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The critical role of Golgi cells in regulating 
spatio-temporal integration 
and plasticity at the cerebellum input stage
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The discovery of the Golgi cell is bound to the foundation of the Neuron Doctrine. Recently, the 
excitable mechanisms of this inhibitory interneuron have been investigated with modern experimental 
and computational techniques raising renewed interest for the implications it might have for cerebellar 
circuit functions. Golgi cells are pacemakers with preferential response frequency and phase-reset in the 
theta-frequency band and can therefore impose specifi c temporal dynamics to granule cell responses. 
Moreover, through their connectivity, Golgi cells determine the spatio-temporal organization of cerebellar 
activity. Finally, Golgi cells, by controlling granule cell depolarization and NMDA channel unblock, regulate 
the induction of long-term synaptic plasticity at the mossy fi ber – granule cell synapse. Thus, the Golgi 
cells can exert an extensive control on spatio-temporal signal organization and information storage in the 
granular layer playing a critical role for cerebellar computation.
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Golgi cells show pacemaking,  resonance, phase-reset 
and rebound-excitation in the theta-frequency band. 
These properties are likely to impact on their activity 
in vivo, which shows irregular spontaneous beating 
modulated by sensory inputs and burst responses 
to punctuate stimulation followed by a silent pause. 
Moreover, Golgi cell connectivity within the net-
work suggest how these neurons could regulate the 
spatio-temporal organization of cerebellar activity. It 
turns out that Golgi cells can control both the tem-
poral dynamics and the spatial distribution of infor-
mation transmitted through the cerebellar network. 
Moreover, Golgi cells regulate the induction of long-
term synaptic plasticity at the mossy fi ber–granule 
cell synapse. Thus, the concept is emerging that Golgi 
cells are of critical importance for regulating granu-
lar layer network activity bearing important conse-
quences for cerebellar computation as a whole.

NTRODUCTION AND SUMMARY OF CONCEPTS
After the discovery at the end of the 19th century 
(Golgi, 1883), the Golgi cell (Figure 1) was pre-
cisely described by Cajal (1987, 1995) and function-
ally identifi ed as an inhibitory interneuron 50 years 
later by Eccles et al. (1967). Then, its role has been 
casted by Marr (1969) within the Motor Learning 
Theory as a codon size regulator of granule cell 
activity. It was immediately clear that Golgi cells 
had to play a critical role, since they are the main 
inhibitory interneuron of the granular layer and 
control activity of as many as 100 billions granule 
cells. However, with few exceptions, investigation on 
Golgi cells has lagged until recently, when renewed 
interest for cerebellar network functions and for cel-
lular physiology in vitro and in vivo has led to dis-
cover the intrinsic  electroresponsive  properties and 
 typical fi ring patterns of these neurons. In vitro, 
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GOLGI CELL STRUCTURE AND CONNECTIONS
The Golgi cells are the largest and most numerous 
interneurons of the granular layer (Cajal, 1987, 1995; 
Golgi, 1906) and it has been calculated that there is 
a Golgi cell every several thousands granule cells in 
mammals (Andersen et al., 1992; Palkovits et al., 
1971; Pichitpornchai et al., 1994). Typically, Golgi 
cells have an irregular soma (20–40 μm major diam-
eter) emitting a series of basal dendrites, two to three 
apical dendrites and a widely ramifi ed axon (Barmack 
and Yakhnitsa, 2008). Basal dendrites usually remain 
in the granular layer, while apical dendrites ascend 
into the molecular layer traversing the parallel fi ber 
bundle. The Golgi cells, although more abundant 
just below the Purkinje cell layer, can reside at differ-
ent depths in the granular layer. Attempts at identi-
fying Golgi cell subtypes based on their biochemical 
fi ngerprints have revealed differential expression of 
certain biochemical markers (rat-303, calretinin, 
mGluR2, somatostatin: Geurts et al., 2001, 2003). 
However, no systematic differences have emerged 
over an extended sample of electrophysiological 
recordings from Golgi cells (Forti et al., 2006; Solinas 
et al., 2007a,b), suggesting that biochemical differ-
ences among Golgi cells may not have an immediate 
impact on intrinsic electroresponsiveness.

The Golgi cell is extensively interconnected 
within the cerebellar network (Figure 2). Palay and 
Chan-Palay (1974), in their detailed analysis of the 
cerebellar circuits, showed that the main input to 
Golgi cells come from the mossy fi bers, which form 
synapses on the basal dendrites presumably in the 
glomeruli. Granule cells were reported to form their 
main connection with the Golgi cell through the 
parallel fi bers and also possibly through synapses 
en passant along the ascending axon. The climbing 
fi bers have been reported to form connections with 
Golgi cells by extending thin collateral branches 
just below the Purkinje cells and reentering into 
the upper part of the granular layer (Shinoda et al., 
2000). The Golgi cells also receive inhibitory inner-
vation from stellate/basket cells and Lugaro cells. 
Although morphological evidence defi nes the prin-
ciples of Golgi cell wiring, functional evidence for 
these connections is still incomplete. It is known 
that afferent activity readily activates the Golgi cell 
involving both the mossy fi ber and the parallel fi ber 
inputs and there is evidence that molecular layer 
neurons can inhibit the Golgi cells (Eccles et al., 
1967; Vos et al., 1999a). However, while a care-
ful physiological analysis has been performed for 
the granule cell → Golgi cells (Bureau et al., 2000; 
Dieudonné, 1998), stellate/basket cell → Golgi cell 
(Dumoulin et al., 2001) and Lugaro cell → Golgi 
cell (Dieudonné and Dumoulin, 2000) connec-
tions, the nature of connections from mossy fi bers 
and climbing fi bers to Golgi cells remains largely to 
be determined.

