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Abstract
Golgi cells are important players in the function of the Cerebellar cortex, controlling the flow of
incoming information from mossy fibres to the granule cells which excite other cortical neurons.
We recently showed that in anaesthetised rats most Golgi cells respond to stimulation of afferents
from a very wide peripheral receptive field with a long lasting depression of firing. These
responses are mediated via a crossed ascending afferent pathway, but the supraspinal part of this
pathway is unknown. Here we have examined the hypothesis that the lateral reticular nucleus, a
brainstem nucleus with known broad afferent convergence and which projects mossy fibres to
much of the cerebellum, is involved. First, we show that single pulse electrical microstimulation
within the lateral reticular nucleus can elicit long lasting depressions in Golgi cells which are
qualitatively similar to those evoked by peripheral afferent stimulation. Second, we show that the
amplitude of the depressions of Golgi cell firing evoked by peripheral stimulation can be reduced
by pharmacological manipulation of the lateral reticular nucleus, either ipsilateral or contralateral
to the stimulus site, with local injections of either the GABAA receptor agonist muscimol or the
AMPA receptor blocker CNQX. This evidence suggests that the lateral reticular nucleus is a relay
nucleus in the brainstem for peripheral afferent information in a pathway that generates Golgi cell
long lasting depression responses.
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INTRODUCTION
Cerebellar Golgi cells are one of only 5 major neuron types in the cerebellar cortex, and are
critical to its function (Watanabe et al 1998). They play an important role in modulating the
transmission of mossy fibre input into the cerebellar cortex by both direct and spillover
inhibition of granule cells (Hamann et al., 2002; Mitchell & Silver, 2003). Golgi cells have
excitatory inputs from mossy fibres and parallel fibres which can generate short lasting
excitations (Vos et al., 1999; Holtzman et al., 2006a), but we recently reported that in vivo
the most frequently encountered response to peripheral afferent stimulation is a depression
of firing which may last hundreds of milliseconds (Holtzman et al., 2006a; Holtzman et al.,
2006b; Xu & Edgley, 2008). The long duration of these responses may be significant
because the spillover effects of GABA released by Golgi cells in the glomerulus have a long
duration ‘tonic’ component that would only abate if the Golgi cells changed firing for
hundreds of milliseconds. In behaving animals depressions of Golgi cell firing to rates
below an otherwise continual, spontaneous firing of 10-30 Hz also occur during behaviour
(Edgley & Lidierth, 1987; Barmack & Yakhnitsa, 2008; Prsa et al., 2009). These
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depressions are intriguing as there are few inhibitory pathways to Golgi cells (see Holtzman
et al. 2006a). Importantly, these responses can be evoked from very wide receptive fields,
including most of the body. This, combined with the demonstration that they involve a
crossed anterolateral funiculus pathway (Holtzman et al 2006b) led us to speculate that they
may be mediated by spinoreticulocerebellar mossy fibre pathways, such as those relayed in
the lateral reticular nucleus (LRN). The LRN has spinal afferent inputs that are
multisensory, bilateral and widely convergent (Rosen & Scheid, 1973; Clendenin et al.,
1974c; Menetrey et al., 1983; Ness et al., 1998; Robbins et al., 2005), and many afferents to
the LRN ascend to the spinal cord in the anterolateral funiculus (Rosen & Scheid, 1973). In
turn the LRN projects mossy fibres bilaterally to much of the cerebellum (Clendenin et al.,
1974d; Wu et al., 1999). Studies of the integration of information in the LRN have shown a
mixture of excitation and inhibition evoked by stimulation of peripheral afferents (Clendenin
et al., 1974a,, 1975; Ekerot, 1990a, 1990b). In the experiments described here, we tested the
hypothesis that the LRN is involved in the transmission of the signals that generate long
lasting depressions of Golgi cell firing evoked by peripheral afferent stimulation, by both
electrically stimulating and by pharmacologically blocking the LRN.

