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Abstract

Cerebellar Purkinje cells receive two different excitatory inputs from parallel and climbing fibers, causing simple and complex spikes,
respectively. Purkinje cells present three modes of simple spike firing, namely tonic, silent and bursting. The influence of complex spike firing
on simple spike firing has been extensively studied. However, it is unknown whether and how the simple spike firing mode may influence
complex spike waveform and firing rate in vivo. We studied complex spike firing during tonic and silent mode periods in non-anesthetized
mice. We found that complex spike firing rate is not influenced by simple spike firing modes, but that the complex spike waveform is altered
following high frequency simple spike firing. This alteration is a specific decrement of the second depolarizing component of the complex
spike. We demonstrate that the amplitude of the second depolarizing component is inversely proportional to the simple spike firing rate
preceding the complex spike and that this amplitude is independent of previous complex spike firing. This waveform modulation is different
from previously reported modulation in paired-pulse depression and refractoriness.
© 2004 Elsevier Ireland Ltd. All rights reserved.
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Purkinje cells spontaneously generate complex and simplespike activity related to simple spike firing modes. Com-
spikes. Simple spikes are somatic Neelated potentials  plex spike waveform reflects the compound excitation in
generated by intrinsic conductand®$. Their firing rate is the proximal Purkinje cell dendrite by the climbing fiber
increased by parallel fiber input. In mice, the frequency of and is classically considered as invariant in vivo for a
tonic simple spike firing is around 50 H4]. In addition to given Purkinje cell[11]. It remains controversial whether
the tonic mode of simple spike firing, Purkinje cells may mossy fiber excitation may modulate this waveform in vivo
also present bursting and silent mddé]. [2,6].

Complex spikes are caused by climbing fiber activation.  Long- and short-term plasticity have been described in
Spontaneous complex spikes occur at an average firingvitro at the climbing fiber—Purkinje cell synapg&8]. They
rate of 1Hz[13]. Simple spike firing has been reported cause specific modifications in the complex spike wave-
to partially predict the occurrence of complex spikes dur- form: the amplitude of the second depolarizing component
ing tonic mode period$14]. However, to our knowledge, is decreased in long term depressjdh while paired-pulse
there are no publications concerning variations in complex depression specifically alters complex spike duration and

decreases the number of secondary spjgs
R In order to better understand how complex spike firing
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xylido-dihydrothiazin (Rompufi, Bayer, 10 mg/kg) and (A) cS

ketamine (Ketald¥, Pfizer, 100mg/kg). A supplemen- i ‘ ‘
tal dose of xylido-dihydrothiazin 3mg/kg and ketamine it “ ‘w i e
30 mg/kg was administered if the animal presented agita- ‘
tion or markedly increased respiration or heart rate during

the procedure. In addition, local anesthesia with 0.5ml

Lidocaine 20 mg/ml+ Adrenaline 1:80,000 (Xylocaiffg 1
Astra Zeneca) was administered subcutaneously during soft ~ (B)
tissue removal. Two small bolts were cemented to the skull

to immobilize the head during the recording sessions and

a silver reference electrode was placed on the surface of /\\’\,\/
the parietal cortex. An acrylic recording chamber was con- TSA
structed around the craniostomy, covered by a thin layer of
bone wax (ethicon) before and between recording sessions.
Twenty-four hours after anesthesia, mice were immobilized
for the recording session. We paid particular attention to
avoid any additional sensory stimulation. Data recorded
while the animal was presenting orofacial movements were
discarded. The dura mater was removed locally above the
vermis and recordings were performed by optimal position-
ing of a glass micropipette (1.5-5®of impedance) in
order to record simultaneously simple and complex spikes
(Fig. 1A). A neural signal was considered as originating
from a Purkinje cell if it presented two types of spiking
activities: simple spikes characterized by single depolariza- SS
tions (300-80Q.s) occurring at high frequency~60 Hz)

and complex spikes characterized by an initial fast depolar-

ization (300—60@.s) followed by smaller and relatively con- (C)

stant components. We considered that simple and complex
spikes originated from the same Purkinje cell when a tran-
sient pause~20ms) in simple spike firing followed each
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F

l 0.2mv

100 ms

SDCA

L

©

Second depolarising Third depolarising
component latency component latency

=15
complex spikefig. 1A). Secondary spikes were counted if 5
their amplitude reached at least two times the maximal am- 810
plitude of the background signal. The duration of a complex £
spike was defined as the time between the beginning of the &°
first depolarization and the end of the last secondary spike. 0
All recordings were performed with an amplification of 05 07 09 11 19 21 23 25
1000 and a bandwidth of 0.01-10 kHz. They were stored on Time since the first depolarising component (ms)

