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Abstract

Golgi cells are the only elements within the cerebellar cortex that inhibit granule cells. Despite their unique position there is little
information on how Golgi cells respond to afferent input. We studied responses of Golgi cells to mechanical stimulation of the face, in
Crus I-ll of ketamine-xylazine anaesthetized rats. In 41 rats, 87 putative Golgi cells were identified, based on spike characteristics
and on location of electrolytic lesions in the granular layer. They displayed a slow firing rhythm at rest (8.4 spikes/s). Most Golgi cells
(84%) showed excitatory responses to tactile input. Their receptive fields (RFs) included, in 78%, the entire ipsilateral infraorbital
nerve territory, and extended, in 14%, to other trigeminal nerve branches and, in 48%, to the contralateral face. Excitatory responses
consisted of multiple, precisely timed (= 1 ms) spikes. Most peristimulus time histograms (PSTHs) (69%) showed an early (5-10 ms)
and a late (13—26 ms) excitatory component, with each component consisting of a single PSTH peak. In some PSTHs the early
component was a double peak (<4 ms interval). In others, only one, early or late, PSTH peak was observed. The excitatory
components were followed by a silent period (28—69 ms latency), the duration of which (13—200 ms) varied with response amplitude.
In single cells, response profiles changed with stimulus location. In simultaneously recorded cells, evoked profiles differed for
identical stimuli. Differences in RF size between early ‘double’ and ‘single’ peaks suggested that they resulted from direct mossy fibre

and parallel fibre input, respectively. Late PSTH peaks were assumed to reflect corticopontine activation.

Introduction

Before afferent information from mossy fibers impinges onto
cerebellar Purkinje cells via the granule cell axons (Gundappa-Sulur
et al., 1999), it is preprocessed by local feed-forward and feed-back
circuits, which are embedded in the granular layer of the cerebellar
cortex (Eccles et al., 1966b; Ito, 1984). The primary inhibitory
neuron of this circuitry, the Golgi cell, may play an important role in
this preprocessing. Golgi cells occupy a unique position, as they are
the only neurons in the cerebellar cortex to receive both direct
excitation (by mossy fibers) and indirect excitation (by parallel
fibers). They are also the sole source of inhibition to granule cells.
The latter observation led to the widely accepted theory (Marr, 1969;
Albus, 1971; Ito, 1984) that Golgi cells perform a gain control
function; Golgi cell inhibition is assumed to reset the threshold for
granule cell firing so that the local granule cell activity remains
within operational bounds. Feedback inhibition through the parallel
fibre circuit seems well suited to perform such a gain control function,
while the mossy fibre excitation could contribute by giving a ‘look
ahead’ to future activity levels (Marr, 1969). Golgi cells are also
unique in the vertebrate brain in that they are part of a pure feedback
circuit; Golgi cells do not inhibit each other, nor do granule cells
excite each other (Palay & Chan-Palay, 1974).
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Most theories concerning the role of Golgi cells were inspired by
descriptions of their anatomical connections. Spontaneous firing
patterns of Golgi cells have been studied to some extent (Miles et al.,
1980; Van Kan et al., 1993). Evoked responses of Golgi cells have
been investigated in relation to vestibulo-ocular reflex adaptation
Miles et al., 1980; Atkins et al., 1997), locomotion (Edgley &
Lidierth, 1987) or limb movement (Van Kan et al., 1993). Reports on
responses to natural, punctate stimuli are sparse (see Edgley &
Lidierth, 1987). A recent study in which Golgi cells were selectively
ablated in mice has shown that they are essential for normal
cerebellar function (Watanabe et al., 1998). The unique position of
Golgi cells within the cerebellar circuitry, as well as predictions of
our modelling studies (Maex & De Schutter, 1998a,b), led us to study
the response properties of Golgi cells in greater detail (Vos et al.,
1999).

We describe the responses of Golgi cells in Crus I and II of the rat
cerebellum to brief tactile stimulation of the face. The mossy fibre
input, granule cell multiunit activity (Shambes et al., 1978; Bower
et al., 1981; Welker, 1987; Bower & Kassel, 1990; Hartmann &
Bower, 1998) and Purkinje cell responses (Bower & Woolston, 1983;
Jaeger & Bower, 1994) to similar stimuli are well documented for this
part of the rat cerebellum. We found that Golgi cells have unique
response properties compared with other cerebellar elements; they
have large receptive fields and show precisely timed responses to
tactile stimulation. We postulate that the diversity of temporal
response patterns observed in individual Golgi cells is the result of
converging mossy fibre and parallel fibre inputs. Golgi cell responses
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were also characterized by a long silent period, the origin of which is
unknown.

Methods

Surgical preparation

Thirty-eight male rats (300-450g, 30 Sprague-Dawley and eight
Wistar, IFFA CREDO, Brussels, Belgium) were anaesthetized with
an i.p.-injected mixture of ketamine HCI (75 mg/kg; Ketalar, Parke—
Davis, Warner Lambert Manufacturing Ltd, Dublin, Ireland) and
xylazine HCI (3.9 mg/kg; Rompun, Bayer AG, Leverkusen, Ger-
many) in normal saline (0.9% NaCl, Baxter nv, Lessine, Belgium).
Supplemental doses (a third of the initial dose, injected i.m.) were
given every 2h to maintain anaesthesia. Three rats were anaesthe-
tized with o-chloralose (in 100% H,O, initial dose 50mg/kg,
followed by 37.5 mg/kg every 2h, i.p.). Throughout the experiment
heart rate was monitored (Hewlett-Packard 78342 A, Boeblingen,
Germany) and toe-pinch reflexes were assessed to control the level of
anaesthesia.

The rat’s head was fixed in a Kopf stereotaxic frame (David Kopf
Instruments, Bilaney Consultants GmbH, Diisseldorf, Germany) with
unsharp earbars and a standard mouth piece with incisor bar. A
homeothermic blanket system (Harvard Apparatus, South Natick,
MA, USA) was used to maintain core temperature (37-38°C). A
midline incision was made and dorsal cranial muscles were removed
to expose the caudal part of the skull and the first cervical vertebrae.
Two stainless steel microscrews were implanted 3 mm caudal to
bregma. The squamous part of the occipital bone was removed to
expose Crus I and II of the cerebellum. All craniotomies were made
on the left side. Before placement of the electrodes, the incisor bar
was removed and the rat’s head was tilted downward to level Crus II
horizontally. The incisor bar was fixed on the implanted skull screws
with dental cement (Hygenic Repair Resin, The Hygenic Corporation,
Akron, Ohio, USA). The earbars were not removed. The dura was
incized with the bent tip of a 29-gauge injection needle, reflected and
removed. The cisterna magna was punctured and the cerebrospinal
fluid drained to reduce cerebellar pulsation. The exposed cerebellar
surface was covered with warm AGAR (2% in 0.1 M phosphate
buffered saline).