The main function of Golgi cells is to inhibit 
the granule cells (Eccles et al., 1967; Palay and 
Chan-Palay, 1974). Each granule cell receives 
three to four inhibitory synapses on as many dif-
ferent dendrites (Hàmori and Somogyi, 1983; 
Jakab and Hàmori, 1988). The Golgi cell–gran-
ule cell synapses consist of small boutons located 
proximally to the granule cell dendritic endings, 
which, in turn, receive the excitatory mossy fi ber 
terminals. Both the mossy fi ber and Golgi cell ter-
minals together with several tens of granule cell 
dendrites (see Ito, 1984; Palkovits et al., 1971) are 
included into the cerebellar glomerulus. This may 
also include Golgi cell basal dendrites, although 
this is not clear from the literature. The glomeru-
lus is a specialized structure enwrapped into a glial 
sheet limiting neurotransmitter diffusion, which 
can determine specifi c effects of neurotransmitter 
accumulation and spillover (Barbour and Häusser, 
1997). In the vestibulo-cerebellum, in addition to 
granule cells, the Golgi cells also inhibit the uni-
polar brush cells (UBC; Dugué et al., 2005).

Four anatomical aspects of circuit organization 
are especially interesting to understand the Golgi cell 
function. First, the Golgi cell axonal plexus extends 

Figure 1 | The Golgi cell. The image of a Golgi cell fi lled with AlexaFluo through a patch-clamp 
pipette (removed) in an acute cerebellar slice is reconstructed with a confocal microscope (stack 
view). It can be noted the broad extension of the axonal plexus, the multiple short basal dendrites 
and two apical dendrites climbing into the molecular layer (kindly provided by Guillaime Dugué 
and Stephane Dieudonné).
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exclusively in the granular layer and, through thin 
branches, can form secondary plexuses in the same 
or even in neighboring laminae (e.g., see Eccles 
et al., 1967). The broader extension of axon than 
basal dendrites provides the basis for lateral inhi-
bition. Secondly, the axonal plexuses coming from 
different Golgi cells overlap (e.g., see Barmack and 
Yakhnitsa, 2008). This property is important to allow 
the combinatorial inhibition of granule cells, which 
have therefore to receive inhibition from more than 
one Golgi cell. Thirdly, Golgi cells emit their api-
cal dendrites within Purkinje cell compartments 
(revealed by immunostaining for zebrin-2, aldolase 
C and other markers; Sillitoe et al., 2008). Therefore, 
Golgi cell wiring appears rather  complex: through 
mossy fi ber (and potentially climbing fi ber) inputs 
to their dendrites, the Golgi cells are preferentially 
wired within  microcircuits  involving anatomically 
 organized olivo- cerebellar and mossy fi ber compart-
ments (Brown and Bower, 2001; Pijpers et al., 2006; 
Voogd et al., 2003), while through their  parallel 
fi ber connections and their axonal plexus Golgi cells 
are interconnected with multiple such compart-
ments. Another anatomical feature that has received 
attention is that, at variance from Purkinje cells, the 
structure of Golgi cell dendrites is not rigorously 

organized in a plane but rather it is tri-dimensional. 
Thus, Golgi cells may not be suited to detect ordered 
time sequences transmitted through the parallel fi b-
ers (Braitenberg et al., 1997). These observations 
combined with electrophysiological and modeling 
data support the view that Golgi cells can both pre-
cisely respond to topographically organized inputs 
and perform an extended spatio-temporal integra-
tion of parallel fi ber information modulating their 
basal activity state (De Schutter, 2002; De Schutter 
and Bjaalie, 2001; Vos et al., 2000).

GOLGI CELL CIRCUIT SYNAPTIC ACTIVATION
In the last decade, cellular investigations in acute 
cerebellar slices have unveiled a complex organiza-
tion of neurotransmitters and receptors at Golgi 
cell synapses (for previous reviews see Farrant and 
Nusser, 2005; Geurts et al., 2003) providing mecha-
nisms suitable for regulating circuit dynamics and 
homeostasis. Among the major factors involved, 
most relevant are the expression of specifi c receptor 
sub-types in the mossy fi ber–granule cell–Golgi cell 
circuit as well as the presence of neurotransmitter 
spillover in the cerebellar glomerulus.

