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Abstract

An increasing number of studies have investigated the effect of stimulation parameters on neuronal response properties. Here, we descril
the effect of temporal characteristics of tactile stimuli, more specifically the stimulation frequency and duration, on the response profile of
simultaneously recorded cerebellar and cerebral cortical units in ketamine—xylazine anaesthetized rats. Long stimulus durations (>50 m:
elicited ON and OFF excitatory components in response to the stimulus onset and offset respectively, in both the cortex and the cerebellun
Golgi cells responded on average 7.5ms later to the stimulus withdrawal than to the stimulus onset. Furthermore, the corticopontine OFI
responses in the cerebellum and OFF responses in the cortex showed congruent latency decreases and amplitude increases for longer stim
durations (50-200 ms). Decreasing the stimulus frequency similarly affected the latency and amplitude of the responses for inter-stimull
intervals shorter than 200 ms. In view of these results, we speculate that the stimulus offset is regarded as a novel input, because bo
paradigms resulted in similar response amplitude and latency modifications. Finally, the results suggest that a 100-200 ms time window ca
be of particular importance for cerebellar processing of information in the somatosensory system.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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The somatosensory system of the rat comprises the part{300—400 g) were anesthetized with a mixture of ketamine
ofthe nervous system necessary to carry and process informa¢75 mg/kg) and xylazine (3.9 mg/kg). A craniotomy was
tion from receptors to cerebral cortex. Despite earlier studies made to access the perioral representation of the cerebellum.
[5,12,13,19-21fhe role of the cerebellum in the somatosen- The craniotomies were extended to include the contralateral
sory pathways remains to be defined. As the main inhibitory Sl cortex in five animals. Efforts were made to minimize ani-
units of the cerebellar granular layer, Golgi cells play an mal suffering and to limit the number of animals used. All
important role in the preprocessing of afferent information animal procedures were approved by the Ethical Committee
[3,8,14,16] A distinctive feature of these neurons is the of the University of Antwerp, Belgium, in accordance with
combined trigeminocerebellar and corticopontine inputs they Federal Laws.
receive, which enable a direct comparison of the information ~ Unitary extracellular recordings were maf6]. Golgi
processing in the two pathwaj/8,26,27] cells (Goc;n = 31) were identified using several quantitative

The present work focused on the temporal aspect of tactile criteria: low discharge rate at rest (theta frequency band; mini-
stimulation, specifically the stimulus duration and frequency mum interspike interval >20 ms) with distinctive rhythm and
of stimulation. without bursting, large bipolar spikes of duration >0.8 ms,

Anaesthesia, surgery, and recordings were performed adong tuning distances (50—1p0n), no complex spikes, and
detailed beforg26]. In brief, 25 male Sprague—Dawley rats location in the granular layg6]. Cerebral cortical units

(CoU;n=8)wererecorded in deep layer V (1306 down).
* Corresponding author. Tel.: +32 3 8202616; fax.: +32 3 8202669. A custom-built mechanical stimulation device was posi-

E-mail address: erik@tnb.ua.ac.be (E. De Schutter). tioned at the centre of the receptive field in order to deliver
URL: http:/fwww.tnb.ua.ac.be. controlled innocuous mechanical tap stimuli to the base of
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the intact vibrissae (29% of recorded Gocs; 25% of recorded i

which consisted of a series of a minimum of 200 stimulus
repetitions, with an interval between two successive stimulus ‘

onsets (interstimulus interval) fixed at 1000 ms. The stimulus GoC| ! “

duration, constant within a series, was increased in succes-

sive series from 10to 700 ms. Paradigm 2, applied to asecondCou i

group of Golgi cellsf =16), consisted of 200 stimulus repe- '

titions, with the stimulus duration fixed at 10 ms. The interval s ]

between successive stimulus onsets (interstimulus interval),
constant within a series, varied from 100 ms (or 10 Hz) to