Recording procedures

Extracellular single unit recordings were made with sharp (1 um tip)
tungsten microelectrodes (2M€Q, World Precision Instruments,
Stevenage, UK). Two or three electrodes were positioned simulta-
neously in Crus II (majority in Crus Ila) or Crus I (majority in Crus Ib
and Ic) using Kopf micropositioners. Each electrode was lowered in
the cerebellar cortex either vertically or in a slight angle (80°-90°
from surface). If no spikes were isolated after a 2-mm descent, a new
penetration was made. No attempts were made to map somatotopic
organization. At the end of a recording session electrolytic lesions
(cathodal, DC current, 15 1A, 12s; custom-built high-power source
with timer; Grass constant current unit, Astro-Med Inc., West
Warwick, RI, USA) were made to mark the location of the tip of each
electrode. In some rats, the electrodes were then moved to a distinctly
different part of Crus II or Crus I in search for new units.
Microelectrode signals were amplified and filtered (gain, 5000—
15000; bandpass, 400-20kHz), digitized and discriminated with a
PC-controlled ‘Multichannel Neuronal Acquisition Processor’
(Plexon, Inc., Austin, Texas, USA). For discrimination of spike
waveforms a real-time hardware-implemented combined time-
voltage window discriminator (Nicolelis & Chapin, 1994) was used.
Raw and discriminated signals were displayed on an oscilloscope

(BK Precision 2120, Maxtec International Corp., Chicago, IL, USA)
and fed through an audio monitor (Grass AMS8, Astro-Med Inc.) for
further inspection. Waveforms and recorded spike trains (time series)
were stored on computer disk for off-line analyses.

Identification of Golgi cells

This study focused on the cerebellar Golgi cell population. Units
encountered < 0.4 mm below the cerebellar surface (molecular layer)
were not considered (Eccles et al., 1966b). Units that occasionally
fired invariable, multispike waveforms (complex spikes; Eccles
et al., 1966a; Thach, 1967; Llinas et al., 1968) were identified as
Purkinje cells. Units located at 0.3-0.4mm from the cerebellar
surface that fired large spikes at a high rate (interspike interval, ISI,
<20ms) were also categorized as Purkinje cells (simple spikes). For
Purkinje cells, experimentation was limited to recordings of
spontaneous activity after which the electrode was lowered in search
for Golgi cells.

When passing the Purkinje cell layer, a sudden increase in
background activity could be noticed; this increase of background
noise was used as a landmark for entry in the granule cell layer (Miles
et al., 1980; Van Kan et al., 1993). Putative Golgi cells were
recognized by the distinctive rhythm of their spontaneous activity
(Atkins et al., 1997); their activity consisted of pronounced
‘popping’ of spikes, which rose well above the continuous back-
ground crackling, and which appeared at a rather slow cadence with
appreciable intervals (no bursting).

Putative Golgi cells were quantitatively identified using criteria
described by others (Eccles et al., 1966b; Miles et al., 1980; Edgley
& Lidierth, 1987; Van Kan et al., 1993; Atkins et al., 1997): low
discharge rates at rest (ISIs >20ms); long-duration (>0.8 ms),
diphasic (negative—positive or positive—negative) wave shapes; long
tuning distances (electrode track distance, between the point at which
spikes can be distinguished from background and a lower point at
which the spike amplitude is maximal, of 50-150 um); no complex
spikes; and location in the granular layer. During experiments,
recording depth, waveform characteristics, firing rate and ISIs were
continuously monitored to tentatively categorize units as Golgi cells.
This categorization was further confirmed by additional quantitative
analyses of spontaneous firing (see Results) and by histological proof
that the electrolytic lesion marking the tip of the electrode was in the
granule cell layer. Isolated units that did not meet the Golgi cell
criteria, and which were not Purkinje cells, were categorized as
mossy fibers or as unidentified units (see Results). Everywhere in the
granular layer, small amplitude, short duration spikes could be
recorded, but these spikes could not be isolated as single units.
Therefore, they were considered to be granule cell spikes.

Physiological characterization

Once an isolated unit was identified as a putative Golgi cell,
spontaneous activity was recorded for at least two separate periods of
at least 5 min each. Subsequently, mechanical taps with a hand-held
cotton-tipped wooden rod were used to explore the facial receptive
field (RF). In the first 19 rats, additional recordings of spontaneous
activity were then made (see also Vos et al., 1999). In the other 19
rats, somatosensory responses were quantitatively tested. In these
experiments the rat’s vibrissae were clipped to a length of 1cm. A
mechanical stimulation device driven by a Grass 11S digital
stimulator (Astro-Med Inc.) was used to deliver controlled innocuous
mechanical tap stimuli (10 ms) to (primarily) facial dermatomes. The
custom-built mechanical stimulation device had a 1-mm diameter
cylindrical stainless steel probe with flat surface (maximal excursion
2.5mm) mounted on an electromagnetic activator (based on a 12-V
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solenoid from Farnell Components, Maarssen, The Netherlands). The
stimulator was fixed on a comparator stand with magnetic base
(Mitutoyo, Brazil) to allow precise and stable positioning of the
probe.

In five rats, the same location was stimulated at different
frequencies (0.5-6Hz). In three rats, mechanical stimulation was
first applied to a vibrissa and the surrounding hairy skin (placement of
the probe on the base of the vibrissa) and subsequently to the vibrissa
alone (vibrissa glued to probe end). In 11 rats, the same stimulus (0.5
or 1 Hz) was applied to several (at least four) different facial loci on
either side of the face. For each stimulus configuration the same
stimulation paradigm consisting of = 100 trials without stimulation,
followed by = 100 trials with stimulation was repeated at least twice
(for example see Fig. 3, below).

Data analysis

Off-line analyses of spike time series were made with STRAN-
GER (Biographics, Inc., Winston-Salem, NC, USA) or MATLAB
(The MathWorks, Inc., Natick MA, USA). For each unit, separate
records of activity at rest were concatenated so that at least 3000
recorded spikes (per unit) were used for further analyses. From
the concatenated records, the average firing rate (spikes/s) was
calculated. ISI histograms (0.5-2-ms bins) were built, and CVs of
the ISIs were calculated (SD ISI/mean ISI) to describe the
regularity of the resting discharges quantitatively (Goldberg &
Fernandez, 1971). In addition, a nonparametric equivalent of the
CV (nCV) based on the median and the absolute deviation of the
median (MAD) of the ISI was calculated (MAD ISI/median ISI)
(see Results section).

Responses to mechanical stimulation were quantified as follows.
For each unit, the mean firing rate (spikes/s) was determined over all
stimulus trials for epochs of 30, 50 and 175 ms, before and after
stimulus onset. To determine the response intensity, stimulus-evoked
changes in firing rate were expressed as percentages [using the
formula 100 X (firing rate after—firing rate before)/ firing rate
before].

