inhibition onto Golgi cells, for how these cells

are activated, and ultimately for how they regulate MF excitation

of the cerebellar cortex.

RESULTS

Golgi cells are known to receive robust GABAergic inhibitory

inputs (Dumoulin et al., 2001). Through the use of whole-cell

voltage-clamp recordings, we find that Golgi cells in cerebellar

slices receive a continuous barrage of spontaneous GABAergic

inhibitory postsynaptic currents (IPSCs) that are blocked by the

GABAA receptor antagonist gabazine (6.4 ± 1.0 Hz in control

and 0.13 ± 0.03 Hz in gabazine, 5 mM, n = 6; Figure 1B). Further-

more, large IPSCs are readily evoked with an extracellular stim-

ulus electrode placed in the granule cell layer near Golgi cell

somata (362 ± 51 pA, n = 20; Figure 1C). These IPSCs are

predominantly GABAergic and are abolished by gabazine

(3% ± 1% of control, n = 19). In one additional cell, a large

strychnine-sensitive glycinergic component of inhibition was

also apparent (Figure S1A). Hence, all spontaneous inhibition

and the vast majority of electrically evoked inhibitory input to

Golgi cells are GABAergic. Although the spontaneous IPSCs

onto Golgi cells suggest that tonically active neurons inhibit

Golgi cells, this property cannot be used to identify the source

of their inhibition, because both MLIs and Golgi cells are spon-

taneously active.

To explore the source of Golgi cell inhibition, we took advan-

tage of the intact circuitry of a cerebellar brain slice to activate

inhibition with a known excitatory input. Hence, an optogenetic

approach was used to selectively activate MFs in transgenic

mice (Thy1-ChR2/EYFP line 18) that express channelrhodopsin

2 (ChR2) and yellow fluorescent protein (YFP) in a fraction of

cerebellar MFs (Figure 1D; Figure S2). In these slices, a brief
150 Neuron 73, 149–158, January 12, 2012 ª2012 Elsevier Inc.
pulse of blue light evoked a compound excitatory postsynaptic

current (EPSC) onto Golgi cells, followed with a latency of

3.1 ± 0.4 ms by a large GABAergic IPSC (control: 207 ± 50 pA,
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Figure 3. Differential Pharmacology IPSCs onto Golgi and Purkinje Cells Evoked by Either MF or PF Activation

Following stimulation of either MFs with light (in Thy1-ChR2/EYFPmice) (A) or PFs with an extracellular stimulus electrode (B), the resulting disynaptic IPSCswere

recorded at Golgi cells and Purkinje cells, and the pharmacological sensitivity to the selective group II mGluR agonist APDC (2 mM) was measured. As shown in

representative experiments for each condition (left) and in the summaries (right), Golgi cell IPSCs were strongly attenuated by APDC, but Purkinje cell IPSCswere

unaffected. IPSCs in both cells were abolished by blocking glutamatergic transmission (5 mMNBQX and 2.5 mMCPP), indicating that they were disynaptic. Insets

show the averaged IPSCs in control (black), APDC (red), washout (blue), and NBQX (green).
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gabazine: 13 ± 6 pA, n = 6; Figure 1E). This inhibition was

polysynaptic, based on the delay between EPSCs and IPSCs,

and because it was eliminated by blocking AMPA and NMDA

receptors (control: 140 ± 50 pA, NBQX/CPP: 7 ± 7 pA, n = 12;

Figure 1F). In one case, blocking glutamatergic synapses did

not abolish inhibition, and this was likely the result of a rare

nonglutamatergic (Barmack et al., 1992a, 1992b; Jaarsma

et al., 1997; Kerr and Bishop, 1991) activation of a glycinergic

neuron (Figure S1B) (Dugué et al., 2005; Dumoulin et al., 2001).

Hence, inhibition of Golgi cells following activation of the

cerebellar MFs is predominantly a robust, polysynaptic input

mediated by GABAA receptors.

As a first step in determining the source of GABAergic input

to Golgi cells, we measured the timing of IPSCs evoked by

ChR2 stimulation of the MFs. If MLIs inhibited both Golgi cells

and Purkinje cells, then the onset of inhibition would likely occur

at the same time in both cell types following MF activation.

Surprisingly, in simultaneous recordings from Golgi cells and

Purkinje cells (Figure 2A), the onset of inhibition occurs almost

2ms earlier in Golgi cells (latency fromGolgi cell IPSC to Purkinje

cell IPSC = 1.9 ± 0.4 ms, n = 6, p = 0.006; Figure 2B). This time

difference is inconsistent with the same population of interneu-

rons, namely the MLIs, providing inhibition to both Golgi cells

and Purkinje cells. Under these experimental conditions, inhibi-

tion of Purkinje cells involves three synapses (MF/granule

cells/MLIs/Purkinje cells) (Ito, 2006). The shorter latency inhi-

bition of Golgi cells is consistent with a disynaptic inhibition, such

as MF/Golgi cell/Golgi cell.

To determine whether the evoked IPSC timing is consistent

with Golgi cells inhibiting each other, we compared the timing
of inhibition received by Golgi cells and granule cells, which

are only inhibited by Golgi cells (Ito, 2006) (Figure 2C). Simulta-

neous recordings from Golgi and granule cells revealed that

inhibition arrives at approximately the same time onto these

two cell types following MF activation (latency from granule cell

IPSC to Golgi cell IPSC = 0.3 ± 0.1 ms, p = 0.09; Figure 2D).