The main excitatory inputs to Golgi cells are 
glutamatergic. At the mossy fi ber–Golgi cell relay, 
preliminary observations report the involvement 
of AMPA (Kanichay and Silver, 2006) and NMDA 
receptors (L. Forti et al., unpublished observation). 
A more extensive investigation at the parallel fi ber–
Golgi cell realy has revealed activation of AMPA, 
NMDA and kainate receptors (Bureau et al., 2000; 
Dieudonné, 1998; Misra et al., 2000). In particular, 
kainate receptors have been shown to improve tem-
poral summation during repetitive parallel fi ber 
activity, suggesting that this synapse is particularly 
sensitive to granule cell bursts (Chadderton et al., 
2004; Rancz et al., 2007). It is currently unknown 
whether NMDA receptors, either at mossy or paral-
lel fi ber synapses, are needed to improve temporal 
summation (D’Angelo et al., 2004) or are related 
to forms of long-term synaptic plasticity. The 
inhibitory inputs to Golgi cells are differentiated 
in GABAergic and glycinergic. Pure GABAergic 
inputs are provided by stellate and basket cells 
(Dumoulin et al., 2001), while mixed GABAergic/
glycinergic inputs are formed by the Lugaro cells 
(Dieudonné and Dumoulin, 2000). The glycinergic 
IPSC component, by being expressed in  variable 
amount and by slowing down IPSC kinetics, can fi ne 
tune the duration of Golgi cell inhibition (Dumoulin 
et al., 2001). Interestingly, neuromodulators have 
also been reported to regulate the Golgi circuit 
function. Serotonin activates the Lugaro cells, 
thereby regulating Golgi cell inhibition (Dieudonné 
and Dumoulin, 2000). Acetylcholine can increase 
non-vesicular GABA release from the Golgi cells 

Figure 2 | Connections of the Golgi cell. The picture shows schematically the main connections 
of the Golgi cell (GoC) from available morphological data (Cajal, 1995; Eccles et al., 1967; Palay 
and Chan-Palay, 1974). The mossy fi bers (mf) contact the basal GoC dendrites and the granule 
cell (GrC) axon contacts the apical GoC dendrites through the parallel fi bers (pf). The climbing 
fi bers (cf) send a collateral to the GoC. The stellate cells (SC), basket cells (BC) and Lugaro Cells 
(LC) send inhibitory contacts to the GoC. The gray area identifi es the axonal fi eld of the GoC. It 
should be noted that the glomerular localization of the mf-GrC connection has not been fully 
documented and that functional evidence for the cf-GoC connection is still missing.
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on mossy fi ber terminals inhibits glutamate release 
(Mitchell and Silver, 2000b). These reciprocal actions 
may sharpen the switching between excitation and 
inhibition of granule cells, so that once excitation 
prevails it will become even more strongly dominat-
ing over inhibition (and vice versa when excitation 
prevails). Metabotropic GABA-B receptors are also 
expressed in granule cells, in which they inhibit an 
inward rectifi er K+ current enhancing granule cells 
responsiveness upon intense Golgi cell activity (Rossi 
et al., 2006), probably re-establishing granule cell 
responsiveness in conditions of excessive inhibition.

It turns out therefore that Golgi cells are equipped 
with a complex set of pre- and postsynaptic receptor 
mechanisms, both of the ionotropic and metabo-
topic type, which can fi ne tune response dynamics 
under various functional conditions.

GOLGI CELL ACTIVITY IN VIVO
The activity of Golgi cells was recognized in vivo as 
early as in the 1960s as a component of local fi eld 
potentials recorded from the granular layer upon 
afferent fi ber stimulation (Eccles et al., 1967). Golgi 
cells could also be activated by stimulating the par-
allel fi bers, thereby generating a long inhibitory tail 
(about 100 ms) in the granular layer fi eld response. 
The dynamics of the granule cells–Golgi cell circuit 
were explained by the simultaneous activation of 
both neurons through the mossy fi bers, followed 
by activation of the feed-forward and feed-back 
inhibitory loops. These results have recently been 
reproduced in acute cerebellar slices confi rming 
their origin from local network properties (Mapelli 
and D’Angelo, 2007; Maffei et al., 2002). A clear 
advancement in understanding Golgi cell properties 
has come with single unit recordings. Investigations 
in vivo revealed that GoCs show spontaneous 
rhythmic discharge both in awake (cat: 2 to ∼50 Hz, 
Edgley and Lidierth, 1987; monkey: 10–80 Hz, 
Miles et al., 1980) and anaesthetized animals (rat: 2 
to ∼30 Hz, Holtzman et al., 2006a,b; Schulman and 
Bloom, 1981; Vos et al., 1999a). The activity of Golgi 
cells recorded in vivo shows “loose synchrony” over 
hundreds of micrometers along the parasagittal 
axis, probably refl ecting synchronization along the 
parallel fi ber beams (Volny-Luraghi et al., 2002; Vos 
et al., 1999b; Tahon et al., 2005).

There are two basic patterns of mossy fi ber 
activity that can activate the Golgi cells, namely 
 protracted frequency-modulated discharges and 
short high-frequency bursts (Kase et al., 1980; Rancz 
et al., 2007). Accordingly, the Golgi cells present two 
well defi ned response modalities. First, Golgi cells 
can follow peripheral signals in a continuous fash-
ion modulating their frequency with the intensity 
of the stimulus (Edgley and Lidierth, 1987; Miles 
et al., 1980). Secondly, Golgi cells respond to punc-

contributing to set the ambient GABA level in the 
glomerulus and tonic inhibition of granule cells 
(Rossi et al., 2003; see below).