METHODS
Experiments were performed on 36 adult Wistar rats (300–350 g) that were anaesthetized
using urethane (1–1.2 g kg−1 i.p. initially, supplemented with small doses of a fentanyl
fluanisone mixture (Hypnorm™ Vetpharma, UK), i.p. as required to maintain anaesthesia).
All procedures were approved by the UK Home Office regulations and the Local Ethical
Committee of the University of Cambridge.

Surgery
Anaesthetized animals were fixed in a stereotaxic headholder. A heating blanket regulated
by feedback from a rectal thermometer was used to maintain core body temperature at
37-38°C. The obex was exposed by removal of the overlying muscle and dura at the
foramen magna, and a small craniotomy exposed the cerebellar cortex over the vermis.

Recording
Extracellular single-unit recordings were made using metal (stainless steel or tungsten
electrodes insulated with parylene C with impedances ranging from 2 to 5 MΩ) or glass
electrodes filled with 1M NaCl with impedance ranging from 6 to 15 MΩ. Signals from the
microelectrodes were amplified (gain, x10 000), filtered (band-pass, 0.3–10 kHz) and
digitized at 25 kHz (1401 and Spike 2 software from Cambridge Electronic Design, UK).

Stimulation
In the stimulation experiments an insulated stainless steel stimulating electrode (impedance
about 150 kΩ) was inserted into the LRN through the dorsal aspect of the brain stem at a 30°
angle, tip rostral, aimed at stereotaxic coordinates: −4.2mm posterior and 0.3 mm below the
interaural line and 1.9mm lateral to the midline. Biphasic stimulus pulses of 0.2ms duration
were delivered at a rate of approximately 0.6 Hz. Accurate placement of the stimulating
electrode was verified using post mortem histology (e.g. figure 1A). Stimulation of
peripheral afferents was achieved as described by Holtzman et al. (2006a) using pairs of
percutaneous pins inserted into the skin of the vibrissae and the paws of the fore- and
hindlimbs.
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Drug injection
In separate experiments pharmacological blockade in the region of the LRN was achieved
with microinjection of either the GABAA receptor agonist muscimol or the competitive
AMPA/kainate receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX),
(dissolved in 0.9% saline to concentrations of respectively 8.24mM and 3mM, both
substances obtained from Tocris Bioscience UK). Injections of 0.2 μl of either solution were
made via a glass pipette (tip diameter 10-20 μm) attached to a Hamilton microsyringe
positioned with the tip at the same stereotaxic co-ordinates as the stimulating electrode used
in the experiments described above (figure 1B). The injection solutions also contained 0.2%
Pontamine blue dye, which allowed the sites of injections and extent of spread to be
assessed post mortem (e.g. figure 1B).

Analysis
Single unit spikes were discriminated off-line using a custom-made program (LabSpike –
Bhumbra, http://www.pdn.cam.ac.uk/staff/dyball/labspike.html, Department of Physiology
Development and Neuroscience, University of Cambridge). Responses were evaluated as
poststimulus time histograms (PSTH) made in MATLAB (The MathWorks Inc., Natick,
MA, USA) and incorporated a cumulative sum (CUSUM) derivative analysis (Davey et al.,
1986), which facilitates the detection of persistent trends in the PSTH. As standard, PSTHs
were made with 10ms bins and included at least 100 stimulus deliveries. A period of 200 ms
immediately preceding the stimulus was used as an estimate of background spontaneous
firing to establish the CUSUM baseline (the mean height of 20 10ms-wide bins). Responses
were measured relative to this baseline.

Depressions of cell firing were quantified from the PSTHs. Mean background bin height
was derived from a 0.2s-long prestimulus period. Responses were quantified as the sum of
the normalized differences between this mean and the actual bin counts during the
poststimulus period of the response. The dashed horizontal line on the PSTH in figure 1C
shows the mean background bin height. The amplitude of the response is the area below this
line and above the bins of the PSTH. The lower graph plots the sum of the normalized (to
background) size of the difference between binheights in the PSTH and the background
mean binheight value with respect to time, i.e. the CUSUM (Davey et al., 1986). The
modulus of the minimum value of this function (Min) is termed the cumulative response,
and is an index of the size of the depression of Golgi cell firing. The time after stimulus at
which this minimum is reached indicates the offset of the inhibitory response. Statistical
comparisons were made using SigmaStat software (version 3.1).