: . GoC “
1000 ms (1 Hz) for successive series. : | O S aasdb bt
All parameters of the evoked responses to mechanical :

stimulation were measured by using fine resolution peri- CoU| ! ‘ .
stimulus time histograms (PSTHs; 1 ms bin width) con- : 4 =

structed after 200 stimulus presentations.
Responses latencies to the stimulus onset (ON compo- ;

CoU) or perioral structures (71% of recorded Gocs; 75% of : i .5 ¢ Silent period  Rebound period

recorded CoUJ)26]. The results described in this paper were GoC| ! \ \

independent of stimulus location (not shown). : A 1 Al ot 4
We used two stimulation paradigms. Fifteen Golgi cells ¢ou| ‘

and eight Sl cortical units were subjected to the first paradigm W ‘“_‘.

nents) and offset (OFF components) for each unit were cal- Goc
culated as the time from the stimulus onset/offset at which

the firing rate crossed the half-peak value (after subtracting 3 | I
background activity). The amplitudes were computed as the Col

total number of spikes fired above background level within [ 200 ]

the component’s time windows.

Linear regression analysis was used to fit lines to the
response curves2-Values were considered significant when
ANOVA test for regression analysis yieldedavalue <0.05. BT OFF componants

Allrecorded cerebellar units were identified as Golgi cells ; | I
with spontaneous activity in the theta-frequency band, as ;
detailed beforg25]. Fig. 1 shows a typical response pro- ! B J '
file of a Golgi cell and SI cortical unit to an increase in . 169 i o e B

. . Time (ms)
stimulus duration. The top panel shows the response to a
1Hz, 10ms stimulation. FOHOWing the classification intro- Fig. 1. Example of stimulus-evoked responses (RF: upper lip) in a simul-
duced in our previous wori6], the majority of the Golgi  taneously recorded cerebellar Golgi cell (GoC) and Sl cortical unit (CoU)
cells (17/31) responded to the punctate stimulus with both an (PSTHs 1 ms bin). The Golgi cell exhibited both early and late excitatory
early (8.21+ 2.87 ms) and a late (17.373.1 ms) excitatory gomponents_(“ON”) in response to the stimulus onset (indicated by the_ver—
component, mostly caused by input via the trigeminocere- tlcql dotted line). The con_1ponents \{vere foIIowed.by a pror_wounced silent
. . T . period and a rebound excitatory period. Lengthening the stimulus resulted
bellar and corticopontine projections, reSpeCt'Vﬁjg’ZG]' in the appearance of “OFF” components evoked in response to the stimulus
The response of Golgi cells included a period of decreasedoffset (stimulus duration indicated by grey bars). Note that the cerebellar late
activity, or “silent period” which started at 343.5ms OFF component and the cerebral cortical OFF component appeared together.
(meant S.D.) and lasted for 208 78 ms. In a large num-
ber of Golgi cells (20/31), the silent period was followed by fields (ig. 1). The Golgi cell responded to the shortest
a period of rebound activity starting at 2830 ms afterthe  stimulus (10 ms) with both early and late ON components
stimulus onset and ending at 3&B7 ms. (Fig. 1, top frame). Increasing the stimulus duration to

In response to increasing stimulus durations (first 50 ms resulted in a small and single OFF component, evoked
paradigm) an OFF component evoked by the stimulus offsetonly in the Golgi cell (second frame). A further increase
appeared in all of the recorded Golgi cells; this OFF com- to 100 ms evoked a late OFF component in addition to the
ponent was not present at 10 ms. In analogy with the early early one in the Golgi cell, and a single OFF component in
and late ON peaks, the OFF response was composed of earlyhe cerebral cortical unit. At a stimulus duration of 200 ms,

|

Counts/bin

and/or late components. ON and OFF responses reached the same amplitude level.
The origin of the late OFF peak was investigated by Thus, the appearance of the late OFF cerebellar component
simultaneously recording Sl cerebral cortical units@, in coincided with the occurrence of the cerebral cortical OFF

five animals) and cerebellar units with overlapping receptive component. Furthermore, we observed that OFF components