The main output from Golgi cells is GABAergic 
and inhibits the granule cells. The IPSCs consist 
in a fast and a slow component (Rossi et al., 2003) 
determined by differential receptor subtypes and 
localization (Farrant and Nusser, 2005). The α

1
 

 subunit-containing receptors (EC
50

 in the 10–100 μM 
range) are localized in the synaptic cleft and con-
tribute mainly to determine the IPSC peak. The α

6
 

subunit-containing receptors (primarily α
6
β

2/3
γ

2
 

with EC
50

 in the μM range and α
6
β

2/3
δ, with EC

50
 

in the nM range) are distributed from the synaptic 
junction to several hundreds of nanometers apart 
and contribute to enhance the IPSC tail through a 
spillover-dependent mechanisms (Brickley et al., 
1999, 2001; Hadley and Amin, 2007; Nusser et al., 
1998; Rossi and Hamann, 1998; Tia et al., 1996). 
This double receptor system is probably important 
to ensure high temporal precision in the onset of 
inhibition and, at the same time, effi cient tempo-
ral summation during trains of Golgi cell spikes. 
In addition to determining phasic inhibition, Golgi 
cells contribute to regulate the basal granule cell 
input conductance by maintaining a tonic GABA 
concentration level inside the glomerulus (Brickley 
et al., 1996; Chadderton et al., 2004). The tonic level 
of GABA, which is also regulated by non-vesicular 
release and by the rate of GABA re-uptake in glial 
cells (Rossi et al., 2003), is thought to primarily acti-
vate high affi nity α

6
β

2/3
δ receptors (Tia et al., 1996) 

and to control the gain of the mossy fi ber– granule 
cell relay (Mitchell and Silver, 2003). Although the 
main effects of Golgi cells on granule cells are medi-
ated by GABA, Golgi cells also co-release glycine at 
their synaptic terminals (Dugué et al., 2005). Granule 
cells do not express glycine receptors, but it is attrac-
tive to speculate that glycine plays a role in regulating 
activation of granule cell NMDA receptors on their 
glycine binding site. Conversely, both GABA and gly-
cine receptors are expressed in UBCs, in which Golgi 
cell activity generates mixed GABAergic/glycinergic 
responses (Dugué et al., 2005).

Metabotropic receptors also appear to regulate 
Golgi cell circuit functions. The mGluR2 recep-
tors are expressed in Golgi cells (Geurts et al., 2001) 
and their activation enhances an inward rectifi er 
K+ current contributing to silence the Golgi cell 
 following intense granule cell–Golgi cell transmis-
sion (Watanabe and Nakanishi, 2003). Functional 
evidence has also been reported for cross-talk 
between mossy fi ber and Golgi cell terminals due 
to neurotransmitter spillover in the glomerulus: 
mGluR2 receptor activation on Golgi cell presyn-
aptic terminals inhibits GABA release (Mitchell and 
Silver, 2000b), while GABA-B receptor activation 
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tuate stimulation with a short burst of spikes. The 
response occurs very rapidly (in about 10 ms upon 
facial stimulation) and consists of one to three well 
timed spikes in short sequence (Vos et al., 1999a). It 
has been proposed that the fi rst spike corresponds 
to the trigeminal input (trigemino-cerebellar mossy 
fi bers), the second one to sensory-motor cortical 
input (cortico-ponto-cerebellar mossy fi bers), the 
third to the parallel fi ber input. Following this short 
spike bursts, the Golgi cell generates a silent pause 
lasting for about 100 ms.

Recently, a signifi cant achievement has been 
that of reconnecting Golgi cell behaviors observed 
in vivo with intrinsic electroresponsive properties 
analyzed in vitro through the implementation of 
 computational models. As explained in the next 
 section, spontaneous rhythmic discharge as well as 
the other typical responses recorded in vivo emerged 
once perturbing single cell models with balanced 
synaptic noise and appropriate input patterns 
(Solinas et al., 2007a,b). These observations argue 
in favor of a key role played by single cell proper-
ties in network computations. Moreover, network 

modeling has suggested that Golgi cell connections 
through parallel fi bers play a substantial role in gen-
erating largely synchronized oscillation in granular 
layer activity (Maex and De Schutter, 1998, 2005; 
Maex et al., 2000).

GOLGI CELL ELECTRORESPONSIVENESS IN VITRO
In acute cerebellar slices, Golgi cells beat regularly 
at about 4 Hz at room temperature (8 Hz at 34°C; 
Dieudonné, 1998; Forti et al., 2006). In addition 
to pacemaking, Golgi cells have revealed other rel-
evant dynamic properties (Figures 3 and 4; Solinas 
et al., 2007a,b). First, the Golgi cell can be displaced 
from its pacemaker cycle by depolarizing currents 
responding with discharges at frequencies as high 
as 300 Hz. These responses consist in an initial 
burst followed by adaptation toward a frequency 
depending on the intensity of the input. Secondly, 
after a spike or a sequence of spikes, the Golgi 
cell shows phase-reset, i.e., restarts pacemaking 
after a pause precisely corresponding to the pace-
maker cycle. Thirdly, following hyperpolarization, 
the Golgi cell responds with rebound excitation. 