Rasterized traces with peristimulus spike trains, and peristimulus
time histograms (PSTHs) were used to inspect evoked temporal spike
patterns. In the majority of responses multiple peaks were observed
on the PSTHs. Each peak results from the fact that, in most trials, a
single spike occurred at a specific latency; the cumulative sum of
spike counts per bin per peak would then be <N (number of trials).
To quantify the latency, accuracy and robustness of the temporal
spike patterns, fine resolution PSTHs (0-250ms poststimulus;
0.25ms bin width) were constructed. A critical value representing
background activity (counts per bin) was determined, based on the
firing rate during the trials without stimulation (50 ms epochs), as the
95% confidence limit of the ‘spontaneous’ counts per bin [mean
counts per bin+2.96 X standard error of the mean (SEM)]. The
putative beginning of a peak was defined as the first bin with a spike
count more than this critical value. The end of a peak was defined as
the last bin before five consecutive bins with counts below the critical
value (gap of 1.25ms). If no gaps occurred, the end of a peak was
defined as the bin at which the cumulative spike count (starting from
the first bin) reached 97.5% of N. Peaks for which the total number of
bins was > 20, or in which the cumulative spike count was <10% N,
were not considered significant. The cumulative spike count within a
peak was expressed as a percentage of N to assess the robustness of
each peak.

Each peak was subsequently fitted with a Gaussian curve (custom-
developed MATLAB function; average fraction of variance unex-
plained was 0.19 £ 0.06); the mean and standard deviation (SD) of
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the fitted Gaussian distributions determined the latency and accuracy
of the peak, respectively.

To quantify the robustness of the entire PSTH profile, the average
ratio of the percentage of trials that contributed a spike to the peak, to
the SD (width) of the peaks, was calculated over all peaks, as:
>~ {[(cumulative sum of spikes in peak/N) x 100]/SD;/}/n, where
N is the number of stimulus trials, n the number of PSTH peaks, i the
peak number and SD; is the SD of the corresponding fitted Gaussian
distribution.

Statistical analysis

Factorial analysis of variance with post hoc comparisons
according to Fisher’s protected least square difference (PLSD)
was used to compare physiological characteristics of different cell
categories, and timing characteristics and response intensities of
different response profiles. Paired Student #-tests were used to
compare the pre- and poststimulation firing rates of the same cell.
A xz—test of independence was applied to assess differences in
frequencies of observed response profiles between stimulus
locations within the same cell, or between cells for the same
stimulus location. A nonparametric analysis of variance by ranks
(Friedman’s test) was used to test differences in RF size (in
arbitrary units) for different response profiles (see Results).
Correlations were tested with Spearman’s rank correlation
coefficient (Spearman’s p).

Histology

At the end of the experiment, rats received a lethal dose of sodium
pentobarbital (120 mg/kg 1i.p.; Nembutal, SANOFI, Libourne,
France). The brain was removed and fixed in 4% formalin. The
cerebellum was embedded in paraffin and 10-um transverse or
sagittal sections were cut and stained with cresyl violet to visualize
the electrolytic lesions. Sections with lesions were photographed and
drawn with a camera lucida. Camera lucida drawings were scanned
(AGFA Studiostar, AGFA-Gevaert, Mortsel, Belgium) and retraced
(Adobe Illustrator, Adobe Systems Inc., San Jose, CA, USA) to
produce the line drawings in this paper. As only one unit was isolated
per electrode track, the location of each of the recorded units could be
reconstructed.

Ethical considerations

Animals were treated and cared for according to the ethical standards
and the guidelines for the use of animals in research of the National
(USA) Research Committee on Pain and Distress in Laboratory
Animals (N.R.C. 1992). Testing procedures were approved by the
Ethical Committee of the University of Antwerp, in accordance with
Federal Laws.

Results

Identification of the recorded units

In 38 ketamine-xylazine anaesthetized rats, stable recordings were
obtained from 171 units. Based on the presence of complex spikes, 18
units were positively identified as Purkinje cells. Another 20 units
were classified as Purkinje cells firing simple spikes; their action
potentials were large and had a long duration (>0.8ms), they had
high firing rates with relatively short but variable ISIs (Table 1) and
the electrolytic lesions were at the border between the molecular and
the granular layer.

For 87 units that also fired large, long-duration action potentials
consisting of negative—positive wave shapes, the electrolytic lesion
was positioned within the granule cell layer (e.g. Fig. 1). These units
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TABLE 1. Firing characteristics of recorded units at rest

Spike width Firing rate Median ISI CV of ISI nCV of ISI

Cell Type (n) (ms) (spikes/s) (ms) (SD/mean) (MAD/median)
Purkinje cells SS 38 1.04 (0.94-1.37) 27.9 (4.03-81.4)* 17 (5-109)* 2.65 (0.41-5.72)* 0.47 (0.15-0.73)
Purkinje cells CS 18 1.34 (0.21-4.73)* 114 (42-608) 1.13 (0.49-2.16) 0.66 (0.46-0.82)
Golgi cells (ketamine-xylazine) 87 1.15 (0.87-1.85) 8.42 (1.89-18.1) 97.24 (31-223) 0.92 (0.19-2.36) 0.43 (0.13-0.70)
Golgi cells (a-chloralose) 5 1.22 (1.10-1.46) 3.19 (0.59-6.37) 560 (127-1444)* 0.92 (0.57-1.51) 0.48 (0.33-0.76)
Mossy fibers 30 0.65 (0.31-0.72)* 8.57 (1.21-24.9) 100 (4-1406) 1.55 (0.824.29)* 0.71 (0.51-0.92)*
Unidentified Units 16 0.64 (0.54-0.77)* 13.9 (1.44-31.1)* 91 (4-798) 1.41 (0.49-4.29)* 0.64 (0.21-0.92)*

Data are given as means, with ranges in parentheses. *P<0.001, Fisher’s PLSD, significant differences from Golgi cells recorded in ketamine-xylazine

anaesthetized rats.

jan-h-c-2

Counts/bin
3

0 50 100 150 200 250
Time (ms)

Counts/bin

0 100 200 300 400 500
Time (ms)

FiG. 1. Examples of units identified as Golgi cells based on location of the electrolytic lesion, waveform and firing pattern. Top part shows photomicrographs with
the position of electrode penetrations (middle) and the location of the electrolytic lesions (fat white arrows) on two parasagittal sections (10 um, cresyl violet stain)
through Crus II. Superimposed records of 100 recorded waveforms of each unit are shown in the middle. Bottom part shows the respective ISI histograms
(respectively 1 ms and 2 ms bins) based on 5360 spikes (jan-h-c-2) and 4603 spikes (jan-h-c-3) captured during a 400-s recording of activity at rest. Average firing
rates of the cells were, respectively, 13.4 and 11.4 spikes/s. Median ISIs were 62 ms and 42 ms, and nCVs were 0.43 and 0.54.

had long tuning distances (electrode movements of > 100 um) and did
not show complex spikes. Based on their position and wave shape
characteristics these units were classified as putative Golgi cells
(Table 1, Fig. 2). Golgi cells were also recognized by their slow, fairly
regular (not bursting) firing rhythm (see further). The average yield of
Golgi units was about two per rat; in 40% of the rats only one Golgi

cell could be isolated, in 60% a pair of Golgi cells was recorded
simultaneously, and in 20% simultaneous recordings of three Golgi
cells were realized.

