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Summary

While firing rate is well established as a relevant
parameter for encoding information exchanged be-
tween neurons, the significance of other parameters
is more conjectural. Here, we show that regularity of
neuronal spike activities affects sensorimotor pro-
cessing in tottering mutants, which suffer from a mu-
tation in P/Q-type voltage-gated calcium channels.
While the modulation amplitude of the simple spike
firing rate of their floccular Purkinje cells during op-
tokinetic stimulation is indistinguishable from that of
wild-types, the regularity of their firing is markedly
disrupted. The gain and phase values of tottering’s
compensatory eye movements are indistinguishable
from those of flocculectomized wild-types or from tot-
terings with the flocculus treated with P/Q-type calcium
channel blockers. Moreover, normal eye movements
can be evoked in tottering when the flocculus is electri-
cally stimulated with regular spike trains mimicking
the firing pattern of normal simple spikes. This study
demonstrates the importance of regularity of firing in
Purkinje cells for neuronal information processing.
*Correspondence: f.hoebeek@erasmusmc.nl (F.E.H.); c.dezeeuw@
erasmusmc.nl (C.I.D.)
Introduction

Modulation of firing rate is typically the only parameter
of neural activity that is considered when assessing the
influence of that activity on sensorimotor behavior.
Modulation-behavior relationships have been demon-
strated in many experimental contexts, including lower
and higher sensory and motor systems (Frazor et al.,
2004; Li et al., 1999). Theoreticians have pointed out
the impact of noise levels (i.e., regularity of firing) in
neuronal network models (Mar et al., 1999; Steinmetz
et al., 2001; Tiesinga et al., 2002), but it remains to be
demonstrated experimentally whether a change in
noise without a change in spike modulation can alter
sensorimotor behavior. We looked for such a dissoci-
ation between neuronal firing rate modulation and neu-
ronal noise in the context of calcium channelopathies,
because various mutations in voltage-gated calcium
channels result in both cell physiological and behav-
ioral aberrations (Cao et al., 2004; Llinas et al., 1989;
Mintz et al., 1992; Ophoff et al., 1996; Qian and
Noebels, 2000; Stahl, 2002). We focused on the totter-
ing mutant (tg), which suffers from a point mutation in
CACNA1A, the gene encoding the α1a-subunit of the
P- and Q-type voltage-gated calcium channel (Bourinet
et al., 1999; Fletcher et al., 1996). The mutation affects
the extracellular membrane domain of the pore-forming
loop. The cerebellar Purkinje cells of these mutants
show a complex combination of cellular abnormalities,
including a reduction in Ca2+ channel current density
(Wakamori et al., 1998), a reduction in the amplitude of
the parallel fiber-Purkinje cell EPSC (Matsushita et al.,
2002), and an increased susceptibility to inhibitory
modulation by GABAergic interneurons (Zhou et al.,
2003). The general importance of these deficits for mo-
tor behavior is suggested by the fact that mutations
in the α1a-subunit of the P- and Q-type channels are
associated with motor coordination problems in both
mice (Campbell et al., 1999; Fletcher et al., 1996; Green
and Sidman, 1962; Stahl, 2004) and humans (Ducros et
al., 1999; Ophoff et al., 1996; Zhuchenko et al., 1997).
We therefore set out experiments in tg mutants and
controls to systematically investigate the relationship
between motor performance and the modulation and
regularity of Purkinje cell simple and complex spike fir-
ing rates. The flocculus of the vestibulocerebellum,
which controls compensatory eye movements, was
used as a model system to determine these correla-
tions quantitatively. In this system, relationships among
sensory input, motor output, and intermediate Purkinje
cell activities can be rigorously defined (De Zeeuw et
al., 1995; Goossens et al., 2004; Stahl and Simpson,
1995a; Stahl and Simpson, 1995b; Simpson et al.,
1996).

Results

Mutation in P/Q-Type Calcium Channel Leads
to Abnormal Sensorimotor Behavior
The tg mutants under investigation showed general

ataxic behavior during locomotion, as described pre-
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r
viously (e.g., Campbell et al., 1999). To quantify motor
dysfunction, we determined gain and phase of eye t
movements during sinusoidal optokinetic and vestibu- d
lar stimulation at frequencies varying from 0.05 Hz to W
1.6 Hz (Figure 1). We studied nine tg mutants and thir- k
teen wild-type littermates. During the optokinetic reflex w
(OKR), the gain values of tg mice ranged from 0.06 to p
0.29 over the tested frequency band, while those in o
wild-types ranged from 0.39 to 0.69; these values were v
significantly different (p << 0.001, repeated measures p