RESULTS
Responses of cerebellar Golgi and Purkinje cells to LRN stimulation

Single unit spike recordings were made from cerebellar Golgi and Purkinje cells in the
vermis in lobules V/VI. Golgi cells were identified by their characteristic spontaneous spike
firing and by their characteristic depressing responses to electrical stimulation of peripheral
receptive fields, which were identical to those described previously (Holtzman et al., 2006a;
see figure 2 top row of PSTHs). Purkinje cells were identified by the presence of both
simple and complex spikes. In 27 cases Golgi cells were recorded whilst single pulse
electrical stimuli were delivered in either the ipsilateral or the contralateral LRN. These
stimuli evoked responses that were qualitatively very similar to those evoked by peripheral
receptive field stimulation as described previously (Holtzman et al., 2006a; Holtzman et al.,
2006b; Xu & Edgley, 2008). Examples of the response patterns of Golgi cells to electrical
stimulation in the LRN in are shown in figure 2, (bottom row).
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Single pulse stimulation in the LRN evoked two different types of responses, each of which
paralleled the responses elicited by peripheral afferent stimulation, as illustrated in figure 2.
The most common response was a long lasting (minimally 370ms) depression of firing that
was qualitatively similar to their responses evoked by peripheral stimulation: this was the
only response to LRN stimulation seen in the majority (18 of 27, 67%) of the Golgi cells
tested. An example of this type of response is shown in figure 2A. Initial excitations were
also seen, albeit more rarely (9/27, 33% of neurons). Of these, 6 (22% of the total) also
showed a subsequent depression of firing, the shortest of which lasted for 440 ms. (an
example is illustrated in figure 2B); the remaining 3 cells responded with only a short
latency excitation (SLE) (figure 2C). Since Golgi cells rarely discharge short intervals, the
absence of firing immediately following the SLE is interpreted to reflect the refractoriness of
the Golgi cell. All of the 9 Golgi cells that showed an SLE to LRN stimulation also showed
an SLE response to at least one of the sources of peripheral afferents tested (figure 2 B & C,
upper PSTHs).

In order to quantitatively compare the depressions of Golgi cells evoked by LRN and
peripheral stimulation the approach described in methods was used. The amplitude of the
firing depression normalised to spontaneous background firing (defined as the cumulative
response) was calculated for each Golgi cell's responses to both LRN and peripheral
stimulation (all receptive fields tested). For the 6 cells where short latency excitation
preceded the depression, the bins of the excitatory response were substituted with bin
heights equal to the mean background, calculated from the 0.2s pre-stimulus time. The
amplitudes of depressions evoked by LRN and peripheral stimulation are compared in figure
3A. The cumulative response values for LRN stimulation are significantly smaller those for
forelimb and hindlimb afferent stimulation (P<0.05, unpaired Student's t-tests), but not
significantly different to the response to vibrissal stimulation (P=0.95, unpaired Student's t-
test). Since LRN-derived mossy fibres project to the cerebellar cortex bilaterally (Wu et al.,
1999) it is likely that Golgi cells receive inputs from the LRN on both sides, but in this
experiment the LRN was activated unilaterally, and with a single stimulus of less than 100
μA.