Figure 3 | Intrinsic electroresponsiveness I: response to current injection. (A) Numerical simulation of Golgi cell responses to current injection (the simulation 
closely reproduces the response recorded in patch-clamp recordings in acute cerebellar slices). Note that the cell is displaced from its pacemaker cycle by a depo-
larizing pulse generating a burst with marked adaptation. At the end of the pulse the cycle is phase-reset and pacemaking restarts. A hyperpolarizing pulse causes 
sagging inward rectifi cation followed by a rebound excitation, during which the inter-spike interval (ISI) is shorter than the pacemaker cycle. (B) The graphs show 
the fi rst spike delay, fi ring rate and adaptation vs. injected current in Golgi cell patch-clamp recordings. In the mid panel, the fi ring rate is shown both for the fi rst 
ISI (small dots) and after adaptation has occurred (large dots). The data are interpolated by the model (gray lines; two separate fi ttings are reported for the two data 
sets in the mid-panel). Adapted from Solinas et al. (2007b).
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Figure 4 | Intrinsic electroresponsiveness II: matching in vivo responses. The panels report numerical simulations of Golgi cell responses added with balanced 
synaptic noise to simulate in vivo conditions. (A) Pacemaking. Once perturbed with balanced synaptic noise to achieve nCVISI = 0.45 (Vos et al., 1999a) the regular 
pacemaking of the Golgi cell transforms into a discharge with random appearance, in which no periodic peaks can be revealed in the autocorrelation plot (right plot). 
(B) Preferred frequency. The Golgi cell injected with short depolarizing pulses (bottom trace) generates spike doublets-triplets very similar to those evoked by punc-
tuate stimulation of the whisker pad. Repetition of the pulses at different frequencies reveals increased precision in fi rst spike latency at around 5 Hz, demonstrating 
a form of response resonance (right plot). (C) Phase reset. The rhythmic basal discharge of the Golgi cell is interrupted by a pulse like those shown in (B). Thereafter, 
the cycle is phase-reset generating a silent pause similar to that observed in vivo. The main panel shows the PSTH of responses in subsequent trials (note that the 
spike triplet causes three peak in the PSTH at t = 0 followed by a period devoid of any spikes). The inset shows a collection of simulated voltage responses (gray 
traces). The basal beating is interrupted by spike triplets (caused by a short current pulse, black trace at the bottom) which phase-reset the response. Adapted from 
Solinas et al. (2007b).
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Finally, the Golgi cell response is resonant (i.e., it 
tends to generate its optimal response) in the theta 
band (the “resonance frequency” of the system for a 
given parameter), with enhanced precision, speed 
and intensity of fi ring for input frequencies of 
about 4 Hz at room temperature.

Golgi cell electroresponsiveness was shown to 
depend on a complex set of ionic channels that have 
been identifi ed by means of electrophysiological, 
pharmacological and modeling techniques (Forti 
et al., 2006; Solinas et al., 2007a,b). These investi-
gations indicate that pacemaking depends on the 
action of four ionic currents, I

h
, I

Na-p
, I

K-AHP
, and 

I
K-slow

: I
h
 brings membrane potential into the pace-

maker region where the I
Na-p

/I
K-AHP

/I
K-slow

 interaction 
generates pacemaking. Moreover, following hyper-
polarization, I

h
 and I

Ca-LVA
 cause rebound excitation. 

In response to a depolarization, I
K-A

 helps setting 
the delay for spike activation and I

Na-r
 enhances the 

initial doublet, whose separation from the rest of 
the discharge is sharpened by adaptation caused 
by I

K-AHP
 and I

K-slow
. Calcium-dependent regulation 

of ionic currents plays also a critical role. By being 
coupled to I

K-C
, I

Ca-HVA
 enhances the fast phase of 

spike AHP thereby resetting the spiking mechanism 
and sustaining high frequency discharge. By being 
coupled to I

K-AHP
, I

Ca-HVA
 enhances the slow phase of 

spike AHP and spike-frequency adaptation during 
repetitive discharge.

Although the investigation of specifi c ionic 
currents can be further extended lading to more 
sophisticated models, present knowledge suffi ces 
to depict a coherent mechanisms through which 
the Golgi cell simultaneously control pacemaking 
and response patterns elicited by depolarization 
and hyperpolarization. This in turn can explain 
the most relevant behaviors of the neuron reported 
in vivo. In summary:

1. Intrinsic pacemaking can sustain the rhythmic 
Golgi cell discharge in vivo. Similar to what was 
suggested for Purkinje cells (De Schutter and 
Bower, 1994; Jaeger et al., 1997; see also Shin 
et al., 2007), the beating may become irregular 
in vivo due to synaptic noise.

2. The ability to modulate response frequency upon 
stimulation allows the Golgi cell to follow the 
temporal evolution of afferent discharges, which 
varies with the ongoing movement (Miles et al., 
1980). Moreover, fi ring frequency adaptation in 
the Golgi cell response helps explaining the short-
lasting Golgi cell spiking responses to long dura-
tion stimuli observed in vivo (Tahon et al., 2005).

3. The presence of mechanisms enhancing the 
 initial spike burst and regulating its initiation 
tunes the Golgi cell toward the responses to brief 
tactile stimuli in vivo, which is assumed to refl ect 

differential delays in the afferent fi bers (Volny-
Luraghi et al. 2002; Vos et al., 1999a, 2000; see 
also Morissette and Bower, 1996). Again, there is 
a good matching between the temporal pattern 
of the afferent discharge and the intrinsic excit-
able response in Golgi cells.