These data are consistent with Golgi cells inhibiting both granule

cells and other Golgi cells.

We further tested the hypothesis that Golgi cells are inhibited

primarily by other Golgi cells by assessing the pharmacological

sensitivity of inhibition onto Golgi cells and Purkinje cells.

Previous studies have shown that Golgi cells are the only inhib-

itory cell in the cerebellar cortex to express mGluR2 and that

the selective group II mGluR agonist (2R,4R)-APDC strongly

hyperpolarizes Golgi cells to silence their spontaneous spiking

(Ohishi et al., 1994; Watanabe and Nakanishi, 2003). This

suggests that APDC should reduce disynaptic inhibition medi-

ated by Golgi cells by making it more difficult for MF or granule

cell inputs to evoke spikes. In contrast, APDC should not affect

Purkinje cell inhibition, which is provided by MLIs.

We tested the effect of APDC on polysynaptic inhibition

following activation of either granule cell parallel fibers (PFs)

or MFs (Figure 3). In these experiments, all evoked inhibitory

synaptic currents were eliminated by application of glutamate

receptor antagonists, indicating that they were not a result of

direct activation of interneurons. In Thy1-ChR2/EYFP mice,

optical activation of MFs evoked IPSCs that were significantly

reduced by APDC in Golgi cells but that were unaffected in

Purkinje cells (Golgi cells: 58% ± 6% reduction of IPSC ampli-

tude, n = 7, p < 0.001; Purkinje cells: 2% ± 3% reduction of
Neuron 73, 149–158, January 12, 2012 ª2012 Elsevier Inc. 151
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Figure 4. Paired Recordings Reveal that Golgi Cells Make

GABAergic Synapses onto Each Other

(A) A pair of recorded Golgi cells filled with Alexa 488 (green) and Alexa 594

(red), imaged with two-photon microscopy. Scale bar represents 20 mm; ML,

molecular layer; GcL, granule cell layer; dotted line is the boundary of the

molecular layer.

(B) Experiments to test the electrical and chemical connections between

neurons, with traces colored to represent the color of filled neurons in (A). Top:

spiking one Golgi cell produced an IPSC in the other Golgi cell. The IPSC is the

average of 30 consecutive trials, and it was blocked by gabazine. Bottom:

a current step in one Golgi cell produced a large hyperpolarization in that cell

and a smaller hyperpolarization in the other Golgi cell, indicating that the cells

were electrically coupled.

(C) Summary data from paired recordings (50 directions, one pair = two tested

directions, IPSCs were observed in 10 of 50 directions tested, three pairs

reciprocally connected). Individual experiments (open circles) and averages

(closed circles) are shown. Left: average conductance; middle: IPSC latency;

right: IPSC failure rate and the mean gap junctional conductance. C, con-

nected; Gz, gabazine; NC, not connected.
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IPSC amplitude, n = 8, p = 0.63; Figure 3A). Similarly, through

the use of a stimulus electrode to activate the PFs and recruit

inhibition onto Golgi and Purkinje cells, we found that APDC

selectively reduced evoked IPSCs onto Golgi cells without

significantly affecting IPSCs onto Purkinje cells (Golgi cells:

54% ± 15% reduction of IPSC amplitude, n = 5, p = 0.009;

Purkinje cells: 11% ± 6% reduction of IPSC amplitude, n = 5,

p = 0.20; Figure 3B). This selective suppression of Golgi cell
152 Neuron 73, 149–158, January 12, 2012 ª2012 Elsevier Inc.
inhibition by APDC suggests that Golgi cells are inhibited by

other Golgi cells rather than by MLIs.

To directly assess whether Golgi cells are synaptically in-

hibited by other Golgi cells, we performed paired recordings.

Experiments were conducted in an external solution containing

4 mM calcium and 1 mM CGP to facilitate recording synaptic

connections, because Golgi cell synapses onto granule cells

can have a low release probability and may be tonically

suppressed by GABAB receptors (Mapelli et al., 2009). The

experimental configuration is shown in Figure 4A, and the cor-

responding characterization of the chemical and electrical

synapses is shown in Figure 4B. These experiments revealed

several unitary synaptic connections between Golgi cells (10/

50 directions, 20% connected, 1 pair = 2 directions; Figure 4C).

All cell pairs were imaged with two-photon microscopy and had

a morphology consistent with Golgi cells. The average unitary

synaptic connection between Golgi cells was 0.33 ± 0.08 nS

(n = 10; Figure 4C), and three pairs were connected with recip-

rocal chemical synapses. Gabazine blocked these unitary

synaptic currents in all cases tested (mean gabazine conduc-

tance = �0.003 nS, n = 9, p < 0.001; Figure 4C). The latency

between the onset of the spike in the presynaptic cells and

the IPSC was 1.3 ± 0.1 ms, and there was considerable vari-

ability in the IPSC failure rate (Figure 4C). In addition, we found

that all but one of the synaptically connected pairs were also

electrically coupled, which is a hallmark of Golgi cells (Dugué

et al., 2009; Vervaeke et al., 2010) (gap junctional conductance =

0.38 ± 0.05 nS, n = 6; Figure 4C). Interestingly, the only pair

connected chemically, but not electrically, had no dendritic

overlap in the molecular layer in which gap junctions are

thought to connect these cells (Vervaeke et al., 2010) (Fig-

ure S3). Importantly, we have also recorded examples of these

synaptic connections in 2 mM external calcium without CGP

(Figure S4). These experiments therefore provide direct

evidence that Golgi cells form inhibitory GABAergic synapses

onto other Golgi cells.