4mm dlglial audio tapes (Sony PCM'R_SOO) and transfe_rred Fig. 1. SDCA/TSA decreases during tonic mode periods. (A) Recording
to a Pentium Il personal computer with analog-to-digital of the spontaneous Purkinje cell activity. (B) Complex spike recorded
converter boards (Power 140CED). The recorded data  during a silent mode period. (C) Complex spike of the same Purkinje
were digitized continuously at 100 kHz. cell during a tonic mode period. (D) Distribution histogram of the time
Off-line analysis and illustrations were performed using intervals t_Jetween f_irst and sgc_ond depolarizing _components (Ieft)_and
the Spike 2 CED software. The complex spike waveforms between fil‘St and thll.’d depolan_zmg com_ponents (right) in complex spikes
o ’ : .~ recorded in the cell illustrated in A—-G: & 53).
of Purkinje cells were analyzed if the three following condi-
tions were fulfilled: (1) Presence of at least one period longer
than 10s with complex spike and without simple spike fir- mice met these restrictive criteria for analysis. We compared
ing (silent mode period); (2) Presence of periods of simple the firing rate, amplitude, duration and waveform (ampli-
and complex spike firing before and after the silent mode tude and latency of the first three depolarizing components
period (tonic mode periods); (3) Absence of significant dif- and number of secondary spikes) of complex spikes during
ferences in simple spike amplitude during consecutive tonic the tonic and silent mode periods.
mode periods. This procedure was adopted in order torecord All measurements were performed on individual complex
complex spikes in tonic and silent mode periods for a given spikes. The mean values were compared using the ANOVA
Purkinje cell, and to ensure that the entire recording was per-test. t-tests for dependent samples were used to compare
formed at the somatic level, as simple spikes do not backfire complex spikes in silent versus tonic mode periods. Linear
into the dendritic tred16]. Fourteen cells recorded in six correlation tests were used to correlate simple spike firing
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rates or pause duration and the ratio between second and (A)
first depolarizing components. Results are expressed and il- 08
lustrated as meatt S.D. and were considered significant if
P < 0.05. All analysis were performed on Statistica 6.0.

The mice were treated according to international guiding 06
principles for research involving animals and human beings
and guidelines established by the ethical committee of the
UMH for the care and use of laboratory animals.

We found that complex spike waveforms were markedly
altered in the tonic compared to the silent mode period, with
a significant decrement of the second depolarizing compo- 02
nent Fig. 1B and @. In order to ascertain whether the com-
parison of complex spike waveform could be undertaken by

041

SDCA/TSA

comparing latencies and amplitudes of the depolarizing and 0.0 ] X

repolarizing components, we verified that there was no over- 55 S3

lapping between the latencies of the first three depolarizing =0Hz i
components in the different complex spikes of a same Purk- S B ‘

inje cell (Fig. 1D). In order to rule out that the change in i Ad, oa & Al A AT e oW o
complex spike waveform was due to a change in background time _

noise, we measured the noise in tonic and silent mode peri-
ods during three recordings of Purkinje cell. This was done
by measuring the maximal amplitude and the S.D. of voltage
values during the pause following each complex spike in the

10s
w’\ ;"‘fv
et
. . L. . L. d‘f"f\r\u ‘l.a__ﬁ
tonic mode period. The voltage variation during this time

interval is indeed only produced by background noise. The 7 \ _\ il / /-/
averaged duration of the pause was2l# 5.9 ms. Conse- (D)

guently we performed the same measure during the same pe-

riod of time after each complex spike during the silent mode
period. There was no difference between the total amplitude
of noise and the S.D. of voltage values between tonic and 7r ¥
silent mode periods (01+0.03 mV versus 10+0.02 mV - 1 * /\1 1
and 0026 + 0.006 mV versus @23+ 0.006 mV, respec-

tively). Actually, theses values remained largely constant L
through a given recording.