4. The pacemaker mechanism provides the substrate 
of the silent pause observed after Golgi cell burst 
discharge. It should be noted that the silent pause 
in vivo is followed by rebound activity (Tahon 
et al., 2005; Vos et al., 1999a), whereas this does 
not occur in vitro and in the model. Rebound 
excitation in vivo may refl ect the involvement 
of Golgi cell inhibition through molecular layer 
interneurons (Dumoulin et al., 2001; Palay and 
Chan-Palay, 1974), which would happen if the 
latter are activated together with Golgi cells and 
inhibit them with a short delay. In this manner, 
the silent pause would be enhanced allowing to 
engage the post-inhibitory rebound excitation 
of the Golgi cell. Inhibition driven by molecular 
layer interneurons may also explain the long-
 lasting depressions of fi ring evoked by strong 
electrical stimuli (Holtzman et al., 2006b).

5. Golgi cell theta-frequency oscillation and reso-
nance, together with theta-frequency resonance 
in granule cells (D’Angelo et al., 2001) may tune 
granular layer responses toward theta-frequency 
cortical inputs during certain sensory-motor 
behaviors, like active whisking (for review see 
Kleinfeld et al., 2006). Coherent oscillation of 
granular layer neurons are indeed observed in 
awake rats and monkeys (Hartmann and Bower, 
1998, 2001; Pellerin and Lamarre, 1997).

THE MULTIPLE ROLES OF GOLGI CELLS 
IN CEREBELLAR NETWORK CONTROL
Together with intrinsic responsiveness, the spe-
cifi c arrangement of connections determines 
multiple effects of Golgi cell inhibition on granu-
lar layer network dynamics. Recently, we have 
shown that feed-forward inhibition causes a time-
 windowing effect, that lateral inhibition determines 
a center-surround organization of the granular layer 
response, and that local control of the granule cell 
excitatory-inhibitory balance determines inhibition 
controlled plasticity (Armano et al., 2000; D’Angelo 
et al., 2004; Gall et al., 2005; Hansel et al., 2001; 
Mapelli and D’Angelo, 2007). Moreover, feed-back 
granule cell inhibition combined with the broad 
parallel fi ber convergence over numerous Golgi 
cells provides the substrate for generating regular 
synchronous oscillations over large granular layer 
fi elds (Hartmann and Bower, 1998, 2001; Maex and 
De Schutter, 1998; Pellerin and Lamarre, 1997). 
More in detail.

The Golgi cell
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CENTER-SURROUND ORGANIZATION 
AND INHIBITION CONTROLLED PLASTICITY
By exploiting lateral inhibition, Golgi cells can gen-
erate a center-surround organization of granular layer 
responses, in which an excited core is surrounded 
by an inhibited region (Figure 5). The evidence for 
this organization comes from multielectrode array 
recordings in vitro so that the effect was revealed 
over a plane. However, in vivo the effect may also 
extend over the third dimension, since the Golgi 
cell axon is distributed in a  volume rather that in 
a plane (cf. Figure 2). It should be noted that the 
term center-surround is used to indicate a region 
of inhibition that surrounds a core of excitation 
(as in Rieke et al., 1997) without implying the same 
organization mechanisms of center-surround recep-
tive fi elds of the retina. Here, the Golgi cell axon 
extends beyond the afferent innervation fi eld gener-
ating lateral inhibition but is also distributed to the 
core, although in the core the inhibitory action is 
surpassed by mossy fi ber excitation. Sequential acti-
vation of Golgi cells by parallel fi bers, in conjunc-
tion with scattered activity in different mossy fi bers, 
could exploit the center-surround organizing princi-
ple arranging complex spatio-temrporal geometries 
of signal transformation. By controlling the level of 

neuronal depolarization, Golgi cell synaptic inhibi-
tion can regulate NMDA channel unblock in gran-
ule cells and thereby the induction of long-term 
synaptic plasticity. Typically, strong inhibition would 
limit calcium infl ux causing LTD, while weak inhi-
bition would allow intense calcium infl ux causing 
LTP (Figure 5B). This mechanisms enforces a bidi-
rectional LTP/LTD switch (Gall et al., 2005; Lisman, 
2003), which may be aided by glomerular cross-talk 
enhancing the switching between excitation and 
inhibition (Mitchell and Silver, 2000a,b).

TIME-WINDOWING AND OSCILLATIONS
By exploiting feed-forward inhibition, Golgi cells 
can rapidly depress or even arrest signal trans-
mission along the mossy fi ber pathway. The time 
window typically extends for about 5 ms (account-
ing for the delay of Golgi cell activation and IPSC 
generation in granule cells) and allows the granule 
cells to fi re one to two spikes in response to a single 
mossy fi ber stimulus (Figures 5A,B). By exploit-
ing feed-back inhibition, Golgi cells can reinforce 
depression of signal transmission along the mossy 
fi ber pathway with a delay determined by the gran-
ule cell reaction times. The feed-back approxi-
mately takes another 5 ms, needed to activate a 