The onset times of the depressions evoked from LRN and peripheral stimulation were
measured by eye from deviations in the CUSUM (figure 1C) and are compared in figure 3B.
The depressions evoked by LRN stimulation (single pulse) had a mean onset latency of 32 ±
6.7 ms (mean ± SEM). These onset latencies were significantly shorter than those evoked
from the hindlimbs (P= 0.013, unpaired Student's t-test), but not significantly different to
those evoked from forelimb or trigeminal afferents (P>0.05, unpaired Student's t-tests).
Although single stimuli were delivered, the depressions of firing had durations averaging
almost a second, similar to the peripheral afferent evoked depressions. The offset times of
the Golgi cell inhibitory response (measured from the time of the stimulus) were measured
by taking the time at which the CUSUM of the PSTH reached its minimum (see methods
and Figure 1C) and are compared in figure 3C; the mean time of termination of the response
was 969±78ms (mean ± SEM) after the time of the stimulus and was not significantly
different to values elicited from any of the peripheral receptive fields (P>0.05, unpaired
Student's t-tests).

Excitatory responses evoked by LRN stimulation were rarer than depressions, as they were
for peripheral stimulation. In total 9/27 cells showed excitatory responses. Their onset
latencies fell into two distinct groups. In one group (5 cells), the latencies of the first spike
of the SLE were brief, with little variance, ranging from 2.9ms to 4.3 ms (mean ±SEM = 3.6
± 0.22 ms), in the other group (4 cells) the excitatory response onsets had longer and more
variable latencies, ranging from 14.1ms to 23.6ms (mean latency ±SEM = 17.7 ± 4.2 ms).
Bimodality of the population was verified by performing a Kolmogorov-Smirnov

Xu and Edgley Page 4

Eur J Neurosci. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



normality test which showed that although each subgroup was normally distributed (P>0.2)
the combined population was not (P=0.01). Example recordings from one neuron of each
group are shown in figure 4A and the histogram of all SLE onset latencies is shown in figure
4B. Figure 4C plots the mean and standard errors of the onset latencies of the shorter and
longer latency response groups compared with latencies of SLE responses evoked from
peripheral afferents. The various inter-group statistical relationships are indicated on the
graph: the short latency LRN-evoked responses had latencies significantly shorter than those
evoked from any source of peripheral afferents (P<0.05, unpaired Student's t-tests). The
coefficient of variation (standard deviation ÷ mean) for the shorter and longer latency groups
are 0.139 and 0.239 respectively. This means that the group with shorter onset latencies
had less variation in their onset latencies than the group with longer latencies (as can be seen
from the raw data in figure 4A and the relative sizes of the error bar in figure 4C). All of the
Golgi cells in which LRN stimulation evoked an SLE without a following depression of
firing (such as in figure 2C) belonged in the longer latency group. The differences in the
variance of the two groups could be because the SLE responses in the shorter group are due
to direct mossy fibre to Golgi cell connections. (Antidromic latencies have been previously
reported to be less than 3ms in the cat (Clendenin et al., 1974d)) whereas the SLE responses
in the longer group may be via the mossy fibre – granule cell – Golgi cell pathway. The
shorter and longer latencies of SLE from LRN stimulation are compared with the SLE
latencies from peripheral stimulation and with each other in figure 4C. The small numbers of
cells limit the conclusion that can be drawn from this comparison.

Stimulation of both the ipsilateral and the contralateral LRN could elicit similar responses in
Golgi cells. The cumulative response values, onset and offset latencies elicited from two
sides of the body were not statistically different (P< 0.05, unpaired Student's t-tests). This
may well reflect the extensive crossing of LRN derived mossy fibres in the cerebellar cortex
(Wu et al., 1999). Single pulse stimulation of the LRN at this intensity had no effect on the
majority of cerebellar Purkinje cells recorded. Of 24 Purkinje cells recorded in the vicinity
of the Golgi cells described above, only one showed a clear simple spike response following
single pulse LRN stimulation: a brief excitation in simple spike firing followed by a
depression of firing lasting <100 ms (most likely due to the action of molecular layer
interneurons (Bengtsson & Jorntell, 2009)). This particular cell's response is in agreement
with numerous previous studies describing the cerebellar projections of LRN neurons as
mossy fibres (Sasaki & Strata, 1967; Clendenin et al., 1974d, 1974b; Wu et al., 1999).
However, the fact that the rest of the Purkinje cells tested were indifferent to LRN
stimulation suggests that either the LRN derived parallel fibre synapses on Purkinje cells of
this region were insufficiently strong to influence Purkinje cell firing, or that Golgi cells
receive a distinct and more potent input from LRN neurons (Arshavsky et al., 1986). In none
of the cases did the electrical stimulation in the LRN evoke climbing fibre responses in local
Purkinje cells at the intensities we used in this study, verifying that we were not activating
climbing fibres