In order to quantify the modulation of complex spike
waveforms, we averaged the ratio between the secondrig. 2. SDCA/TSA is closely linked to simple spike activity. (A) Mean
depolarizing component and the total spike amplitude of SDCA/TSA of complex spikes occurring during tonic and silent mode
(SDCA/TSA) Q:ig. 1B) of Complex spike in the silent and periods_in 14 Purkinje cells. (B) Complex _emd (C) simple spike firin_g
in the tonic mode period. We found that this ratio was de- "2eS (bin of 15). (b) Three-second averaging of complex spikes during

. . . periods of constant simple spike firing.

creased by about 50-75% in all cells during the tonic mode

period Fig. 2A). In contrast, we did not find any other of the irregular pattern of simple spike firing during the
significant difference in complex spike waveforms between tonic mode period, we also measured simple spike firing
tonic and silent mode periods. When Purkinje cells switched rates during shorter periods ranging from 0.2 to 4.0s. We
from tonic to silent mode period, the recovery of SDCA correlated SDCA/TSA with the frequency of simple spike
was progressively achieved in several secorfdg. (3A). firing during the preceding 0.2, 2.0, 4.0 and 6.0 s periods for
During the same period of time, the background noise, each complex spike. For each cell, simple spike firing rate
quantified by the maximum amplitude of voltage variation was significantly and linearly correlated with SDCA/TSA
and the standard deviation of voltage remained constant,(Fig. 3B) whatever the period during which it was measured.
which proves that the progressive recovery of the waveform The higherr values were obtained in each Purkinje cell
is not due to a progressive change in the background noise from simple spike firing rates calculated during a 6 s period

In order to determine the factors associated with (r values ranging from-0.71 to—0.77), while the lower
SDCA/TSA modulation, we measured this ratio on all values were obtained for simple spike firing rate calculated
recorded complex spikes in three Purkinje cells for which over a 0.2-s periodr(values ranging from 0.51 to 0.66).
the recording was the longest and the most stable. Simpleln contrast, no significant relationship was found between
spike firing rate before each complex spike was calculated SDCA/TSA and the interval between the complex spike
on a 6-s period (approximately recovery time). Because and the last complex spike & 0.2 for each cellFig. 30).
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and 3—-6ms after the last simple spike during tonic mode
periods to complex spikes occurring during silent mode pe-
riods. The amplitude of the first depolarization was reduced
to 68+ 7% in complex spikes occurring 0—3 ms after a sim-
ple spike and was unchanged in complex spike occurring
3-6 ms after a simple spike. The amplitude of the follow-
ing repolarization peak remained unchanged. Conversely,
SDCA was reduced to 24 22% in complex spikes occur-
ring 0-3ms and to 4% 26% in complex spikes occurring
3—-6 ms after the last simple spike. This difference remained
significant for the SDCA/TSA ratio (2& 29% of values of
complex spikes occurring during silent mode periods versus
48 4+ 28% for all cells). This confirms that the decrease in
SDCA/TSA for complex spikes occurring 3—6 ms after the
last simple spike is not due to Purkinje cell refractoriness.

The pause in simple spike firing following the com-
plex spike is the most obvious and studied consequence
of complex spike. Therefore, the relationship between the
modulation of the second depolarizing component and the
subsequent pause in simple spike firing caused by each
individual complex spike was examined. For each complex
spike, we plotted the values of SDCA/TSA and the dura-
tion of the subsequent pause. No significant relationship
was found £ < 0.25) in any of the studied Purkinje cells.
Fig. 3Dillustrates this for one cell.

Simple spike firing could facilitate the occurrence of the
complex spikg14]. It could then be expected that complex
spike firing rates would decrease during silent mode periods.
However, in contrast with the marked difference of complex
spike waveform between tonic and silent mode periods, we
did not find any significant differences in complex spike
firing rates ¢ > 0.1) (0.51+ 0.03Hz and 49+ 0.02 Hz).