Can MLIs Also Regulate Golgi Cell Activity?
Although we have shown that Golgi cells inhibit each other and

that the timing and pharmacology of Golgi cell inhibition is not

consistent with a strong MLI/Golgi cell synaptic connection,

we have not excluded the possibility that MLIs could also

provide weak synaptic inhibition to Golgi cells. Because MLIs

are electrically coupled to each other by gap junctions and

can fire synchronously as a population, small inputs could have

a large impact on Golgi cell network activity (Figure 5A). Hence,

we have used dynamic clamp to determine whether weak but

synchronous synaptic inhibition could regulate Golgi cell spiking.

Through the use of dynamic clamp to inject inhibitory postsyn-

aptic conductances (IPSGs) at frequencies typical of MLI spiking

(Häusser and Clark, 1997), we tested the role of weak inhibition

corresponding to only a few small inputs (0.5–1 nS) on Golgi

cell spontaneous spiking. As shown in a representative experi-

ment (Figures 5B and 5C), these weak synaptic inputs delivered

at 5, 10, and 15 Hz slightly decreased the Golgi cell spontaneous

firing rate but strongly controlled the timing of this spiking. For

5 Hz stimulation, the Golgi cell fired out of phase with the

inhibitory input. As the stimulus frequency was increased, Golgi
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(A) Schematic showing that MLIs are electrically coupled

and can fire synchronously, as is the case for Golgi cells.

(B–D) Dynamic-clamp experiments were designed to test

the implications of weak crossnetwork synaptic connec-

tivity from MLIs to Golgi cells.

(B) Golgi cells were allowed to fire spontaneously at 2–8 Hz

(left), and then inhibitory synaptic conductances (IPSGs,

0.5–1 nA), with the time course of inhibitory synaptic

currents recorded in Golgi cells (EIPSG = �75mV), were

imposed at 5, 10, and 15 Hz (right) to mimic a weak

inhibitory input from the MLI network.

(C) The resulting peristimulus time histograms (PSTH)

for the experiment in (B) shows that inhibition from

the MLI network would lead to phase locking of the

Golgi cell network. Scale bar (in events/bin/stimulus) represents 0.02 in top, 0.04 in middle, and 0.06 in bottom.

(D) The average PSTH for 14 experiments also shows Golgi cell firing phase locked with its inhibitory inputs. Scale bar (in events/bin/stimulus) represents 0.01 in

top, 0.02 in middle, and 0.03 in bottom. Bin widths indicate 10 ms.
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cells fired less frequently than the inhibitory inputs, but the

firing was still phase locked to the inhibition. Hence, even very

small inhibitory inputs can reliably phase lock Golgi cell firing

(Figure 5D).

These experiments suggest that Golgi cells are exquisitely

sensitive to synchronous inhibitory input and that even a weak

MLI/Golgi cell synaptic connection would allow the MLI

network to entrain firing in the Golgi cell network. Hence, it is

essential to determine whether there is any synaptic connection

at all between MLIs and Golgi cells.

To test the possibility that MLIs also inhibit Golgi cells, we

performed paired recordings between MLIs and Golgi cells

(Figure 6A). In these experiments, we found no synaptic inputs

in 124 MLI to Golgi cell pairs (61 pairs in 4 mM external calcium

and 1 mM CGP and 63 pairs in 2 mM external calcium and no

CGP; Figure 6B). To ensure that we could record unitary IPSCs

from MLIs under our recording conditions, we performed paired

recordings between MLIs and Purkinje cells (Figure 6C). In these

experiments, six of ten paired recordings showed IPSCs from

MLIs onto Purkinje cells (average conductance = 0.4 ± 0.1 nS,

n = 6; Figure 6D). Thus, our paired recordings suggest that

MLIs do not make inhibitory synapses onto Golgi cells.
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Because our dynamic-clamp studies suggest that even a

weak MLI/Golgi cell synapse would allow the MLI network to

strongly influence the Golgi cell network, we further tested for

the presence of a small MLI/Golgi cell synaptic input using

a transgenic mouse line in which MLIs express ChR2 (Figure 7B;

Figure S5). In these experiments, we used full-field, high-inten-

sity light to stimulate a maximal number of MLIs while recording

simultaneously from both a Golgi cell and a nearby Purkinje

cell (Figure 7A). Light pulses evoked large inhibitory synaptic

currents in all recorded PCs, which is consistent with the

activation of many MLIs (Figures 7C and 7D; see Experimental

Procedures). These synaptic responses were eliminated by the

GABAA-receptor antagonist gabazine. In contrast, even though

many MLIs were activated in these experiments, we never

observed any synaptic input onto simultaneously recorded

Golgi cells (n = 6).