Changes in Golgi cell responses after pharmacological blockade of the LRN
The above results show that single electrical stimuli delivered within the LRN generate
responses very similar to those generated by stimulation of peripheral afferents in Golgi
cells, consistent with the LRN forming part of the afferent pathway by which Golgi cells in
the rat receive their widely convergent peripheral inputs. In a separate series of experiments
we tested whether interference with LRN function affects the Golgi cell responses to
peripheral afferent stimulation. To achieve this we injected 0.2 μl of either the GABAA
receptor agonist muscimol (8.24mM: 1mg/ml) or the AMPA/Kainate receptor antagonist
CNQX (3mM) into the LRN unilaterally whilst afferents from the hindlimbs on both sides
of the body were stimulated alternately (interstimulus interval = 2s). PSTHs of the Golgi cell
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responses were constructed from a control period of at least100 trials before and 100 trials
following drug injection for both ipsi- and contralateral hindlimbs. To compare the PSTHs
taken before and after the injection we defined the response duration to be the period of time
in the pre-injection PSTH from the stimulus time to the end of the inhibitory response
(measured by taking the time at which the CUSUM first reaches its minimum value). The
PSTH bin values during the response (the grey bins in figure 5B and C) for each stimulus
were normalised to the background mean bin height. Pre- and post-injection normalised
binheight values were compared using 2-tailed paired Student's t-tests.

In 7 animals we injected muscimol into the LRN. For each animal only one Golgi cell was
tested to guard against potential long-lasting effects of the drugs. In 5 of these, unilateral
injection caused a significant decrease (P < 0.05, paired Student's t-tests) in the magnitude
of the depressions of Golgi cell firing evoked by both ipsilateral and contralateral hindlimb
stimulation. Figure 5 shows one such example. The remaining two cells showed a significant
decrease in the depression evoked by stimulation of one hindlimb but not the other (one
ipsilateral, the other contralateral). The pre-stimulus control firing rates were not
significantly altered by the muscimol injections (P=0.43, paired Student's t-test).

We injected CNQX in 8 animals, again recording only one Golgi cell from each. In 2 of
these there was a significant decrease in the depression evoked by stimulation of afferents
from both hindlimbs; in 3 other cells the response to stimulation of contralateral, but not
ipsilateral hindlimb afferents was significantly decreased. In one cell the response to
stimulation of ipsilateral, but not contralateral hindlimb afferents was significantly decreased
(In all cases significance was accepted at P<0.05, paired Student's t-tests). The remaining 2
cells did not show significant changes in their responses to either hindlimb. In none of the
cases were there significant increases in inhibitory response amplitude after either muscimol
or CNQX injection. The pre stimulus control firing rates were reduced after CNQX
injection (from a mean of 5.6Hz to 5 Hz, P = 0.039; paired Student's t-test).

A small proportion of Golgi cells show SLE responses (Holtzman et al., 2006a); 2 of the
Golgi cells tested with muscimol showed SLE responses evoked from both ipsilateral and
contralateral hindlimbs that preceded the long-lasting depressions. In both cases, the
contralaterally evoked SLE responses were abolished following the muscimol injections
abolished, but the ipsilateral SLE responses were unaffected. Example PSTHs illustrating
the responses of one of these neurons is shown in figure 6. A weak excitatory response
evoked by stimulation of ipsilateral hindlimb afferents is unaffected by muscimol injection,
while a similar response evoked from the contralateral hindlimb is abolished. Two other
cells showed an SLE response to only the ipsilateral hindlimb stimulation, and these were
not visibly affected by muscimol injection (the cell illustrated in figure 5 is one). None of
the cells tested with CNQX injection had SLE responses.