Thirty units fired short, small-amplitude action potentials
(<0.8ms). They were difficult to isolate and had very short tuning
distances. When the electrode was moved, they would typically

© 1999 European Neuroscience Association, European Journal of Neuroscience, 11, 2621-2634



Responses of cerebellar Golgi cells 2625

o Golgi cells
O Purkinje cells (SS)
A Mossy fibers

A sep-a-a-3 Complex Spike B
6_
3,
| , 1404
0- L WL
0 100 200 300 400 500
3000 ] sep-a-a-3 120
] Simple
20004|  Spike "
] — 1004
1000 7 1ms
4 —~
] (]
O T T T E
0 100 200 300 400 500 ~— 80+
601 jn8-b-a-2 <)
) Golgi cell
a
<C 607
=
401
40+
g jan-b-a-2
B Mossy fiber
€ 20
S
Q
®)
0

0 100 200 300 400 500
Time (ms)

60 80 100 120 140 160 180 200
MEDIAN ISI (ms)

FIG. 2. Identification of recorded units based on characteristics of activity at rest. (A) Superimposed records and ISI histograms (2 ms bins) of complex and simple
spikes (SS) recorded from a Purkinje cell (sep-a-a-3, 1000-s trial), spikes recorded from a Golgi cell (jn8-b-a-2, 440-s trial) and from a mossy fibre (jan-b-a-2, 460-
s trial). Respective firing rates were 1.2 (complex spikes), 18.5 (simple spikes), 6.6 (Golgi cells) and 4.2 (mossy fibre) spikes/s. (B) Relation between median ISI
and MAD of the ISI. Based on recorded spike trains, the median and MAD of the ISI were computed for 20 samples of 100 consecutive ISIs (total of 2000 spikes)
from each unit. In the graph, data from five different cells (different shadings), representative of each group are plotted (squares, Golgi cells; circles, simple spikes

of Purkinje cells; triangles, mossy fibers).

disappear without showing high-frequency injury discharges, like
those that were often observed in units identified as arising from
Golgi cells. The spontaneous activity of the short action potentials
was characterized by the presence of bursts (triplets or quadruplets of
spikes, interval <5ms) which occurred rhythmically. Consequently,
their IST histograms showed two distinct peaks (see Fig. 2A, unit jan-
b-a-2). In five cases there was a close temporal relationship between
these bursts and spontaneous rhythmic facial muscle twitches. These
muscle twitches, which produced vibrissal movements, were not
related to the depth of anaesthesia; noxious pinch to hind paws or tail
did not evoke a withdrawal response or a change in the heart rate. We
classified 26 of these units as mossy fibers because the electrolytic
lesions marking the electrode positions were located in the white
matter close to the granular layer. Another four units that showed
short duration wave forms and similar bursting behaviour at rest, but
for which the electrolytic lesion was located in the granular layer,
were also categorized as putative mossy fibers (Table 1).

Sixteen units had very short action potentials, they did not show
bursting activity and were located in the granular layer. They were
classified as unidentified units.

In the three o-chloralose-anaesthetized rats, five units were
identified as Golgi cells. They showed lower firing frequencies at
rest (Table 1), but their response characteristics were not different
from those recorded in ketamine-xylazine-anaesthetized rats (Table 1,
other results not shown).

Golgi cell firing characteristics at rest

Units characterized as Golgi cells were tonically active at rest and had
a typical firing rthythm without bursts (see Methods). Their average
firing rates and median ISIs (Table 1) were well within the ranges
reported by others for Golgi cells in anaesthetized rodents (Schulman
& Bloom, 1981), awake rabbits (Atkins et al., 1997), anaesthetized
(Van Kan et al., 1993), decerebrate (Eccles et al., 1966b) or awake
cats (Edgley & Lidierth, 1987), or awake primates (Miles et al.,
1980; Van Kan et al., 1993).

The typical firing rhythm has been described as highly regular
(Miles et al., 1980; Schulman & Bloom, 1981), or as slower and
more regular than that of Purkinje cell simple spikes (Edgley &
Lidierth, 1987) or mossy fibre discharges (Van Kan et al., 1993).
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TABLE 2. Extent and laterality of Golgi cell RFs

Frequency Laterality of Golgi cell RFs
Without RFs With RFs RF ipsilateral only RF includes contralateral parts Total
n (%) n (%) n (%) n (%) n (%)
All Golgi cells 14 (16) 73 (84) 87 (100)
Golgi cells with RFs
Restricted* 6 (8) 0 (0) 6 (8)
Territory of one Vth-nerve branch 25 (34) 32 (44) 57 (78)
Greater than one Vth-nerve branch 7 (10) 3(4) 10 (14)
Totals with RFs 38 (52) 35 (48) 73 (100)

Data are given as numbers of cells, with percentages in parentheses. *Equivalent to area between four vibrissae.

Eccles et al. (1966b), however, appraised the Golgi cell firing pattern
as ‘rather irregular’ and Atkins et al. (1997) did not find evidence for
a regular pattern either.

The ISI distributions of Golgi units were unimodal with a broad
peak with an average median of 97.24 ms (Table 1), indicating low
firing rates and a fairly irregular firing pattern (Figs1 and 2). In
addition, most Golgi cell ISI distributions were asymmetrical with a
long tail caused by the frequent appearance of long (>200ms) ISIs
(e.g. Fig. 1, unit jan-h-c-3). Golgi cells did not show spontaneous
bursting as reflected by the absence of ISIs >10ms. As shown in
Fig.2A and Table1, Purkinje cells fired simple spikes at a
significantly higher rate, while putative mossy fibers showed typical
bimodal ISI distributions resulting from the presence of triplets or
quadruplets of spikes fired with intervals smaller than 5 ms. Granule
cell spikes could not be isolated as single units.

The mean CVs of the ISIs of each of the different neuronal classes
(Table 1) were considerably higher than in other studies (e.g. Miles
et al., 1980; Atkins et al., 1997). This is probably due to the
considerably longer recording trials (see Methods) used in this
investigation compared with the cited studies. Also, all ISI
distributions clearly deviated from the normal Gaussian distribution.
We therefore opted to use the nonparametric equivalents of the SD
and the mean to calculate a ‘nonparametric’ CV (nCV; Table 1).
Based on this nCV, Golgi cell firing at rest appeared no more regular
than simple spike firing of Purkinje cells, but it was more regular than
the bursting firing pattern of presumed mossy fibers.