Complex spike waveform may also be modulated by pre-
vious complex spike activit{2,7]. In vitro, complex spikes
occurring less than 500 ms after the previous one present a
decreased number of secondary spilgds In vivo, Camp-
bell and Hesslow2] have described an increased number of
secondary spikes in complex spikes elicited less than 100 ms
after the previous complex spike. Therefore, we studied
the influence of complex spike firing on the complex spike
waveform. To isolate the role of previous climbing fiber ac-
tivity, we compared complex spike waveform during silent
mode periods in four cells. Two-hundred and eleven com-

Fig. 3. (A) Linear relationship between SDCA/TSA and time between plex spikes were analyzed and classified according to the
the complex spike and the onset of silent mode period (three episodes oftime interval with the last complex spikez100ms f = 6),

switch in mode of firingn = 37). SDCA/TSA is expressed in % of mean
amplitude in silent mode periods. Stars indicate significant differences

between 100 and 500 ms & 63, further called paired-pulse

with isolated complex spikes. (B-D) Plotted value of SDCA/TSA and depressed), between 500 and 750 ms=(34) and >750 ms .
frequency of simple spike firing 6 s before each complex spike (B) interval (7 = 108, further called non-depressed). Because of their
between the complex spike and the last complex spike (C) pause durationrarity, complex spikes occurring less than 100 ms after the

(D) (n = 67).

During high frequency simple spike firing, there is a high
probability that complex spike follows shortly after a simple
spike. According to Eccles et gb], the refractoriness of a
Purkinje cell following a parallel fiber volley is ended around

previous one were discarded. For each cell, we compared
the number of secondary spikes, the complex spike dura-
tion and the SDCA/TSA ratid-ig. 4illustrates examples of
paired-pulse depressed and non-depressed complex spikes.
For each cell, the number of secondary spikes of paired-pulse
depressed complex spikdsqg. 4B) was lower than the num-

3 ms. Therefore we compared complex spikes occurring 0—3ber of secondary spikes of non-depressed complex spikes
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CS-CSinterval >0.75 s during facial or whisker movements were discarded. Dur-
ing silent mode periods, the remarkable reproducibility
of non-depressed complex spikes demonstrates that back-
ground noise has few, if any consequences on the first three
components. The specificity of the second depolarizing
component alteration, the persistence of this alteration on
averaged waveformFg. 2D) and the slow increment of
SDCA/TSA after the onset of silent mode perio&gy( 3A)
further assess the physiological nature of the modulation of
complex spike waveform by previous simple spike firing. A
possible cause of this modulation could be the activation of
molecular layer interneurons by the parallel fibers. Indeed,
(A) off-beam stimulation of parallel fibers has been shown to
decrease the secondary spikes of the complex $plkand
CS-CS interval < 0.5s direct or disynaptic stellate activation decrease$tGantry
during a complex spikgl]. However, it must be noted that
in this latter report, somatic recording of complex spikes in
slice preparation was unchanged despité'Centry decre-
ment. Another explanation could be that, when complex
W spikes are closely preceded by a series of simple spikes,
the integrated depolarization renders voltage-sensitiéé Ca
T channels in the Purkinje cell inactive, thus suppressing the
second depolarizing component. Theoretically, both mech-
anisms could also be elicited by climbing fiber activation
but, surprisingly, previous complex spike activity did not
T modify the complex spike waveform as did previous simple
0.2mv I_ spike activity. This may be due to the difference in the fre-
guency of both signals. Moreover, the interval between two
complex spikes is rarely shorter than 100 ms, while in the
) tonic mode period, complex spikes are closely preceded by
CS duration a large number of simple spikes.
® Paired-pulse depression is a widely studied type of
Fig. 4. Complex spikes undergo paired-pulse depression characterized byshort-term plasticity. Its physiological relevance is sug-
a decrement of their duration and of the number of their secondary spikes. gested by its presence in various central synapses and by the
Superposition Qf four qon-depressed (A) apd four pairl_ed-pulse depressedphysio|ogica| aspect of its triggering, i.e. the occurrence of
(SI?))ikceosr.nplex spikes during a silent mode period. Arrows indicate secondary a complex spike less than 500 ms after the previous one. We
demonstrate that in vivo paired-pulse depression has a spe-
cific effect on the number of secondary spikes and complex
(Fig. 4A) (2.5+ 0.3 and 36 £+ 0.4 for all cells). In all but spike duration, as previously demonstrated in v[gh In
one cell, paired-pulse depressed complex spikes were signif-contrast, we show that paired-pulse depression has no effect
icantly shorter than non-depressed complex spikdst0.5 on SDCA/TSA. A similar specific decrement of the sec-
and 109 + 0.6 for all cells). In contrast, there was no dif- ondary depolarizing component has been described in slice
ference in SDCA/TSA between paired-pulse depressed andpreparation during LTD at the climbing fiber—Purkinje cell
non-depressed complex spikes in each ceZ8-0.19 and synapsd7], and is associated with a decrement irfCan-
0.47+ 0.21 for all cells). try during the complex spikgL7]. For this reason, this LTD
These results demonstrate that the complex spike wave-might have important physiological consequences, & Ca
form is not invariant but correlates with previous simple entry during the complex spike is associated with various
spike firing. Specifically, the amplitude of the second depo- regulating pathways, as up-regulation of GABAeceptor
larizing component is inversely proportional to the previous [12] and LTD at parallel fiber—Purkinje cell synapd®].
simple spike firing rate. In contrast, non-depressed complex The number of secondary spikes transmitted through the
spikes occurring during silent mode periods show remark- axon is by far inferior to the total number of simple spikes
able similarities in their three first depolarizing and repo- during tonic mode periods. Therefore, the physiological
larizing components. Even if complex spikes waveforms meaning of the change in complex spike waveform must
and durations have already been studied in y&e4,6], it be found in the change in ionic currents in the Purkinje
could be argued that non-specific background noise would cell during the complex spike. Another possibility could
alter complex spike waveform. Therefore, data recorded be related to an intrinsic code supported by the very high