(ANOVA) (Figure 1A). During vestibular stimulation in the
slight (VVOR), the gain values ranged from 0.44 to 0.70
cin tg mice and from 0.81 to 0.99 in wild-types; these
mgain versus frequency relationships also differed signifi-
ncantly (p << 0.001, repeated measures ANOVA) (Figure
a1B). During the vestibuloocular reflex in the dark (VOR),
bthe gain values in tg mutants were hardly different from
(those in wild-type littermates (data not shown). The
tphase versus frequency curves of tg mutants differed
csignificantly from those in wild-types during VVOR (p <
00.001, repeated measures ANOVA), but not during OKR
c(p = 0.5, repeated measures ANOVA). These data indi-
icate that compensatory eye movements driven in part
dor in totality by vision (i.e., VVOR and OKR) are mark-
tedly abnormal in tg mutants.
m
s

Purkinje Cells with Abnormal P/Q-Type Calcium t
Channels Fire Irregularly, but Modulate Normally t
To find out whether the motor deficits in tg mice can be w
caused by abnormal firing of their Purkinje cells, we c
recorded Purkinje cell simple spike and complex spike t
activity at rest (i.e., spontaneous activity) and during n
optokinetic stimulation. Extracellular recordings of Pur- a
kinje cells in alert tg mutants (n = 86 cells, 22 animals) a
and wild-type mice (n = 79 cells, 14 animals) during p
spontaneous activity in the light did not reveal gross T
anomalies in amplitude, shape, or duration of their sim- t
t
t
t
c
g
p
t
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bFigure 1. Compensatory Eye Movements in the Presence of Vision

Are Impaired in tg Mice
t

Gain values (left panels) of tg mutants are decreased during the t
optokinetic reflex (OKR) (A) and vestibuloocular reflex in the light

m(VVOR) (B). Phase curves (right column) of the tg mutants only
tshow significant changes during VVOR. Blue lines and red lines
findicate data of wild-types (wt; n = 13) and mutants (tg; n = 9),

respectively. Error bars indicate the mean ± SEM. a
i

ple or complex spikes. However, the firing pattern of
he simple spikes was much more irregular in tg mu-
ants than in wild-types (Figure 2A). This difference held
rue equally for all cerebellar regions from which we re-
orded, i.e., the flocculus as well as extrafloccular re-
ions including crus I and II, paramedian lobule, and
araflocculus. The coefficient of variance (CV) (for de-
ails, see Experimental Procedures) of the spontaneous
imple spike activities in the flocculus of tg mice
2.57 ± 0.25) did not differ (p = 0.4, Student’s t test) from
hat in the extrafloccular regions (2.18 ± 0.19), indicat-
ng that the abnormal firing pattern was a general phe-
omenon. After pooling Purkinje cells from all regions,
he average CV of spontaneous activity in tg was al-
ost four times higher than that of wild-types (2.25 ±

.16 versus 0.63 ± 0.07; p << 0.001, Student’s t test).
he increase in irregularity in tg mice was also reflected

n a shorter climbing fiber pause (defined by the period
etween the start of the complex spike and the start of
he first simple spike after this event). In tg and wild-
ypes, the pause was 13.6 ± 0.55 ms and 16.4 ± 0.07
s, respectively (p < 0.05, Student’s t test). The reduc-

ion in pause length cannot be explained by a higher
iring frequency of the simple spikes in tg, because the
verage firing frequency was in fact slightly lower than

n wild-type (varying from 52 spikes/s to 65 spikes/s,
espectively).

In order for the irregularity to account for abnormali-
ies of motor behavior, the irregularity must be present
uring movements as well as when the animal is at rest.
e therefore investigated the activities of floccular Pur-

inje cells in tg mutants (n = 25 cells, 10 animals) and
ild-types (n = 14 cells, five animals) that made com-
ensatory eye movements in response to sinusoidal
ptokinetic stimulation (Figure 2B). During this beha-
ior, as at rest, the simple spikes’ activities in the tg
roved to be more irregular, both during the excitation

on-phase) and suppression (off-phase) halves of each
timulus cycle. A raster diagram generated from a typi-
al tg and wild-type neuron, shown in Figure 2C, de-
onstrates qualitatively the greater irregularity of the tg

euron. To quantify the irregularity, we calculated the
utocorrelation and correlation coefficients of both the
inned simple spike counts, using a bin size of 50 ms