Previous studies have also suggested thatMLIs andGolgi cells

are gap junction coupled (Sotelo and Llinás, 1972). We therefore

tested for such connections but found no electrical coupling

between any MLIs and Golgi cells in 31 paired recordings

(mean junctional conductance = �0.01 ± 0.01 nS). These exper-

iments, along with the lack of synaptic connections observed in
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Figure 6. Paired Recordings Show No Connec-

tions between Molecular Layer Interneurons and

Golgi Cells

(A) An MLI cell filled with Alexa 488 (green) and a Golgi cell

filled with Alexa 594 (red), were imaged with two-photon

microscopy. Scale bar represents 20 mm; ML, molecular

layer; GcL, granule cell layer; dotted line is the boundary of

the molecular layer.

(B) Left: spiking the MLI (green trace) did not produce an

IPSC in the Golgi cell (red trace, average of 70 consecutive

trials, inflection is a capacitative electrical artifact). Right:

the average membrane conductance measured from 61

unconnected pairs was 0.001 nS.

(C) Paired recording from an MLI (basket cell, red) and

a Purkinje cell (green).

(D) Left: spiking the MLI produced an IPSC in the Purkinje

cell that was abolished by gabazine (5 mM). Right: IPSCs

were observed in six of ten paired recordings between

MLIs and Purkinje cells. C, connected; Gz, gabazine; NC,

not connected.
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Figure 7. Transgenic Mice Expressing ChR2 in MLIs Demonstrate

a Lack of Fast Inhibitory Synapses onto Golgi Cells

(A) Schematic depicting the paired whole-cell recordings of light-activated

currents made simultaneously from a Golgi cell and a Purkinje cell in Prv-

mhChR2/EYFP mice.

(B) A fluorescence image shows intense YFP fluorescence in MLIs. Scale bar

represents 20 mm.

(C) Example of a light-evoked IPSC recorded from a Purkinje cell, with no

evoked current in a simultaneously recorded Golgi cell.

(D) Six such experiments are summarized for Purkinje cells (gray) and Golgi

cells (black). No currents were evoked in any Golgi cells, and currents in

Purkinje cells (mean conductance = 12.6 nS) were completely blocked by the

GABAA receptor antagonist gabazine.
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paired recordings and with ChR2 stimulation, suggest that

despite the many MLIs in the molecular layer in close proximity

to Golgi cell dendrites, MLIs do notmake fast inhibitory synapses

or gap junctional connections onto Golgi cells.

Functional Consequences of Golgi-Cell-to-Golgi-Cell
Inhibition
These findings change the inhibitory wiring diagram of the

cerebellar cortex by establishing that Golgi cells are inhibited by

other Golgi cells and not by MLIs (Figure 8A), but what are the

consequences of this circuit revision? MF activation evokes

IPSCs that arrive earlier onto Golgi cells than onto Purkinje cells

(Figure 2). To determine the implications for Golgi cell activity,

we examined the timing of inhibition relative to excitation in these

cells. MF activation should excite Golgi cells directly (MF/Golgi

cell) aswell as indirectlybyactivatinggranule cell synapses (MF/

granule cell/Golgi cell). Indeed, we find that brief, high-intensity

optical stimulation of MFs can evoke EPSCs onto Golgi cells that

consist of two discrete components (Figure 8B). Through the use

the CB1 receptor agonist WIN 55,212-2 (WIN), which is known to

suppress release from granule cells onto Golgi cells (Beierlein

et al., 2007), we founda selective reduction of the secondcompo-

nent of the EPSC following ChR2 activation (EPSC1: 2% ± 4%

reduction, p = 0.79; EPSC2: 43% ± 6% reduction, p < 0.001, n =

7; Figures 8B and 8C). The observed delay between EPSC1 and

EPSC2 and the pharmacological sensitivity of EPSC2 establishes

that the second component of the EPSC is a result of disynapti-

cally activating granule cell synapses.
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We then compared the relative timing of evoked IPSCs and

EPSCs. These experiments revealed that disynaptic inhibition

fromGolgi cells anddisynaptic excitation fromgranule cells arrive

simultaneously (Dt = 0.1 ± 0.3ms, n = 11, p = 0.8; Figure 8D). This

is very different from the timing of excitation and inhibition for

Purkinje cells (Figure 8E). IPSCs evoked by ChR2 activation of

the MFs arrived onto Purkinje cells approximately 2 ms after

a granule cell-mediated EPSC (Dt = 1.8 ± 0.3, n = 12, p < 0.001),

similar to what has been demonstrated previously with electrical

stimulation of the parallel fibers (Mittmann et al., 2005). This delay

defines a temporal window for summating granule cell inputs to

Purkinje cells (Mittmann et al., 2005). For Golgi cells, such

a window clearly does not exist, and inhibition is temporally

matched with granule cell excitation. Hence, the inhibitory circuit

between Golgi cells described here is quite different from the

inhibitory circuits regulating Purkinje cells and does not establish

a classic timing window for summation of granule cell excitation.