2ms
D
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frequency inside the burst of spikes in the complex spikes. [2] N.C. Campbell, G. Hesslow, The secondary spikes of climbing fibre
Every secondary spike may be transmitted through the axon responses recorded from Purkinje cell somata in cat cerebellum, J.

- i A . Physiol. (Lond.) 377 (1986) 207-224.
[11] but this transmission is not constd8]. According to [3] N.C. Campbell, G. Hesslow, The secondary spikes of climbing fibre

Ito and Simpsor{llj, it is the second Spikg of the_ triplet responses recorded from Purkinje cell axons in cat cerebellum, J.
recorded in the Deiters nucleus that specifically disappears  Physiol. (Lond.) 377 (1986) 225-235.
when the triplet response to vermal cortex stimulation be- [4] G. Cheron, D. Gall, L. Servais, B. Dan, R. Maex, S.N. Schiffmann,
comes a doublet. This decreases by 50% the intraburst Inactivation of calcium-binding protein genes induces 160 Hz oscil-
. . lations in the cerebellar cortex of alert mice, J. Neurosci. 24 (2004)

fre.quency. The amplitude decrement p_f a some_mc sgcondary 434441
spike may lead to a decrease probability fO!‘ th|5 spike to be [5] J.C. Eccles, R. Llinas, K. Sasaki, P.E. Voorhoeve, Interaction exper-
transmitted through the axon, thereby modifying the neural iments on the responses evoked in Purkinje cells by climbing fibres,
code of the burst discharge. J. Physiol. (Lond.) 182 (1966) 297-315.

Even if some reports suggest that in vitro and in vivo [6] P.F. Gilbert, Simple spike frequency and the number of secondary
recordings of the complex spike are compardbt, the as- spikes in the complex spike of the cerebellar Purkinje cell, Brain

o L : Res. 114 (1976) 334-338.
sociation of in vivo decrement of complex Splke Secondary [7] C. Hansel, D.J. Linden, Long-term depression of the cerebellar

depolarizing peak and a decrease irfCantry during the climbing fiber—Purkinje neuron synapse, Neuron 26 (2000) 473-
complex spike remains to be demonstrated. If this associa-  482. S '
tion, described in vitro may be confirmed in vivo, this will ~ [8] K. Hashimoto K, M. Kano, Presynaptic origin of paired-pulse depres-

- . . sion at climbing fibre—Purkinje cell synapses in the rat cerebellum,
indicate that parallel fiber pathways realize a feed forward 3. Physiol. (Lond.) 506 (1998) 391-405,

control of its firing through ca entry modulation, which [9] M. Hausser, B.A. Clark, Tonic synaptic inhibition modulates neuronal

would be of crucial importance in the understanding of cere- output pattern and spatiotemporal synaptic integration, Neuron 19
bellar function. (1997) 665-678.
[10] M. Ito, Long-term depression, Annu. Rev. Neurosci. 12 (1989) 85—
102.

[11] M. Ito, J. Simpson, Discharges in Purkinje cell axons during climbing
fibre activation, Brain Res. 31 (1971) 215-219.
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