A similar differentiation could be made when, for 20 consecutive
samples of 100 ISIs taken from the recorded spontaneous activity of
individual units, the spread (MAD) of the median ISIs was plotted
against their median (Fig. 2B). It appeared that most data points of
one unit were positioned on a straight line through zero, the slope of
which equalled the nCV. Separate data points of individual neurons
of the same class could be grouped in distinct clusters (Fig. 2B). This
figure shows that the ratio of the MAD and the median of the ISIs
remained fairly stable, although in Golgi cells and presumed mossy
fibers, different samples of 100 ISIs showed considerable variations
in the respective values. These shifts were most striking for the
presumed mossy fibre units.

Receptive field properties

The RFs of 48 Golgi cells (10 singles, 16 pairs, two trios) were
explored using hand-held mechanical stimuli; in 39 Golgi cells
(three singles, nine pairs, six trios) responses to controlled
mechanical stimuli (see Methods) were quantitatively studied.
Table2 summarizes the observed frequencies of cells for which a
RF was found, and the extent of these RFs. The majority of
recorded Golgi cells (73 out of 87, 84%) showed a strong

‘excitatory’ response (i.e. increase in activity) to brief innocuous
mechanical stimulation (Figs3-5). The localization of the RFs of
the recorded Golgi cells was in concordance with previously
described trigeminal projections to Crura I and II (Welker, 1987).
Golgi cell RFs were much larger than expected from described
fractured somatotopic maps in these cerebellar lobules (e.g. Bower
et al., 1981; Welker, 1987; Bower & Kassel, 1990). In 57 out of
73 (78%) Golgi cells with a RF, the RF covered the entire
territory of the maxillary branch of the trigeminal nerve
[rhinarium, all rows of vibrissal pad and upper lip (Waite &
Tracey, 1995)]. In 10 out of 73 (14%) Golgi cells the RF
extended to parts of the territories of the ophthalmic (e.g. cornea)
or mandibular (e.g. lower lip, tongue) branches of the trigeminal
nerve (e.g. Fig.4). In addition, in almost half of the Golgi cells
(35 out of 73) the RF included parts of the contralateral facial
dermatomes. Because of their large RFs, Golgi cells located in
the same lobule had overlapping RFs (see e.g. Figs3 and 5).

Timing of evoked spikes

The use of controlled mechanical stimuli allowed a detailed
quantitative analysis of the temporal characteristics of responses of
39 Golgi cells recorded in 19 rats. PSTHs were constructed based on
at least 100 trials per stimulus configuration.

First inspection of these PSTHs revealed that Golgi cell
responses consisted of multiple spikes, the timing of which
showed a distinct, rather precise temporal pattern (Fig.3); multiple
narrow peaks could be discerned on the PSTHs. Each peak
represents the fact that in a substantial number of stimulus trials,
a single spike occurred at a specific, fixed latency after stimulus
onset. Also, individual Golgi cells appeared capable of responding
to different stimulus configurations with different temporal spike
patterns (Fig.4). In order to investigate the temporal patterns,
PSTH peaks were quantitatively defined and fitted with a
Gaussian curve (see Methods). A first statistical analysis was
based on a sample of 85 PSTHs, consisting of one of each of the
different temporal patterns produced by each of the 39 Golgi
cells. The temporal pattern of two responses was considered
different if the number of significant peaks (see Methods) on the
PSTH differed, or if, in case of an equal number of PSTH peaks,
their latencies differed significantly (no overlap of 95% confidence
intervals of latencies: mean * 2.97 X SEM).

The majority of evoked responses (59 out of 85, 69%) showed
both an early (5-10ms) and a late (13-26 ms) peak on the PSTH
(Figs3-5). In 13 of these, an additional delayed peak was
observed at 34-49ms. Observed latencies of the three response
components were consistent with latencies to mechanical facial
stimulation observed in the granular layer or in Purkinje cells
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FI1G. 3. Example of stimulation-evoked
responses in two Golgi cells. (A) Schematic
representation of the position of the electrodes
in Crus Ila and line drawing of the transverse
section with the location of the electrolytic
lesions in the granular layer. (B) Superimposed
records of 100 spikes from each unit. (C) The
hairy skin bounded by vibrissae B3, B4, C3
and C4 was mechanically stimulated at 1 Hz
(1 mm probe, 10 ms duration). (D) For each
unit, rasterized traces of recorded spikes
captured on 600 successive trials are shown
(from 200 ms before, to 600 ms after, stimulus
onset, indicated by dashed line); hatched bars
between rasters indicate three periods,
respectively, 88, 102 and 96 successive trials
with stimulation. The lower panels show peri-
event histograms for each unit (low resolution
from 200 ms before, to 600 ms after, stimulus
onset, 2ms bins; high resolution from 15 ms

100
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feb-d-b-1 feb-d-b-3 B

100

before, to 55 ms after, stimulus onset, 0.5 ms
bins; arrows indicate stimulus onset) with the
total number of spikes per bin over 286 trials
with stimulation. Firing rates at rest (30 ms
epoch before stimulation) were 3.6 (feb-d-b-1)
and 7.3 (feb-d-b-3) spikes/s. Post stimulus
firing rates were 79.2 and 36.2 spikes/s (30 ms
epoch). The spike pattern evoked by the same
stimulus is different in both simultaneously
recorded units. Unit feb-d-b-1 fires at almost
all stimulus presentations with the same spike
pattern. Both units show a silent period which

Counts/bin

Off st

ends with a rebound increase in activity (end 200 200
of silent period is indicated). Time (ms) Time (ms)
(Bower et al., 1981; Bower & Woolston, 1983; Welker, 1987, (41 out of 85; ‘Single/Single’ in Fig.6 A,C and D). As

Morissette & Bower, 1996).

Based on the number of PSTH peaks and their latencies, four
response profiles were differentiated (Fig.6): (i) those consisting
only of an early single peak (latency <13ms) and no late
component (13 out of 85; ‘Single/~" in Fig.6A, C and D); (ii)
those consisting only of a late single peak and no early
component (13 out of 85; ‘—/Single’ in Fig.6A, C and D); (iii)
those with an early component consisting of two (or three, e.g.
Fig.4) closely spaced peaks (interval <4ms) of nearly equal
amplitude (termed ‘early double peak’) and a single peak as the
late component (18 out of 85; ‘Double/Single’ in Fig.6A, C and
D); and (iv) those with a single peak as early and late component