158 K. Tahon et al. / Neuroscience Letters 390 (2005) 156-161

were only evoked if the corresponding ON responses were  The dependence of the response amplitudes for the cere-
also present. Taken together, these observations suggedtellar and cerebral cortical populations on stimulus duration
that the early and late OFF components reflected theis depicted irFig. 3. Increasing the stimulus duration did not
trigeminal and corticopontine inputs respectively, in anal- affect the amplitude of the ON components. For the three
ogy with the proposed origin for the early and late ON curves Fig. 3A), regression lines fit to the responses had
components. slopes that did not differ significantly from zere? € 0.03

While the ON responses remained constant for increasingand P >0.1). The corresponding OFF responses showed a
stimulus duration, the OFF responses changed in both ampli-different profile fig. 3B). The responses to the stimulus
tude and latency (see infra). We compared these changes toffset gradually increased for increasing stimulus durations
the sensitivity of ON responses of Golgi cells to increasing (2> 0.4, P<0.001, for the three curves, stimulus duration
stimulus frequency (second stimulation paradigm). We 30-200 ms), before reaching a platean-@00 ms. Interest-
observed that the OFF response profile of Golgi cells to an ingly, the initial epoch 0f~200 ms of small OFF amplitudes
increasing stimulus duration was similar to the ON response mirrored the timing and duration of the silent period evoked
profile to a decreasing stimulation frequenEyg( 2). This is by a single short stimulation in Golgi cells. It thus corre-
easier to understand if one considers the second paradigm asponded to a period during which the reduced excitability
a change in interstimulus interval. The ON response profile following the stimulus onset could influence the size of
to a high frequency stimulu${g. 2B; 10 Hz) is comparable  the OFF response. For stimulus durations of 200—400 ms,
to the OFF response profile of a short stimulus duration the amplitude of the OFF components slightly decreased,
(Fig. 2A, 100 ms, ON responses are omitted for clarity). possibly corresponding to the period of rebound excitation
observed after a single stimulus. Increasing interstimulus
intervals resulted in a similar modification of the early and the
late ON response components of a typical unit. The amplitude
of both components showed an initial rapid increase 0.2,
P<0.001, intervals 100-30Bjg. 3D) before reaching a max-
imum for interstimulus intervals above 300 ms.

The latencies of cerebellar and cerebral cortical ON com-
ponents were independent of the stimulus duratiér 0.02,
P>0.1, regression analysiBig. 3C), with mean latencies in
agreementwith previous observati¢26]. The latency ofthe
early OFF component, although significantly longer (mean
latency: 16.48 0.59 ms), showed the same level of stabil-
ity. In contrast, the latencies of both the late cerebellar and
the cerebral cortical OFF components clearly decreased for
307 ey I O00 G increasing stimulus duration{>0.4; P <0.0001, stimulus
— 5 Hz/ 200 ms duration 50-250 mskig. 3C) before stabilizing for dura-
— 8 Hz/ 195 ms tions >300 ms (mean latency: 25.69.09 ms for cerebellar
units, 19.98t 0.69 ms for cerebral cortical units, stimulus
duration 300-700 ms). Again similar trends were observed
when latency values for both early and late components
were plotted against the interstimulus intervadig( 3E). The
A latency of the early component (mean over all frequencies:

8.17+ 0.69 ms) was unaffected by the change in the stim-
M ulus frequency). The latency of the late component, on the
other hand, decreased steadily from 25 ms (2483% ms)
before slowly stabilizing for long interstimulus intervals
T Time (ms) (mean latency: 17.0& 0.5 ms, intervals 500-1000 ms).
(B)  offset The response of a cell to the withdrawal of a stimu-

. N _ _ ) ) lus, or stimulus offset, is frequently reported in the rat
Fig. 2. Similarity between the effect of stimulus duration (A) and interstim- . . . . .
ulus interval (B) on different Golgi cells, exhibiting both an early and late somatosensory pathway, 'nCIUdmg the t”gemmal gangllon,
component. The responses to the different stimulation conditions were super-the ventrobasal thalamus, and the barrel coteks,17,22]
imposed on each other. (A) Same cell as GoEim 1 The latency of the Common to these studies is the long stimulus duration, over
late OFF component decreased with increasing stimulus duration, whereasp00 ms, used. However, studies specifically investigating
the_amplltude ofboth OF_F _componentsmcreased. TheQN componen;swerethe effect of stimulus duration are spar"ﬁeﬁ]. Here we
omitted for clarity. (B) Similar effects were seen when increasing the inter- . . .
val between two stimuli (equivalent to decreasing stimulation frequency). It examined whether this response to the _Stlmulus offset, or
resulted in an increase in amplitude of both components and a shift towards OFF component could also be evoked in the cerebellum.