Figure 5 | Spatio-temporal transformations based on integrated regulation of timing and plasticity. This schematic 
reconstruction, inspired by the data reported by Mapelli and D’Angelo (2007) and Nieus et al. (2006), illustrates the role of Golgi 
cells in controlling spatio-temporal reconfi guration of granular layer activity and long-term synaptic plasticity at the mossy fi ber 
granule cell relay. (A) The center-surround organization (white-gray areas) of excitation and inhibition determines a biphasic 
response to high-frequency stimulation trains in the mossy fi bers, such that the core tends to generate LTP and the surround 
to generate LTD. The Golgi cell is shown in black. (B) The picture illustrates the expected effect of a mossy fi ber burst (bottom) 
entering into the granular layer. If one assumes that LTP and LTD have been distributed in center-surround as shown in (A), then 
the granular layer output will occur with delays that are different for the granule cells in the two regions. Actually, the center and 
the surround will act as differential delay lines due to the fact that LTP anticipates and LTD delays granule cell output responses 
to mossy fi ber bursts. The top graph shows the idealized output response for two granule cells (solid line for a granule cell 
with LTP, dashed line for a granule cell with LTD). The regulation of delays occurs across the inhibitory window set by the Golgi 
cell (black line), which is also coactivated by the mossy fi ber burst but inhibits granule cells with a delay caused by its own 
excitation time and the additional synapse inbetween. Mossy fi ber–granule cell LTP effectively anticipates spike generation 
before the arrival of Golgi cell inhibition. Conversely, mossy fi ber–granule cell LTD slows down membrane potential growth to 
the point that spikes are not generated before the arrival of Golgi cell inhibition, which will further slow down depolarization 
eventually preventing any spike generation. Thus, the Golgi cell in combination with mossy fi ber–granule cell plasticity endows 
the granular layer with the properties of a spatio-temporal fi lter.
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spike in granule cells and transmit it at the parallel 
fi ber–Golgi cell synapse (see Mapelli and D’Angelo, 
2007; Vos et al., 1999a). In the presence of a con-
tinuous input, feed-forward inhibition can give rise 
to oscillations, since, once granule cells are excited, 
they can activate the Golgi cell switching off their 
own excitation. When the inhibitory action is ter-
minated, the cycle restarts.

These observations are complemented by several 
modeling studies, which also indicate that the Golgi 
cell system can produce time-windowing and cause 
synchronous oscillations in granular layer activ-
ity (Maex and De Schutter, 1998). In these spiking 
cerebellar networks the granule cells can gener-
ate a variety of temporal dynamics under inhibi-
tory control of the Golgi cells (Medina and Mauk, 
2000). Oscillations at theta-frequency (Hartmann 
and Bower, 1998, 2001; Pellerin and Lamarre, 1997) 
may require inputs on the same band from extrac-
erebellar areas or signal reentry from the deep cere-
bellar nuclei (Kistler and De Zeeuw, 2003; Yamazaki 
and Tanaka, 2007).

COMPUTATIONAL IMPLICATIONS 
AND CONCLUSIONS
The observations presented above indicate that 
Golgi cells are involved in three main control proc-
esses of granular layer activity that could have 
 profound implications for the cerebellar function.

INTEGRATED REGULATION OF SPATIO-TEMPORAL 
SIGNAL TRANSFORMATIONS AND PLASTICITY
Golgi cells lay at the core of a complex process inte-
grating synaptic inhibition and long-term synaptic 
plasticity (Figure 5). The center-surround organi-
zation of LTP and LTD determined by Golgi cells 
can generate differential delay lines due to the fact 
that LTP anticipates and LTD delays granule cell 
responses to mossy fi ber bursts (Nieus et al., 2006). 
Interestingly, the time-window set by Golgi cell 
feed-forward inhibition will extend this  mechanism. 
Indeed, synaptic depolarization generated by syn-
apses with LTP will lead to spikes before inhibition 
starts, while synaptic depolarization generated by 
synapses with LTD will collide with inhibition 
and spikes will therefore by prevented. Thus, 
extending a prediction of theoretical network anal-
ysis (De Schutter and Bjaalie, 2001; Medina and 
Mauk, 2000), the Golgi cell endows the granular 
layer with the properties of a spatio-temporal fi lter 
determining precisely timed activation of Purkinje 
cell assemblies (Bower, 2002; Lu et al., 2005). In 
addition, by controlling the spatio- temporal pat-
tern of spikes emitted by granule cells, Golgi cells 
could also regulate the development of short-term 
(Isope and Barbour, 2002; Sims and Hartell, 2005) 

and long-term synaptic plasticity (Casado et al., 
2002; Hansel et al., 2001) at the corresponding 
 parallel fi ber synapses. By regulating synaptic plas-
ticity, Golgi cells may take part to cerebellar recep-
tive fi eld re-shaping following patterned sensory 
stimulation (Jorntell and Ekerot, 2002).