Figures 2D and 2E), and the individual interspike in-
ervals (Figure 2F). In both calculations, the correlation
oefficients were much lower in tg than in controls (p <
.001 in both analyses, ANOVA). Moreover, while the
orrelation coefficient in wild-type increased with

ncreasing stimulus frequency, that of the tg mutants
id not (Figure 2E). In addition, the average autocorrela-
ion of the interspike intervals in wild-types during
odulation was significantly higher than that during

pontaneous activity (p < 0.001; ANOVA), while that in
he tg mutants was not (p = 0.4, ANOVA). Apart from
he greater irregularity of the interspike intervals, there
as a greater variability in the modulation depth from
ycle to cycle (trial-to-trial variability). We calculated
he standard deviation of the difference between the
umber of spikes during the on- and off-phases of OKR
t all frequencies (i.e., 0.05 Hz, 0.1 Hz, 0.2 Hz, 0.4 Hz,
nd 0.8 Hz, all with a peak velocity of 8°/s) and com-
ared these standard deviations for tg and wild-types.
he standard deviations were significantly increased in
g mutants (p < 0.001, nonorthogonal ANOVA), while the
mean difference in spikes between the on-phase and
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Figure 2. Simple Spikes of Purkinje Cells in
tg Mutants Modulate Normally during Opto-
kinetic Stimulation, but Fire Irregularly

(A) Extracellular recordings of spontaneous
Purkinje cell activities of a wt (left panel) and
a tg mouse (right panel). Note the increased
irregularity of the simple spikes in tg. Com-
plex spikes are positive and simple spikes
are negative. (B) PSTHs show that the modu-
lation of the simple spike activities of a floc-
cular Purkinje cell during optokinetic stimu-
lation in tg is indistinguishable from that in
wt (for population data, see Figure 3A). (C)
Raster plots of the same spikes that are pre-
sented in the PSTHs in (B) demonstrate the
qualitatively obvious nature of the greater ir-
regularity of tg Purkinje cells. Each small
stripe represents a single spike, and each
row of stripes contains spike data for a com-
plete stimulus cycle. (D) Autocorrelations
during modulation show that the predictabil-
ity of simple spikes in wt is much better than
that in tg (stimulus at 0.4 Hz and 8°/s; bin
size, 50 ms). Unfiltered traces are indicated
in black, and low-pass-filtered traces are in-
dicated in blue for wt and in red for tg. Ar-
rows indicate values used for calculation of
correlation coefficients (see Experimental Pro-
cedures). (E) Correlation coefficients between
the number of spikes in the center 50 ms bin
and the number of spikes in the neighboring
bins during optokinetic stimulation in tg mice
are lower than those of wild-types, and they
are not influenced by stimulus frequency, in
contrast to those of wild-types. (F) Autocor-
relation of simple spike interspike intervals in
wt during optokinetic modulation (continuous
blue line, wt mod) is significantly higher than
that in wt during spontaneous activity (dot-
ted blue line, wt spon) as well as higher than
that in tg during modulation (red line, tg
mod). Error bars indicate the mean ± SEM.
off-phase did not differ between tg and wild-type litter-
mates (p = 0.7, nonorthogonal ANOVA). Although mod-
ulation depth was more variable in tg than in controls,
its average value was comparable; sine waves fitted to
the simple spike responses to the optokinetic stimula-
tion showed that the average modulation amplitudes
did not differ (p = 0.7, nonorthogonal ANOVA) (Figure
3A). Together, these data demonstrate that Purkinje
cells in tg mice fire much more irregularly during modu-
lation than those in wild-types and that the predictive
power of a single interspike interval of a modulating
Purkinje cell is greater in wild-type than in tg mice.

A factor that could potentially confound the compari-
son of simple spike regularity in tg and wild-types
would be the presence of modulation related to fast
phases, either if tg and wild-types generated different
numbers of fast phases, or if the modulation associated
with each fast phase differed. We eliminated both pos-
sibilities by compiling saccade-triggered averages of

the simple spike data (Figure 3B). These triggered aver-
ages showed no significant peaks in firing frequency
before or after saccades, neither in wild-types (n = 51
cells, 12 animals) nor in tg mutants (n = 55 cells, 13
animals) (p = 0.9 and p = 0.2, respectively, Kolmogorov-
Smirnov test). Since there was no saccade-associated
modulation, differences in the occurrence of saccades
or activity associated with each saccade could not
have influenced the assessments of regularity during
OKR. Taken together, we conclude from our floccular
Purkinje cell recordings during optokinetic responses
that a change in regularity of simple spike activities, but
not in modulation amplitude or saccade-related activity,
may explain the abnormal eye movement behavior of
tg mutants.