shorter latencies for the late component only. This question was especially relevant as our previous work,

Counts/bin

(A)

== 10 Hz/ 100 ms

154

Counts/bin
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Fig. 3. Effects of temporal characteristics on the response profile of cerebellar Golgi cells and Sl cortical units. (A) Increasing the stinhu@rdoretO

to 700 ms) has no effects on the ON response amplitudes. (B) OFF response amplitudes sharply increased before reaching a maximum for stimulus duration
~200ms. (C) The latencies of the cerebellar late OFF and of the cerebral cortical OFF components decreased rapidly before slowly stabilizing. The othe
components were independent of the stimulus duration. (D) Effect of interstimulus interval (stimulation frequency) on the amplitude of the: lagely an
cerebellar components. Both components increased, when the time between two stimuli was increased, before reaching a maximum. (E) Effactas interst
interval on the latencies of the early and late cerebellar components. While the latency of the early component was relatively stable, thehatitey of t
component slowly decreased with increasing interstimulus intervals.

performed with stimuli of 10 ms, did not reveal the OFF studies), the late cerebellar OFF responses were never
component. We showed that increasing the stimulus durationobserved for stimulations less than 50 ms. Similar findings
effectively modified the response profile of cerebral cortical were reported in the cortex, but not in the trigeminal ganglion
units, in agreement with Kyriazi et a[15], but also of in which OFF responses were largely unaffected by stimulus
cerebellar units. Stimuli that lasted longer than 30-50 ms duration [15]. In addition, we found that increasing the
evoked an OFF component, the amplitude of which sharply stimulus duration from 10 to 200 ms resulted in decreased
increased before stabilizing for longer stimulus durations. OFF latencies of the cerebral cortical component and of the
These results were observed not only for the cerebral corticallate cerebellar componerki@. 3). The fact that the latencies
response but also for both the cerebellar trigeminal and of cerebellar components of presumably trigeminocerebellar
cerebral cortical responses. While the early cerebellar OFFand corticopontine origin were differentially affected indi-
component was sometimes observed for a stimulus durationcates that the cerebral cortical response modifications may
as short as 30ms (above the 10ms normally used in ouroccur at central processing levels outside the cerebellum and
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brainstem. It is interesting to note that cells responded on under barbiturate anaesthesia and using the same stimulation
average 7.5ms later to the stimulus withdrawal than to the paradigm as in the present study resulted in shorter postexci-
stimulus onset. Kyriazi et a[15] reported similar latency tatory firing suppression in the cortex. This observation indi-
shifts of thalamic and cerebral cortical responses (7.4-8 ms),cates that the anaesthetic regime (ketamine—xylazine in this
while the trigeminal ganglion OFF responses in Golgi cells study) plays an important role in determining the firing pro-
took only an extra 5 ms compared to the ON responses. files of the cerebral cortical units. By inhibiting NMDA recep-

These results indicate that stimulus characteristics, suchtors, ketamine could reduce granule cell excitation leading to
as the duration, could have a critical effect on the cell diminishedfeedback excitation of Golgi cells by parallel fiber
response profile. The importance of another temporal param-synapses. This would result in a modification of the silent
eter, the frequency, was recently highlighted in several studiesperiod seen in the Golgi cells. This is, however, unlikely as
investigating the frequency-dependent dynamics of the ratthe silent period also occurs undeichloralose anaesthesia
somatosensory systeih,2,23] [26].