demonstrated in Fig.6B and C, the first spikes of responses that
showed an early double peak (Double/Single) systematically had
the shortest latencies. The early component of the Double/Single
profiles was also significantly more precise (average SD over both
peaks; Fig.6D) and reproducible (expressed as the percentage of
trials contributing a spike to the PSTH peak; average over both
peaks; Fig.6E) compared with early single peaks of Single/Single
profiles. No such differences were found between the late
components of Double/Single and Single/Single profiles. Note
also that for responses consisting of two or more components, the
precision and robustness of the later peaks gradually diminished
(Fig.6D and E). Finally, the latencies of responses consisting of
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spike to the peak, to the SD (width) of the peak, over all peaks
was used as a measure of the robustness of the complete temporal
spike pattern (see Methods). Responses with the shortest latencies
(mostly profiles with an early double peak) appeared most robust
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FiG. 4. Large RFs of Golgi cells. (A) Schematic
representation of the position of the electrode
in Crus Ila and line drawing of the transverse
section with the location of the electrolytic
lesion in the granular layer. (B). Superimposed
records of 100 spikes. (C) The same stimulus
(1 mm probe, 10 ms duration, 0.5 Hz) was
applied to five different areas (dots). Middle
panels show respective PSTHs (low resolution
from 200 ms before, to 600 ms after, stimulus
onset, 2 ms bins; high resolution from 15 ms
before, to 55 ms after, stimulus onset, 0.5 ms
bins; arrows indicate stimulus onset) with the
total number of spikes per bin over 200 trials
per stimulated area. Right panels are line
graphs representing firing rates before (-) and
after (+) stimulation based on 30 ms (dashed
line) and 175 ms (full line) peristimulus
epochs. The percentage increases in firing rate
are indicated. Large responses were evoked for
each stimulus location, but the response pattern
varied.

(Fig.7A). Over all cells, a Spearman’s rank correlation coefficient
of —0.501 was found (P<0.001). Similarly, a positive correlation
(+0.564, P<0.0001) was found between the intensity of the
response (firing rate in the first 50 ms poststimulus epoch) and
the robustness of the temporal pattern; the more intense the
response, the more precise was the timing of the evoked spikes
(Fig. 7B).

© 1999 European Neuroscience Association, European Journal of Neuroscience, 11, 2621-2634



A C

jan-f-b-2 250
jan-f-b-3
jan-f-b-1 ‘

jan-f-b-2 ’

250 jan-b-1 |

O

N

o))

o
)

jan-b3 |

|
|

Spikes/s

% change firing rate
(80ms epoch)
[0}
o
1

vibris. -100
+ skin

vibris.

vibrissa only

m—n«M

Time (ms)

Responses of cerebellar Golgi cells 2629
vibrissa + skin

250 |
|

250

u--u-l-li-\-lmm.,-mm {

250

F |

Q

=

5 |

)]

T s e e e
100 200 -100 100 200

Time (ms)

FiG. 5. Effect of number of afferents activated on Golgi cell responses. (A) Schematic representation of the position of the three electrode penetrations in Crus Ila
and line drawing of the transverse section with the location of the electrolytic lesions in the granular layer. (B) The same stimulus (1 Hz, 1 mm probe, 10 ms) was
applied to vibrissa E3 alone or to the hairy skin surrounding it. (C) PSTHs (from 100 ms before, to 200 ms after, stimulus onset; 2 ms bins) with the responses
(spikes/s) to each stimulus (102 and 306 trials, respectively) of the three units. (D) Line graph representing the percentage increase in firing rate (30 ms epochs)
evoked by each of the stimuli in each of the units. While all units responded more to the more intense stimulus, the temporal pattern of the spike response was only

changed in the third unit.

Golgi cell responses include a long silent period

On average, Golgi cells quadrupled their firing rate in the first 30 ms
after stimulus onset (from 8.4 to 47.5 spikes/s; + 466%; see Figs4—6
and 8A). When larger poststimulus epochs (175 ms) were considered,
changes in firing rate were smaller, though still significant (from 8.17
to 12.34 spikes/s; +51%; Figs4 and 9A). This effect reflected the
presence of a long silent period in the responses of the majority (33
out of 39) of the units tested. The silent period had a latency of 28—
69 ms (average, 45 ms) and a duration of 13-200 ms (average, 93 ms).
Its presence was independent of the type of anaesthesia used (results
not shown). The duration of the silence correlated (Spearman’s
p=0.646, P=0.0002) with the intensity of the response (discharge
rate in 30ms epoch; Fig.8B). This relation was not only found
between different cells, but also within cells (Figs 5 and 8B). In some
responses discharge rates increased again at the end of the silent
period (Figs 3 and 4).

Timing of spikes varies with stimulus location and cell
localization

The typical examples shown in Figs3—6 illustrate that individual
Golgi cells produced different temporal spike patterns in response to
different stimulus configurations, and that one particular stimulus was
capable of evoking different temporal spike patterns in different,

though simultaneously recorded Golgi cells. In order to explore
which factors determined the temporal characteristics of the evoked
response profiles, three stimulus parameters were varied.

In three rats, responses of eight Golgi cells (one pair and two
trios) to stimulation of a single vibrissal hair were compared with
responses to stimulation of the hairy skin surrounding that
vibrissa. It was assumed that stimulation of the vibrissa alone
activated a smaller number of trigeminal afferents than stimulation
of both the vibrissa and the surrounding hairy skin (Sharp et al.,
1988). In all instances increasing the stimulus intensity did affect
the intensity of the response (average 86% increase in percentage
change in firing rate, e.g. Fig.5D). In only one Golgi cell,
stimulation of the hairy skin produced a different temporal spike
pattern from stimulation of the corresponding vibrissa alone
(Fig. 5, unit jan-f-b-3).

In five rats (11 Golgi cells: four pairs and one trio) the frequency of
the mechanical stimulus was varied (at least three different
frequencies). Neither the intensity nor the timing of the evoked
response were affected by changes in stimulus frequency within the
range used (0.5-6 Hz).

In 11 rats, responses of 17 Golgi cells (four pairs, three trios)
to stimulation of three to nine different locations of the face were
recorded. Only one cell showed the same spike pattern for each
of the three different loci that were stimulated. Figure 9A
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FIG. 7. Robustness of the spike pattern is related to the latency and intensity of
the response. The robustness of the complete spike pattern was determined as
the average ratio of the percentage of trials that contributed a spike to the peak
to the SD (width) of the peak, calculated over all peaks in the PSTH (see
Methods). (A) Scatterplot illustrating that the more robust responses (Y-axis)
had the shorter latencies (X-axis) (Spearman’s p=-0.501, P<0.001). Note
also that these responses had an early double PSTH peak (filled circles). (B)
Scatterplot illustrating that the more robust the complete spike pattern was (X-
axis), the more intense the response (spikes/s in 50ms poststimulus
epoch)(Spearman’s p=0.564, P <0.0001).

demonstrates that 16 out of 17 Golgi cells produced different
temporal spike patterns in response to stimulation of at least half
of the different locations.