Judging from the raster plots (e.g. figure 5D) the drug injections had relatively rapid onsets
(a few seconds). By assessing the responses in exactly 100 trials after drug injection we tried
to control for the possibility that the effects of the drugs could wane over time. However
recovery was not seen for up to 45 minutes after injection.

In control experiments we injected 0.2μl of 0.8% saline into the LRN we did not detect any
statistically significant effects on Golgi cell responses (n = 5 cells, P>0.05, paired
Student's t-tests).

DISCUSSION
The objective of this work was to test whether the LRN is a brainstem relay for the long
lasting depressions of Golgi cell activity that are reliably evoked by stimulation of peripheral
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afferents. Both the approaches we have used provide evidence to further implicate the LRN
as a relay that mediates these responses. Single pulse stimulation within the LRN has very
similar effects to stimulating peripheral afferents as far as Golgi cell responses are
concerned. Furthermore, pharmacological blockade of the LRN attenuates the Golgi cell
responses. Therefore, these results confirm the proposal that the LRN is involved in Golgi
cell responses (Holtzman et al. 2006b). Prior anatomical studies showed that LRN-derived
mossy fibres project to the cerebellar cortex (Clendenin et al., 1974b; Wu et al., 1999) and
therefore can act to directly influence Granule and Golgi cell firing.

Both approaches that we used will have manipulated LRN output. The electrical stimuli we
used were of relatively low intensities because LRN projection axons are relatively large
should be easily activated. Structures other than the LRN may potentially have been
activated, one that we need to consider is the inferior olive or olivocerebellar climbing fibre
axons, since stimulation of climbing fibres generates depressions of Golgi cell firing
(Schulman & Bloom, 1981; Xu & Edgley, 2008). However the stimuli we used did not
evoke complex spikes in Purkinje cells recorded close to the Golgi cells we sampled.

A second issue arising from the use of electrical stimulation is the potential activation of
other fibres of passage in the region of the LRN. This was the impetus behind the
pharmacological experiments. The agents we used selectively depress transmission by
neurons rather than axons and reduced Golgi cell responses. The results strongly implicate
the LRN and the region around it in the long lasting depressions of Golgi cell firing.

Laterality of responses
The present results, when interpreted in isolation, fits with a scheme where the inhibitory
component of the Golgi cell response is carried by a pathway activated by peripheral
afferents that projects bilaterally to both LRNs but the early excitatory component that was
identified in some Golgi cells projects via the contralateral LRN only. The output mossy
fibres of the LRN are then responsible for the response of the cerebellar Golgi cells
(Holtzman et al., 2006a).

However previous work (Holtzman et al., 2006b) showed that lateral hemisection of the
lumbar spinal cord strongly reduced or abolished the Golgi cell responses to stimulation of
afferents below and contralateral to the lesion, but not responses to stimulation of ipsilateral
afferents. Their conclusion was that the ascending spinal pathway was crossed and
unilateral. These two seemingly contradictory conclusions could be reconciled if
convergence of information from both sides of the body occurs supraspinally, in structure(s)
rostral to the lumbar spinal cord, but before or at the LRN. Convergence could occur at the
spinal cord level via structures similar to the bilateral ventral flexor reflex tract (bVFRT)
described by Clendinin et al (Clendenin et al., 1974e) or on neurons within the LRN itself.
However many intermediate relays this pathway may contain, it is likely that the LRN is the
final relay before the signal reaches the cerebellum since LRN neurons project mossy fibres
directly to the cerebellum (Wu et al., 1999)