The cells were therefore subjected to a second proto- Another significant difference is that silent periods in
col, which tested the effect of stimulation frequency on cortex are observed in excitatory neurons while inhibitory
the cell response profile. The amplitude of the response neurons remain active. In the granular layer, the silent period
increased with longer interstimulus intervals before reaching is observed in the inhibitory neuron. The most likely cause of
a “plateau” for intervals of more than 200ms (i.e. for the silentperiod is a calcium activated afterhyperpolarisation
stimulation frequency below 5 HEjg. 3). The latency of the  intrinsic to Golgi cells[10]. This is supported by several
cerebellar component of cerebral cortical origin decreased,properties of the silent period previously reported by us. We
while the latency of the early cerebellar component of found a positive correlation between the initial firing rate of
trigeminal origin was unaffected. These observations were Golgi cells in response to stimulation and the duration of the
in agreement with recent findings of Ahissar and colleagues following silent period26]. At the same time the duration of
[1,2]. The authors reported that varying the stimulation fre- silent periods simultaneously recorded in multiple Golgi cells
quencies affected the paralemniscal (POm thalamus, cerebratan be very differernB], both suggesting an intrinsic process
cortical layers | and VVa and septa between barrels in layer IV) not linked to oscillatory processes. Moreover, in a recent
pathways of the rat. Whereas steady-state latencies of brainmodeling study the calcium activated afterhyperpolarisation
stem were almost constant for all the tested frequencies, thosevas sufficient to cause the silent period in simulated Golgi
of the paralemniscal pathway increased with increasing fre- cell responsef24]. All these findings suggest that intrinsic
quencies. The authors offered an attractive explanation for thecell properties are the main cause for the long-lasting silenc-
latency modifications in the thalamus and Sl cortex by con- ing of Golgi cells. Activation of postsynaptic metabotropic
cluding that this pathway of the somatosensory system codedglutamate receptor subtype-2 by glutamate from granule
the input frequency as changes in latency, and was optimallycells [29] may further enhance this afterhyperpolarisation.
tuned for temporal processing of vibrissal information around Moreover, additional local circuit properties like the strong
the whisker frequency range. The temporally encoded infor- tonic component of granule cell inhibitidi$,7,28] which
mation could be translated to a rate code by thalamocorticalmight cause an interruption of parallel fiber excitation to the
loops. Golgi cell, or inhibition of the Golgi cell by molecular layer

The time-dependent effect of stimulus duration observed interneurong9], or Purkinje cells collaterals could also con-
inthe whisker/barrel system has been suggested to be a centratibute to the silent period. The extent of the tonic inhibition
phenomenon reflecting the waning of synaptically mediated of granule cell§7] will determine to which degree the Golgi
inhibition, known to be evoked by the preceding stimulus cell silent period corresponds to a disinhibition of granule
onsef15]. The initial ~200 ms epoch during which changes cells[8].
in the OFF response were observed paralleled the silent Whatever its origin may be, interestingly the silent period
period present in both cerebral cortical and Golgi cell units seemed to affect the two stimulation protocols we used in a
following a single stimulus (present studg6]). Although comparable manner. Increasing the stimulus duration or the
the possible contribution of brain stem processing mecha- interstimulus interval resulted in both a latency decrease of
nisms can not be excluded, our observation that the Golgi cellthe corticopontine responses and an amplitude increase of
OFF component of trigeminal origin also showed amplitude both responses. However, the response profiles were slightly
modification argues for processes operating at a cerebelladifferent for the latencies and the amplitudes, suggesting that
level. amplitude and latency transformations might follow different

Postexcitatory firing suppression has been characterizedprocesses.
in multiple structures of the somatosensory system of several In conclusion this study demonstrates that the silent period
species, including the rat barrel cortfx,22] The epoch observed in Golgi cells has a strong effect on both offset
of reduced firing in our Sl cerebral cortical recordings responses for short stimulation durations and onset responses
was significantly longer (up to 200ms) and the rebound to high frequency stimuli. This suggests that the correspond-
excitation stronger than reported in the above studies.ing 200 ms time window may be important in cerebellar
However, previous control experiments performed in the lab processing, at least for somatosensory stimuli.
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