To determine how the timing of Golgi cell inhibition regulates

their excitability following an incoming mossy fiber input to the

cerebellar cortex, we again utilized dynamic clamp. In these

experiments, we delivered an excitatory postsynaptic conduc-

tance (EPSG)comprisedof sequentialMFandgranulecell EPSCs

that mimic those recorded during ChR2 activation of the mossy

fibers (Figure 8F). By increasing the size of this excitatory input

in a stepwisemanner, we determined the threshold for producing

an action potential in a recorded Golgi cell. We then delivered

a fixed-amplitude IPSG corresponding to a typically sized Golgi

cell IPSC by using the timing that we previously measured for

Golgi cell inhibition.When inhibition ontoGolgi cells was properly

timed, it significantly increased the threshold stimulation required

for generating action potentials. However, when inhibition arrived

just 2 ms later, it had no significant effect on the threshold level of

excitation required for spiking the Golgi cells (Figure 8G). Hence,

we find thatGolgi cell feedforward inhibition has a powerful role in

regulating the excitability of these cells, which would not be

possible if the inhibition came from MLIs.

DISCUSSION

Here we find that, contrary to the accepted view of cerebellar

cortical circuitry, Golgi cells receive synaptic inhibition from

other Golgi cells and are not inhibited by MLIs. This circuit revi-

sion changes our view of how incoming mossy fiber activity is

processed by the cerebellar cortex. First, the lack of either

chemical or electrical synapses between MLIs and Golgi cells

demonstrates that Golgi cell spiking, and hence the excitability

of the entire granule cell layer, is not regulated by MLI activity.

Second, because Golgi cells receive synaptic inhibition that

arrives 2 ms before inhibition onto Purkinje cells, these two cell

types can differentially process shared granule cell inputs.

Evidence Supporting a Revised Circuit
Multiple lines of evidence establish that Golgi cells inhibit other

Golgi cells. First, following MF activation, Golgi cells and granule

cells are inhibited at the same time, whereas Purkinje cells are

inhibited 2 ms later. This timing is consistent with Golgi cells

inhibiting one another, because granule cells are inhibited

exclusively by Golgi cells, and Purkinje cells are inhibited



400 pA
   5  ms

B

EPSC 1

EPSC 2

co
nt

ro
l

W
IN

C

D

A

100 pA
    5 ms

200 pA
    5 msGrC EPSC

GrC EPSC
MF

EPSC
GrC EPSC
GoC IPSC

E

GrC EPSC
MLI  IPSC

EPSC 1

EPSC 2

Am
25

1

E
P

S
C

 a
m

p.
0.5

1.0

MLI
IPSC

GoC
IPSC

Purkinje Cell

Golgi Cell

WIN

control

AM251

MFs

GrC
PC GoC

MLI

5 nS

20 mV
10 ms

IPSGlateIPSGearly

EPSG

-56 mV

F

0.5

1.0

1.5

2.0

th
re

sh
ol

d 
st

im
 (n

or
m

)
IP

SG
ea

rly
IP

SG
lat

e

n=8

G

Figure 8. The Timing of Golgi Cell Inhibition Matches the Timing of

Granule Cell Excitation

(A) Schematic depicting our revision of the cerebellar circuit diagram. Golgi

cells make GABAergic inhibitory synapses onto each other (red circle), and

MLIs do not make synapses onto Golgi cells (red X).

(B) Light activation (0.2 ms, 473 nm) evoked an excitatory current onto a Golgi

cell with two distinct components (EPSC1 and EPSC2) in control (black).

EPSC2 was reduced in the presence of the type 1 cannabinoid receptor

(CB1R) agonist WIN (3 mM; light gray) and recovered by the additional appli-

cation of the CB1R antagonist AM251 (3 mM; dark gray).

(C) The effects of the CB1R agonist and antagonist on EPSC1 and EPSC2 are

summarized, and each component is normalized to its initial value in control

conditions.

(D) Left: example Golgi cell recording in which the same light stimulus

produces a dual component EPSC at the IPSC reversal potential and a di-

synaptic IPSC at the EPSC reversal potential. Right, top: the same recording
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primarily by MLIs. Second, activating mGluR2 with APDC to

hyperpolarize Golgi cells reduces inhibition onto Golgi cells

without significantly affecting inhibition onto Purkinje cells.

Finally, paired recordings provide direct evidence that Golgi

cells make GABAergic synapses onto each other.

Golgi cell inhibition of other Golgi cells appears to be both

widespread and prominent. Electrical stimulation produced

robust GABAergic inhibition in all Golgi cells tested, suggesting

the likelihood that all Golgi cells are inhibited by other Golgi cells.

Based on the size of GABAergic synaptic currents evoked by

extracellular stimulation and the mean unitary conductance of

Golgi cell inputs from paired recordings, each Golgi cell is in-

hibited by at least ten other Golgi cells. At present, it is not clear

whether the moderate likelihood (20%) of observing synaptic

connections between neighboring Golgi cells accurately repre-

sents the degree of connectivity in vivo or whether technical

factors lower the connection rate in our brain slice recordings

(see Experimental Procedures). It is notable that the connection

probability between Golgi cells observed here is similar to what

has been found for Golgi-cell-to-granule-cell inhibitory connec-

tions (26%) (Crowley et al., 2009). By comparison, interneuron

networks in the neocortex can either be highly synaptically con-

nected (e.g., fast-spiking basket cells, 20%–80% connection

probability) (Galarreta and Hestrin, 1999, 2002; Gibson et al.,

1999) or can exhibit very sparse synaptic connectivity (e.g.,

low threshold-spiking cells, such as Martinotti cells, 0%–15%

connection probability) (Deans et al., 2001; Gibson et al.,

1999). Reports of molecular diversity among Golgi cells (Geurts

et al., 2001; Simat et al., 2007) raise the intriguing possibility

that only specific subpopulations of Golgi cells are synaptically

connected. There is, however, no evidence to date for such an

arrangement.