CIRCUIT HOMEOSTASIS
Golgi cells take part to homeostatic mechanisms. 
A fi rst consideration is that, if input trains saturate 
granular layer plasticity, this would be ineffi cient 
for controlling information processing (this issue 
was envisaged by Marr as early as in 1969). In fact, 
the redistribution of LTP and LTD in neighboring 
granular layer areas caused by Golgi cells maintains 
the circuit in homeostatic balance (while activity is 
enhanced in certain areas, it is reduced in others). 
Secondly, if Golgi cell activity is too strong, then 
some granule cells would be fully inhibited with 
detrimental effects on the computational capacity 
of the circuit as a whole (again, Marr in 1969 pre-
dicted that the sparseness of granule cell coding had 
to be precisely regulated and never reduced below 
a critical limit; see also Schweighofer et al., 2001). 
Interestingly, strong Golgi cell activity can generate 
long-term enhancement of granule cell excitability 
by activating GABA-B receptors and inhibiting an 
inward rectifi er K+ current (Rossi et al., 2006), such 
that too strong and prolonged inhibition is compen-
sated by increased granule cell excitability. Another 
mechanism that can contribute to this regulation 
is mGluR receptors-mediated enhancement of an 
inward rectifi er K+ current at the parallel fi ber syn-
apse, which contributes to silence the Golgi cell fol-
lowing intense granule cell–Golgi cell transmission 
(Watanabe and Nakanishi, 2003). Thirdly, if Golgi 
cell inhibition is too week, the granule cells would 
be over-excited. In fact, in mice with genetic ablation 
of Golgi cells, NMDA receptor transmission at the 
mossy fi ber–granule cell synapse is down- regulated 
(Watanabe et al., 1998), with the likely consequences 
of reducing EPSP  temporal summation (D’Angelo 
et al., 1995) and LTP (Rossi et al., 2002) thereby 
 preventing granule cell over-excitation.

LARGE-SCALE OSCILLATIONS 
AND SYNCHRONIZATION
On the larger scale of cerebellar microcircuits (see 
Brown and Bower, 2001; Pijpers et al., 2006; Voogd 
et al., 2003), Golgi cells are predicted to operate an 
extensive spatio-temporal signal integration. On 
the one hand, the Golgi cells can improve chan-
neling of information toward overlaying Purkinje 
cells (Cohen and Yarom, 1998). On the other hand, 
since the axonal fi elds of several Golgi cells can 
overlap and extend outside the limits of the affer-
ent fi eld (Barmack and Yakhnitsa, 2008; Sillitoe 
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et al., 2008), cerebellar operations can be integrated 
across different functional modules. Another ele-
ment of linkage between modules is represented 
by the parallel fi bers, which interconnect Golgi cell 
along the longitudinal axis (Maex and De Schutter, 
1998; Vos et al., 1999b). Together with these struc-
tural features, the preferential response of Golgi 
cells at theta frequency may play a central role in 
determining granular layer synchronous oscilla-
tions in the same frequency-band (Hartmann and 
Bower, 1998, 2001; Lu et al., 2005; Pellerin and 
Lamarre, 1997). Interestingly, the Golgi cells may also 
represent a connection element between the mossy 
fi ber input and the other major afferent system, 
that generated by the inferior olive (Yarom and 
Cohen, 2002), both through the putative climbing 
fi ber Golgi cell connection and through the inhibi-
tory interneurons of the molecular layer, the stel-
late cells, which inhibit the Golgi cells (Barmack 
and Yakhnitsa, 2008).

It is then attractive to speculate on to how the 
Golgi cells might affect cerebellar computations as 
a whole. In earlier descriptions, Golgi cell medi-
ated inhibition was proposed to regulate the codon 
size (Albus, 1971; Marr, 1969) and then to assist 
processing of input temporal patterns (Chapeau-
Blondeau and Chauvet, 1991; Fujita, 1982). In fact, 
by combining lateral inhibition with Hebbian 
learning, Golgi cells may regulate competition 
between neighboring areas causing the emergence 
of self-organized topology, feature abstraction and 
generalization (Kohonen, 1984; see also Rieke et al., 
1997; Singer, 1999). By controlling granular layer 
theta-frequency oscillations, the Golgi cell may tune 
communication with extracerebellar  structures 
like the cerebral cortex and enhance responses to 
specifi c sensori-motor circuits (Buzsaki, 2006; 
Kistler and De Zeeuw, 2003; Kleinfeld et al., 2006). 
By synchronizing extended granular layer areas, 
the Golgi cell may render the cerebellar response 
cross-modal, implementing the integrative func-
tions that the cerebellum is thought to operate 
in sensori-motor coordination (De Schutter and 
Bjaalie, 2001; Vos et al., 1999a, 2000). It can there-
fore be anticipated that functional impairment of 
Golgi cells would cause relevant damage to cerebel-
lar functions. Indeed mice, in which Golgi cells 

have been selectively inactivated by inducible viral 
vectors, showed impaired motor coordination in 
compound movements revealing a defi cit in cer-
ebellar coordination (Watanabe et al., 1998). There 
is another example, in which Golgi cell functioning 
was altered and motor coordination was impaired, 
the stargazer mutation (Richardson and Leitch, 
2002). However, in that case Purkinje and stellate 
cells were also affected so that the responsibility of 
Golgi cells could not be isolated.

In conclusion, there is extensive experimental and 
theoretical evidence indicating that Golgi cells are 
critical to organize output granule cell spike activi-
ties in multiple spatio-temporal domains. These 
spikes will then be conveyed through the cerebellar 
network determining the subsequent computation 
taking place in the entire neuronal chain passing 
through Purkinje cells and deep cerebellar nuclei 
neurons. A further understanding of the impact of 
Golgi cells on cerebellar network activity will require 
new experimental testing in vitro and in vivo using 
electrophysiological and imaging techniques able 
to visualize circuit activities, the development of 
genetic mutants selectively affecting the Golgi cell 
circuit and the reconstruction of network computa-
tions with large-scale network simulations.
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