The question remains as to how excitatory mossy fibres from the LRN can induce
depressions of Golgi cell firing Mossy fibres make excitatory synapses onto cerebellar
granule cells (Eccles et al., 1966) as well as direct synapses onto Golgi cells (Palay & Chan-
Palay, 1974). Indeed Eccles et al (1966) recorded excitations in Golgi cells upon direct
mossy fibre stimulation. This was postulated to be mediated via the mossy fibre – granule
cell pathway. However subsequently the efficacy of the parallel fibre-Golgi cell synapses
was found to be rather low (Dieudonne, 1998). Furthermore in vitro direct parallel fibre
stimulation induces IPSCs in Golgi cells that are mediated by mGluR2 receptors (Watanabe
& Nakanishi, 2003). Therefore it is possible that the dominant response (in terms of number
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of spikes lost or gained) of Golgi cells to glutamatergic mossy fibre input (direct and/or via
parallel fibres) can be that of an inhibition in its firing. Hence it may be possible for
activation of the LRN (a major source of mossy fibres) to produce a net inhibition of Golgi
cells.

Functional role of the Golgi cell responses
Two major issues arise from this work. The first is that in the urethane anaesthetised rat
responses are readily elicited in Golgi cells by stimuli that do not substantially affect the
firing of the local Purkinje cells. The substantial impact that LRN stimulation has on Golgi
cell firing suggests that, although carried by mossy fibres, the LRN afferents have a much
more potent influence on Golgi cell firing than on Purkinje cell firing. The demonstration by
Bengtsson & Jorntell that the limited convergence on granule cells can include mossy fibres
of the same response type (including LRN mossy fibre response types) suggests that the
activity of LRN afferents could be preserved in the granule cell pathways (Bengtsson &
Jorntell, 2009). This might explain the different responses in Purkinje and Golgi cells. The
second issue is that LRN neurons relay to Golgi cells signals generated by widely
convergent inputs that are unlikely to be parametrically specific. It is more likely that they
play a role in modulating the gain of mossy fibre – granule cell transmission associated with
overall levels of sensory arousal (as postulated by Holtzman et al 2006a/b). It is possible
that the LRN – Golgi cell system controls the signal-to-noise ratio of signals being passed
onto Purkinje cells via the parallel fibres.

What might be the impact of the unusual convergence and response properties of Golgi cells
on the processing in the granule cell layer? One possibility is that this LRN-Golgi cell
sensory system functions to optimise the signal and noise ratio in parallel fibre inputs to
Purkinje cells in the face of differing levels of sensory arousal. The way this operates may
be explained by the chain performance theorem (Printz & Servan-Schreiber, 1990; Servan-
Schreiber et al., 1990): a mechanism proposed to explain increases in signal to noise
performance mediated by global catecholamine signalling (Servan-Schreiber et al., 1990).
The theorem demonstrates that in a chain of two neurons where the output of the first neuron
(termed the input unit) in the chain, convolved with gain-independent noise, forms the input
to the second neuron (termed the response unit) in the chain, increases in the gain of inputs
into the first neuron will increase the performance of signal detection by the second neuron.
However, inappropriately high gain in a low noise situation will generate false positive
signals, so gain needs to be controlled. Within the context of the cerebellar cortex, granule
cells correspond to the input units and Purkinje cells correspond to the output units in the
model (Servan-Schreiber et al., 1990). Golgi cells are ideally placed to alter the gain of
mossy fibre inputs to granule cells: in a high arousal (high noise) situation the depression of
Golgi cell firing would increase the gain of mossy fibre to granule cell transmission. Thus
Golgi cells function to optimise signal detection by Purkinje cells according to arousal
levels. Furthermore, our previous work (Xu & Edgley 2008) suggests that the strength of
this proposed LRN - Golgi cell gain control system is subject to climbing fibre dependent
reduction, thereby providing a potential mechanism for tuning out false positives in the
presence of persistent increases in sensory arousal. Systems level modelling will be required
to investigate this further.
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ABBREVIATIONS