Equally importantly, we have demonstrated that MLIs do not

make fast inhibitory synapses or electrical connections onto
on an expanded timescale shows that the onset of EPSC2 (GrC EPSC) closely

matches the onset of the Golgi cell-mediated IPSC. Right, bottom: on average,

the GrC excitation begins at the same time as Golgi cell-mediated inhibition

(delay = 0.1 ms; n = 11).

(E) Left: a similar experiment as in (D) is shown but while recording from

a Purkinje cell. Note that the EPSC onto the Purkinje cell only has one

component (from the GrCs). Right, top: same recording on an expanded

timescale, with theGrC EPSC set to the timing of theGrC EPSC from (D). Right,

bottom: on average, the GrC excitation precedes the inhibition from MLIs

(delay = 1.8 ms; n = 12).

(F) An example of a dynamic-clamp experiment that tests the function of Golgi

cell inhibition and the importance of the timing of this inhibition. The timing and

amplitudes of synaptic conductances were based on light-activated

responses as in (D). Excitatory inputs consisted of an initial mossy fiber

component followed by a granule cell component. In the absence of inhibition,

this combined input could evoke action potentials for a threshold level stimulus

(left). In this regime, properly timed inhibition robustly suppressed spiking

(middle). If the inhibition was delayed, as it would be if it resulted from MLI

synapses, the inhibition would fail to suppress spiking (right).

(G) Experiments were performed in which the size of the EPSG was varied to

determine the threshold for triggering a spike. This was repeated in the pres-

ence of properly timed inhibition (IPSGearly) and late inhibition (IPSGlate). The

effects of inhibition on threshold are summarized by normalizing to the level of

threshold stimulus measured in the absence of inhibition. Individual experi-

ments (open circles) and averages (closed circles) are shown.
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Golgi cells. No synaptic connections were seen in 124 paired

recordings. In addition, ChR2 activation of large numbers of

MLIs did not evoke any synaptic response in Golgi cells, sug-

gesting that even weak or sparse synaptic connections from

MLIs to Golgi cells do not exist. Given that MLIs provide such

strong inhibition to other cell types with dendrites in the molec-

ular layer (Purkinje cells and other MLIs), it is remarkable that

Golgi cells are not also inhibited by MLIs. The lack of synaptic

connections between MLIs and Golgi cells, despite the close

proximity of MLI axons and Golgi cell dendrites, indicates that

there must be some molecular mechanism preventing the

formation of these synapses.

Functional Implications of Revised Circuitry
We find that even weak inhibition is sufficient to entrain Golgi

cells, as long as the inputs are synchronous (Figure 5). Thus,

our finding that Golgi cells and MLIs are not connected by either

chemical or electrical synapses is crucial for understanding how

activity in the granule cell layer is regulated. Specifically, the

network activity of MLIs cannot influence the population of

Golgi cells; MLIs are thus only responsible for regulating the

excitability of Purkinje cells and other MLIs.

Differences in the sources of inhibition onto Golgi cells and

Purkinje cells also have important implications for how these

cells process granule cell inputs. Previously, Golgi cells were

thought to be similar to Purkinje cells with respect to granule

cell excitation and feedforward inhibition from MLIs. As a direct

consequence of the Golgi-cell-to-Golgi-cell inhibition described

here, the timing of inhibition onto Golgi cells and Purkinje cells

is quite different. Inhibition onto Purkinje cells is produced in a

feedforward manner by granule cell activation of MLIs, and,

as a result, Purkinje cells are inhibited about 1–2 ms after they

are excited by the granule cell parallel fibers (Mittmann et al.,

2005). Consequently, there is a brief temporal window in which

coincident granule cell activity can summate to generate pre-

cisely timed Purkinje cell spiking (Mittmann et al., 2005). Though

this basic role of feedforward inhibition in controlling spike

timing is common in cortical circuits (Gabernet et al., 2005;

Mittmann et al., 2005; Pouille and Scanziani, 2001; Wehr and

Zador, 2003), the inhibitory circuit regulating granule cell activa-

tion of Golgi cells described here is arranged quite differently.

For Golgi cells, MF activation produces disynaptic inhibition

from other Golgi cells that arrives simultaneously with disynaptic

excitation from the granule cells.With nodelay between the onset

of inhibition and granule cell excitation in Golgi cells, inhibition

cannot enforce a classical integration time window for granule

cell inputs. This suggests thatGolgi cell spikingevokedbygranule

cell activity in vivo is unlikely to be precisely timed. Instead, the

simultaneous Golgi cell IPSC and granule cell EPSC should

generate a netpotential that scaleswith thebulk level of excitation

in the circuit and effectively reduces the amplitude of granule cell

excitation. Indeed, our dynamic-clamp experiments (Figures 8F

and8G)suggest that the timingofGolgi cell inhibition iswell suited

to restrict granule cell excitation andcan significantly increase the

threshold for stimulation required to spike Golgi cells in response

toacombinedMF-granule cell input.Hence, rather thanenforcing

the precise timing of Golgi cell activation with respect to the

granule cells, Golgi cell inhibition may act to limit the influence
156 Neuron 73, 149–158, January 12, 2012 ª2012 Elsevier Inc.
of feedback excitation. This circuit arrangement may also help

to explain the observation that when a region of the cerebellar

cortex is activated in vivo, Golgi cells along a beam of parallel

fibers are not activated as synchronously as would be expected,

given a common excitatory input (Maex et al., 2000).