Most of the simultaneously recorded Golgi cells had overlapping
RFs; in many rats, stimulation of a particular location evoked
responses in all (two or three) simultaneously recorded Golgi units
(Figs 3 and 5). Identical temporal spike patterns were evoked in only
two out of 13 pairs of simultaneously recorded cells in response to
stimulation of each of the stimulated loci. In four out of 13 pairs the
temporal spike pattern was different for more than half of the
stimulated loci. In six out of 13 pairs, stimulation of each of the loci
resulted in a different temporal spike pattern.

Receptive fields with an ‘early double peak’ response
component are restricted

One strategy to gain insight into the origin of the afferent pathways
that contribute spikes to each of the different PSTH peaks consists of
plotting, per cell, the RF of each of the PSTH components (early
double, early single and late single peak). Figure 9B shows, for two
cells, the RFs of each of the three components, delineated as areas on
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FIG. 8. Most Golgi cell responses show a ‘silent’ period. (A) Firing rate
(spikes/s) before (-) and after (+) stimulation determined in 30 ms or 175 ms
epochs from stimulus onset. For each of the Golgi cells data from the facial
stimulus configuration (at least 100 trials) that yielded the strongest response
are plotted. (B) Scatterplot showing the relation between response strength (X-
axis; firing rate during 30 ms poststimulus epoch) and the duration (in ms) of
the silent period (Y-axis). Different symbols represent data of different units,
with responses to each stimulus (different area, frequency or intensity; at least
100 trials) plotted separately. Both between and within units, the duration of
the silent period is correlated to the strength of the initial response.

a schematic drawing of the rat’s face. PSTH profiles with an early
double peak (D/S) were evoked from restricted facial areas, while
those showing an early single peak (S/S) covered large parts of the
rat’s face on both sides. The largest RFs were observed for the second
component (latency >13ms). This was confirmed by statistical
analysis; in each of 17 cells each of the components was given a rank
based on the arbitrary size of their respective RFs (1, smallest; 3,
largest). The mean rank of the early double peak component (over all
cells) was significantly lower than that of the two other components
(mean ranks: early double, 1.417; early single, 2.208; late single,
2.375. P<0.05, Friedman’s test).

Discussion

Although Golgi cells play an important role in the cerebellar cortex
(Watanabe et al., 1998), systematic studies of their responses to
punctate stimulation are sparse. We found that responses to brief
tactile stimuli showed complex and accurate temporal characteristics
which make Golgi cells unique compared with other cerebellar
neurons.

Technical considerations

It should be acknowledged that all evidence for identifying recorded
units as Golgi cells was circumstantial. We used the same criteria for
Golgi cell identification as used by others (see Results). For all units
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(above and below, respectively). In addition, the exact location from which
each of the response profiles were evoked, are indicated by symbols.

classified as Golgi cells, electrolytic lesions were located within the
granular layer. All putative Golgi cells fired large, long-duration
action potentials, which had considerable tuning distances and
remained well isolated throughout the entire recording session
(sometimes >6h), despite nearby placement of other electrodes, or
a long series of mechanical stimuli. These observations are consistent
with a large unit of origin. It is known that Golgi cells are the largest
neural element in the granular layer (Palay & Chan-Palay, 1974). We
are confident that none of the identified Golgi cells were granule
cells. The cell bodies of granule cells are very small and they
constitute such a tightly packed, dense mass (Ito, 1984) that isolating
one granule cell spike without capturing waveforms produced by
neighbouring granule cells is impossible with the metal electrodes of
the type used in the present study.

The anaesthetic used, and its route of administration (i.p.), did
not allow for a perfect control of the level of anaesthesia.
However, the recorded waveforms, like the spontaneous firing
rates, remained practically unchanged throughout the long
recording sessions. Moreover, identical anaesthetic regimes have
often been used (e.g. Bower et al., 1981; Morissette & Bower,

1996). In addition, spontaneous firing rates for each of the
neuronal classes observed in the present study were well within
those reported by others. Finally, we did not find Golgi cell
response characteristics to be changed when a different anaes-
thetic was used. An advantage of anaesthetized preparations
compared with awake animals is the better stimulus control and
the higher yield of Golgi cell recordings per rat.

Firing properties of Golgi cells

Spontaneous firing rates were similar to those observed for Golgi
cells in other preparations. Golgi cells recorded in this study did not
fire very regularly, similar to those of Eccles et al. (1966b) and
Atkins et al. (1997). Golgi cells did not burst as mossy fibre units
did. The identification of mossy fibre units was based on their typical
dual peaked ISI distribution and the location of most of these units in
the white matter. Because of their typical ISI these units could not be
confused with Purkinje cell axons (Fig.2A), while their high firing
rate also excluded climbing fibers.

We attempted to quantify the ‘typical’ firing rhythm (see Results)
by calculating a nonparametric CV, nCV, which allowed Golgi cells
to be distinguished reliably from other cerebellar units (Fig. 2B). This
objective measure can be used to identify units in future studies.

Response properties of Golgi cells

The majority of recorded Golgi cells in Crus I and Crus II responded
to tactile stimulation and had facial somatosensory RFs. This is
consistent with the fact that both granule cells and Purkinje cells in
these cerebellar lobules have been reported to respond to stimulation
of trigeminal areas (e.g. Shambes et al., 1978; Bower et al., 1981).

In contrast to the mosaic of small RFs found for field potentials in
the granule cell layer (Bower et al., 1981; Shambes et al., 1978) or
Purkinje cells (Bower & Woolston, 1983), most Golgi cells in Crus I
and II had rather large RFs. In the present study, the majority of Golgi
cell RFs covered at least the entire territory of the infraorbital nerve
[maxillary branch of the trigeminal nerve: vibrissal pad, rhinarium
and upper lip (Waite & Tracey, 1995)] ipsilateral to the recording
site. Sometimes the RF extended to the territories of the ophthalmic
or mandibular nerve, and it often included parts of the contralateral
face. It should be acknowledged that RF testing was primarily
confined to facial dermatomes, so that the presence of discontinuous
RFs that included parts of limbs or trunk could have been missed.

Large RFs have also been reported for Golgi cells recorded by
others. Edgley & Lidierth (1987) found that 85 out of 87 Golgi cells
responded to tactile stimulation in the awake cat; the majority had
large and bilateral RFs. Also in halothane-anaesthetized rats, an
unspecified proportion of Golgi cells responded to peripheral
stimulation (Schulman & Bloom, 1981). In barbiturate-anaesthetized
monkeys only few Golgi cells (three out of 18) responded to
somatosensory stimulation (Van Kan er al., 1993). In awake
monkeys however, all of the Golgi cells tested (five out of five)
responded to passive joint manipulation, though they lacked
directional specificity (Van Kan et al., 1993). For Golgi cells
recorded in the cerebellar flocculus of the awake rabbit and the awake
monkey, a great diversity of modulation patterns was found (Miles
et al., 1980; Atkins et al., 1997). The latter two findings are, like the
presence of large tactile RFs observed by others and in the present
study, an indication of an enormous convergence of excitatory inputs
onto single Golgi cells.