bVFRT bilateral ventral flexor reflex tract

CUSUM cumulative sum

LRN lateral reticular nucleus

PSTH Post stimulus time histogram

SLE short latency excitation
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Figure 1.
Site of brainstem stimulation and injection and derivation of the size of Golgi cell inhibitory
responses. A and B: coronal sections taken from 2 different experiments (approximately 4.5
mm caudal to the interaural plane). A shows an electrolytic lesion (arrow) made at the site of
the electrode in the LRN from an electrical stimulation experiment. B shows the spread of
dye after 0.2 μl drug injection into the LRN (arrow) in a pharmacology experiment. C. The
upper panel shows a PSTH from a typical Golgi cell showing a depression of firing evoked
by peripheral afferent stimulation. The lower graph shows the CUSUM derived from the
PSTH, from which response onset and offset latencies were determined (vertical lines) and
the integral of mean background bin height (μ) minus actual bin height (h) and then divided
by mean background bin height (μ) used to quantify the response.
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Figure 2.
Comparison of Golgi cell responses to LRN and periphery stimulation. Responses of 3
different Golgi cells to single-pulse electrical stimulation of peripheral afferents (top row –
source indicated on the PSTHs) and to a single electrical stimulus delivered in the LRN
(bottom row, laterality indicated). Each PSTH is constructed from 100 stimulus deliveries.
Stimulus occurs at time = 0. Binwidth = 10ms. LRN stimulus intensities are 70, 80 and
50μA for respectively A, B and C).
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Figure 3.
Comparison of Golgi cell responses elicited from peripheral stimulation and LRN
stimulation. Comparison of the size (A), mean onset latencies of pure inhibitory responses
(B), and mean offset latencies (C) of Golgi cell responses to peripheral and LRN
stimulation. * indicates statistical significance at 5% confidence interval with LRN
stimulation (P<0,05, upaired Student's t-tests).
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Figure 4.
Bimodal distribution of excitatory response onset latencies to LRN stimulation. A. Raw data
overlays of spike recordings from two Golgi cells with different SLE onset latencies lined
up by stimulus artifact. B. Histogram of mean SLE onset latencies showing two groups
(binwidth = 1ms). C. Mean and standard error of SLE onset latency for the shorter and
longer group. * indicates significant difference at 5% confidence interval (P<0,05, upaired
Student's t-tests).
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Figure 5.
Example of the effect of muscimol injection in the LRN on the response of a Golgi cell to
ipsilateral and contralateral receptive field stimulation. CUSUMs (A) were constructed from
PSTHs derived from 100 trials before (B) and after (C) muscimol injection (black and grey
lines, respectively). D shows the same data in raster form. Responses to stimulation of both
ipsilateral hindlimb afferents (time 0) and contralateral hindlimb afferents (time 2s) are
shown. The offsets of the responses were taken as the times of the minimum of the CUSUM
(black lines in A, derived from the PSTHs in B) before injection of muscimol. Injection of
0.2 μl muscimol reduced the responses as can be seen from the PSTHs in C and the CUSUM
(grey line in A). For both the ipsilateral and contralateral responses, the PSTH bins between
the stimulus and the control response end time (highlighted in grey) were selected and their
binheight values normalised to mean pre-stimulus binheights. These normalised binheight
values can then be compared before (B) and after (C) muscimol injection and tested for
statistically significant differences. The onset of the effect of muscimol was rapid, as can be
seen by the change in the raster of spikes after injection (D). Note that in addition to the
depression evoked by stimulation of afferents from either hindlimb, those from the
ipsilateral hindlimb also evoked a short latency excitation (the high bin after time 0 in the
PSTHs in B & C), which was unaffected by the muscimol injection.
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Figure 6.
Muscimol injections abolished contralaterally but not ipsilaterally evoked Golgi cell SLE
responses. A. PSTHs showing 50 ms before and 100ms after stimulation of ipsilateral and
contralateral hindlimb afferents, respectively. B PSTHs for the same stimuli in the same cell
following injection of muscimol into the LRN. Numbers on each PSTH show the total spike
count for the 3 bins following the stimulus in each case.
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