In contrast to granule cell excitation, Golgi cell inhibition

occurs slightly after MF excitation, suggesting that it can estab-

lish a temporal window for integrating MF inputs. Previous

studies have shown that approximately four MF inputs are

needed to trigger a Golgi cell spike (Kanichay and Silver,

2008), and based on the latency of inhibition, these inputs would

need to arrive within approximately 2 ms. In fact, because Golgi

cells and granule cells are inhibited at the same time, inhibition

should play a similar role in controlling the integration of MF

inputs at these two cell types.

Given the extensive characterization of cerebellar anatomy

and physiology and the importance of Golgi cells to cerebellar

function, it is surprising that the inhibitory circuit regulating

this central interneuron has been misidentified for so long. With

this revised understanding of Golgi cell connectivity, it will be

possible to reexamine models of granule cell layer inhibition

in response to MF inputs (Albus, 1971; Marr, 1969; Medina

et al., 2000) and thus shed new light on how inhibition contributes

to information processing at the input stage of the cerebellar

cortex.

EXPERIMENTAL PROCEDURES

Slices

Acute slices (250–300 mm thick) were prepared from the cerebellar vermis of

postnatal day (P)17–20 Sprague Dawley rats, P19–29 Thy1-ChR2/EYFP line

18 mice (Jackson Laboratory) (Arenkiel et al., 2007), and Prv-mhChR2/EYFP

mice (Jackson Laboratory) (Zhao et al., 2011). Sagittal slices were used for

all experiments, except for those requiring PF electrical stimulation (Figure 3B),

which utilized transverse slices. All experiments requiring ChR2 activation

were conducted in slices from Thy1-ChR2/EYFP and Prv-mhChR2/EYFP

mice, and all other experiments were conducted in slices from rats that were

of higher quality. Slices were cut in an ice-cold solution (Dugué et al., 2005;

Forti et al., 2006; Kanichay and Silver, 2008) consisting of 130 mM K-gluco-

nate, 15 mM KCl, 0.05 mM EGTA, 20 mM HEPES, and 25 mM glucose (pH

7.4) with NaOH and were then stored in a submerged chamber with artificial

cerebral spinal fluid equilibrated with 95% O2 and 5% CO2, consisting of

125 mM NaCl, 26 mM NaHCO3, 1.25 mM NaH2PO4, 2.5 mM KCl, 1 mM

MgCl2, 2 mM CaCl2, and 25 mM glucose (pH 7.3, osmolarity 310). Slices

were incubated initially at 34�C for 25 min and then at room temperature prior

to recording. The NMDAR antagonistR-CPP (2.5 mM)was added to the cutting

and storage solutions to enhance Golgi cell survival.

Recordings

Visually guided (infrared differential interference contrast videomicroscopy

and water-immersion 403 objective) whole-cell recordings were obtained

with patch pipettes (2–6 MU) pulled from borosilicate capillary glass (World

Precision Instruments [WPI]) with a Sutter P-97 horizontal puller. Electrophys-

iological recordings were performed at 31�C–33�C. Slices were used within

2 hr of cutting, because synaptic inhibition onto these cells was most readily

observed in fresh slices, and Golgi cells tend to die quickly in vitro.

IPSCs were recorded at the EPSC reversal potential, and EPSCs were re-

corded at the IPSC reversal potential, except in paired recordings and

Figures 1B and 1C, in which NBQX and CPP were used to block excitation.

For experiments recorded at the EPSC reversal potential, the internal

pipette solution contained 140 mM Cs-methanesulfonate, 15 mM HEPES,

0.5 mMEGTA, 2mM TEA-Cl, 2 mMMgATP, 0.3 mMNaGTP, 10 mMphospho-

creatine-tris2, and 2 mM QX 314-Cl. pH was adjusted to 7.2 with CsOH.
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Membrane potentials were not corrected for the liquid-junction potential. The

IPSC reversal potential for Golgi cells with our cesium internal solution was

�64mV (n = 3). The EPSC reversal potential was determined in each experi-

ment by adjusting the membrane potential until no EPSC was evident and

was typically near +15mV. For paired recordings in which current clamp was

necessary, the internal solution contained 150 mM K-gluconate, 3 mM KCl,

10 mM HEPES, 0.5 mM EGTA, 3 mM MgATP, 0.5 mM GTP, 5 mM

phosphocreatine-tris2, and 5 mM phosphocreatine-Na2. pH was adjusted to

7.2 with NaOH. For some paired recordings, a high Cl� potassium internal

solution was used to increase the driving force for IPSCs (20 of 50 directions

in 4 mM external calcium for Golgi-to-Golgi cell pairs and 31 of 60 directions

in 4 mM external calcium for MLI-to-Golgi-cell pairs). In this internal solution,

K-gluconate was replaced with KCl. The IPSC reversal potential was �85mV

for the low Cl� potassium internal solution (n = 3) and +4mV for the high Cl�

potassium internal (calculated). When converting to conductance values, the

direction of the IPSC driving force was defined as a positive conductance.