We also found that Golgi cells responded to tactile stimulation with
precisely timed temporal spike patterns. In some cases responses
were highly robust, with close to 100% of trials firing a spike within a
I-ms window (Fig.7A). In most responses an early and a late
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component could be discerned. Based on the nature of the early
component and the absence of either one of the two components, we
described four different response profiles. Individual Golgi cells were
capable of producing different response profiles (e.g. Fig. 4). Stimulus
location and cell localization appeared related to the temporal
characteristics of the evoked responses. Conversely, stimulus
amplitude or frequency could affect the response amplitude, but
had little effect on its temporal pattern.

Possible trigeminal afferent pathways to Golgi cells

There are two possible afferent pathways that convey trigeminal input
to cerebellar Golgi cells. First are the trigeminocerebellar projections
by second order neurons in the trigeminal nuclear complex of the
brainstem (Darian-Smith & Phillips, 1964; Watson & Switzer, 1978;
Woolston et al., 1982; Huerta et al., 1983). In addition, in rat, first
order trigeminal afferents were also found to project directly to the
cerebellar cortex (Jacquin et al., 1982). Second are the corticopon-
tine projections (Bower er al., 1981; Morissette & Bower, 1996).
Both arrive in the cerebellar cortex as mossy fibers.

The latencies of the early (89=*1.7ms) and late
(19.1 £3.6ms) excitatory components of Golgi cell responses
corresponded closely to the latencies described for the early and
late component of granular layer field potential responses (8—
10ms and 16-22ms, respectively) which were recorded in Crus II
under similar experimental conditions (Morissette & Bower,
1996). This strongly suggests that the early and late excitatory
components of the Golgi cell responses were caused by mossy
fibre input via trigeminocerebellar and corticopontine projections,
respectively. Morissette & Bower (1996) also showed that the
corticopontine projections (which caused the late response
component) had a larger projection zone in the granular layer.
We found similarly that the late component had the largest RF. In
addition, the late component was not as robust or as accurate as
the early component. A longer pathway, involving multiple
synapses is expected to transmit input less faithfully.

Golgi cell responses reflect excitation by both mossy and
parallel fibers

It is not very likely that the whole of each response was caused by
direct mossy fibre input to the Golgi cell. Mossy fibre input to Crus I
and II of the rat cerebellum is fractured, consisting of many patches,
each of which receives tactile input from only a small part of the rat’s
face (Shambes et al., 1978; Bower et al., 1981; Bower & Kassel,
1990). The trigeminal and corticopontine mossy fibre RFs largely
overlap (Bower et al., 1981; Morissette & Bower, 1996). Conse-
quently, pure mossy fibre excitation of a Golgi cell should result in a
small RF corresponding to one or, at most, a few patches (see Welker,
1987 for review). In contrast, Golgi cells had very large RFs.

The extensive RFs probably reflected an important excitation by
parallel fibers, which because of their length (Pichitpornchai et al.,
1994) can originate in many different patches and, as such, carry
input from parts of the rat’s face different from the mossy fibre
projection field. Some patches in Crus II have contralateral or
bilateral RFs (Welker, 1987); this could explain the bilateral Golgi
cell RFs we observed in 41% of the cells.

Nevertheless, several of our observations suggest that the early
double peak found in a substantial proportion of Golgi cell response
profiles resulted from direct mossy fibre input, while the early single
peaks were probably produced by parallel fibre excitation. Responses
with an early double peak had significantly shorter delays and a
significantly higher spike timing accuracy (i.e. less jitter). Moreover,
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‘early double peak’ response components were more intense and had
a more restricted RF than other response components. All these
observations suggest that the early double peak component reflects a
strong mossy fibre excitation. The early single peak components had
much larger RFs, a longer delay and were less accurately timed.
Therefore we hypothesize that single peak components were
primarily the result of parallel fibre excitation that was delayed and
less precise in timing because of the slow and variable parallel fibre
conduction velocities (Bernard & Axelrad, 1991; Vranesic et al.,
1994). It should be stressed that PSTH profiles with and without an
early double peak were sometimes observed in the same individual
Golgi cell. This rules out the possibility that all early double peak
responses were recorded directly from mossy fibers (and not from
Golgi cells).

In view of the fact that responses with only one component also
had large RFs, it is possible that they reflect a purely parallel fibre
evoked event: either only the trigeminocerebellar input (only early
component) or only the corticopontine input (only late component).
This observation is consistent with the assumption that the
transmission over the parallel fibers weakens with increasing distance
from the original mossy fibre input.

Significance of the long silent period

Almost all Golgi cell responses included a silent period. This silent
period was quite noticeable because the cells were spontaneously
active before the stimulus. Silent periods have been observed in
evoked activity of presumed Golgi cells in anaesthetized cats, in
response to parallel and mossy fibre stimulation but not in response to
inferior olive stimulation (Eccles et al., 1966b), in awake cats in
response to peripheral stimulation (Armstrong & Rawson, 1979) and
in anaesthetized rats in response to inferior olive stimulation
(Schulman & Bloom, 1981). They have also been observed in other
parts of the somatosensory system, including the pontine nuclei
(Mihailoff et al., 1992) and the ventral posterior nucleus of the
thalamus (Nicolelis & Chapin, 1994).

The cause and function of the silent period remain unclear.
While the presence of similar silent periods in other somatosen-
sory pathways suggests that a lack of mossy fibre activation
contributed to the silent period, it is likely that endogenous
properties of the cerebellar circuit also play a role. The latter is
supported by the strong correlation between the magnitude of
Golgi cell responses and the subsequent silent period. The strong
tonic component of granule cell inhibition that was recently
described in cerebellar slice preparations (Brickley et al., 1996;
Wall & Usowicz, 1997) may contribute to the silent period. As
this tonic inhibition is postulated to be caused by Golgi cell
activity, resulting in spillover of GABA which activates high
affinity receptors (Rossi & Hamann, 1998), it should be correlated
with the amplitude of Golgi cell responses. Such tonic inhibition
of granule cells will cause an interruption of parallel fibre
excitation to the Golgi cell, enhancing the effect of diminished or
absent mossy fibre input. Supporting evidence for this scenario is
the strong on-beam inhibition evoked by short bursts of parallel
fibre excitation in an isolated guinea pig cerebellum preparation
(Cohen & Yarom, 1998).

In conclusion, neither the large RFs nor the fine temporal pattern of
Golgi cell responses to tactile stimulation, including the silent period,
are predicted by theories of cerebellar function that assume a pure
gain control function of Golgi cells (Marr, 1969; Albus, 1971). Our
results may necessitate a re-evaluation of the role of Golgi cells in
cerebellar function (Maex & De Schutter, 1998b).

© 1999 European Neuroscience Association, European Journal of Neuroscience, 11, 2621-2634
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