All drugs were purchased from Sigma-Aldrich or Tocris Bioscience. Paired

recordings were only attempted for cells whose somata were within

approximately 100 mm.

The modest synaptic connectivity rate between Golgi cells observed here

(20%) may result from preferential recording from Golgi cells near the surface

of the slice. Because visibility and therefore cell identification are limited

deeper within the extremely dense granule cell layer, our recordings were

preferentially made from superficial Golgi cells, and this may exacerbate the

common problem of severing axonal arborizations in a slice preparation.

Indeed, in many instances, our fluorescent fills of Golgi cells revealed that all

or part of their axon was missing. Other possible factors that could affect

the connection probability reported here include a selection bias toward

recording from nearby Golgi cells, though the Golgi cell axon can spread

more than a millimeter in the sagittal plane (Barmack and Yakhnitsa, 2008).

Data Acquisition and Analysis

Electrophysiolgical data were acquired using a multiclamp 700B amplifier

(Axon Instruments), digitized at 20 kHz either with a National Instruments

USB-6229, a National Instruments PCI-MIO 16E-4 board, or an ITC-18

(Instrutech, Great Neck, NY), and filtered at 2 kHz. Acquisition was controlled

both with custom software written either in MATLAB (generously provided

by Bernardo Sabatini, Harvard Medical School, Boston, MA), or IgorPro

(generously provided by Matthew Xu-Friedman, SUNY Buffalo, Buffalo, NY).

Series resistance was monitored in voltage-clamp recordings with a 5mV

hyperpolarizing pulse, and only recordings that remained stable over the

period of data collection were used. Glass monopolar electrodes (1–2 MU)

filled with artificial cerebral spinal fluid in conjunction with a stimulus isolation

unit (WPI, A360) were used for extracellular stimulation. EPSC and IPSC

latencies were determined by their 5% rise time, except in Figure 6, in which

the peak of the second derivative was used (negative peaks for EPSCs, posi-

tive peak for IPSCs). Data are reported asmean ± SEM, and statistical analysis

was carried out using the two-tailed Student’s t test. For all experiments

involving APDC and WIN, the percentage of IPSC reduction is measured rela-

tive to the average of control and recovery (or antagonist) conditions.

ChR2 Stimulation

Slices from Thy1-ChR2/EYFP and Prv-mhChR2/EYFP mice were stored in the

dark. A 473 nm blue laser was used to stimulate ChR2 (Opto Engine, Midvale,

UT). In the Thy1-ChR2 mice, excitation and inhibition were evoked using

full-field illumination with either a low-intensity (<1 mW under the objective)

stimulus for 1–5 ms or a high-intensity stimulus (1–10 mW under the objective)

for 0.2 ms. Although both regimes were capable of producing a compound

MF-granule cell response in Thy1-ChR2 mice, the shorter, high-intensity

stimulation more effectively separated these components, presumably by

generating only brief activity in the MFs. MFs were stimulated at 0.1 Hz.

Evoked responses typically ran down with time (as in Figures 3A and 6C) at

the rate of approximately 7% in 10min. In the Prv-mhChR2/EYFP experiments

(Figure 7), MLIs were also stimulated at 0.1 Hz using full-field illumination.

Based on the mean unitary conductance of MLI/PC synapses (0.4 nS), the

mean inhibitory conductance evoked onto PCs in these experiments

(12.6 nS), and the 60% connectivity between MLIs and PCs (Figure 6), we
estimate that an average of �50 MLIs was activated by ChR2 in each paired

recording (average = [12.6 nS / 0.4 nS] / 0.6).

Dynamic Clamp

Dynamic-clamp recordings were made using the built-in dynamic-clamp

mode of the ITC-18. The AMPA receptor (AMPAR) conductance simulating

a combined MF and granule cell EPSC (Figure 8) was constructed by adding

a recorded MF EPSC with a recorded granule cell EPSC from electrical simu-

lation to mimic the EPSCs evoked by ChR2 stimulation of the MFs. The IPSG

waveform was taken from a recorded Golgi cell IPSC in response to electrical

stimulation (Figure 1) and was used for both spike-entrainment experiments

(Figure 5) and timing experiments (Figure 8). AMPAR conductances reversed

at 0mV, whereas inhibitory conductances reversed at�75mV. Dynamic-clamp

recordings were performed in the presence of NBQX (5 mM), CPP (2.5 mM),

gabazine (5 mM), and CGP (1 mM). Cells were allowed to rest at their normal

potential and spike spontaneously without any injected current. For timing

experiments, injected conductances were spike triggered and timed to occur

100 ms after a spontaneous spike when the afterhyperpolarization was

completed.

Two-Photon Imaging

Neurons were filled with either 50 mM Alexa 594 hydrazide or 75 mM Alexa

488 hydrazide for two-photon imaging and morphological characterization.

Cells were imaged using a custom two-photon laser scanning microscope

that used 800 nm illumination. Images were processed in either ImageJ or

Photoshop by adjusting the contrast, brightness, and image noise. For cells

in which multiple stacks were taken to encompass the entirety of two filled

cells, images were aligned by eye.
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