Output of Modulating Purkinje Cells
in Vestibulocerebellum of tg Mutants
Is Not Functional
Even though OKR and VVOR gain values, as well as

the regularity of simple spike responses during these
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Figure 3. Modulation-Related and Saccade-Related Simple Spike b
Activities of Floccular Purkinje Cells in tg Are Indistinguishable from s
Those in wt

p
(A) Average modulation amplitude of simple spike activities of all t
Purkinje cells that modulate optimally around the vertical axis; no

asignificant difference was observed between wt and tg mice. (B)
tHistograms of average simple spike activities occurring around the

onset of fast phases, which are superimposed at moment zero and d
indicated by vertical dotted lines (bin size, 10 ms). Note that there a
was no significant correlation between spike data and saccadic S
eye movements, either for wt (n = 51) or for tg (n = 55). Error bars d
indicate the mean ± SEM.

a
0

tmovements, are affected in tg mutants, the modulating

Purkinje cells in their flocculus may still contribute, al- t
mthough less effectively than in wild-types, to increase

the gain of their compensatory eye movements (De v
mZeeuw et al., 2003). To determine the extent to which

signal processing in the flocculus of the tg contributes m
ato compensatory eye movements under vision, we ab-

lated the flocculus of tg (n = 6) and wild-type (n = 3)
wmice and evaluated the differences between the pre-

lesion and postlesion gain values (Figures 4A and 4B). s
eIn tg mutants, we did not observe any significant de-

crease in OKR or VVOR gain values after the lesions a
((p = 0.1 and p = 0.4, respectively, ANOVA). In contrast,
he gains did decrease significantly in wild-types during
KR and VVOR (p < 0.03 and p < 0.05, respectively,
NOVA) (see also Koekkoek et al., 1997). For both OKR
nd VVOR, we found that the absolute gain values in
he wild-types after the lesions did not differ from those
n the tg mutants before the lesions (p = 0.3 and p =
.2, respectively, ANOVA). Both wild-type and tg VOR
ain values did not change after the lesion (p = 0.1 and

= 0.9, respectively, ANOVA; data not shown). The
ompleteness of the lesions was verified by silver stain-

ng to reveal the degenerating fibers in the floccular pe-
uncle (Figures 4C and 4D) and by reconstructing the
ore of the lesions in each animal (Figures 4E and 4F).
hese data indicate that the output of the flocculus in
g mutants does not contribute significantly to the gain
f the optokinetic reflex or visually enhanced vestibu-

oocular reflex.

onnections Downstream of Cerebellar
ortex Are Functionally Intact
he recording and lesion experiments described above
uggest that the floccular output is functionally absent
n tg due to irregular simple spike activities. However,
n alternative or additional explanation could be that
he floccular output is blocked downstream, at the syn-
pses between Purkinje cells and their targets, or pos-
ibly at more distal locations, such as the neuromuscu-
ar junctions with the eye muscles (Plomp et al., 2000).
o find out whether such a downstream blockade con-
ributes to the behavioral deficits, we investigated
hether saccadic eye movements are impaired in tg
utants. Saccades require the highest levels of muscu-

ar force and would presumably be slow if there was a
unctionally meaningful defect of neuromuscular trans-
ission (Zee and Leigh, 1983). Saccades manifest an
rderly relationship between both their duration and
heir peak velocity relative to amplitude (i.e., main se-
uence), and in mice, this relationship is linear over a
road range of amplitudes (Stahl, 2004). Figure 5A
hows typical examples of the main sequences for fast
hases of optokinetic nystagmus of a tg and a wild-
ype mouse. The average slopes of duration relative to
mplitude (1.2 ± 0.2 ms/deg) as well as the offsets of
he linear fits (15.3 ± 4.5 ms) in tg mice (n = 6) did not
iffer from those in wild-types (n = 5) (0.9 ± 0.2 ms/deg
nd 19.6 ± 3.3 ms, respectively) (p = 0.2 and p = 0.3,
tudent’s t test). Moreover, the slope (39.6 ± 1.8 rad/s/
eg) and offset (7.4 ± 1.4 rad/s) of the peak velocity to
mplitude fits in tg did not differ either (p = 0.2 and p =
.9, respectively, Student’s t test) from those in wild-
ypes (36.7 ± 0.8 rad/s/deg and 7.3 ± 1.6 rad/s, respec-
ively). These data suggest that the presence of abnor-
al P/Q-type calcium channels at synapses within the

estibular and ocular motor nuclei, as well as at neuro-
uscular junctions, does not limit the development of
uscular force, at least on the short timescales associ-

ted with saccades (Robinson, 1970).
We also tested the integrity of postfloccular path-
ays by electrical stimulation of the flocculus. The
hort latencies of the eye movements that could be
voked by electrical stimulation of the floccular vertical
xis zone with a 100 Hz pulse train of short duration

200 ms) supported the observation described above.



Behavioral Impact of Noisy Signals
957
Figure 4. Flocculus of tg Mutant Does Not
Contribute to Compensatory Eye Move-
ments

(A and B) Gain values of tg mutants during
OKR (A) and VVOR (B) are not decreased by
ablation of their flocculus, whereas those in
wild-types are. (C and D) A silver-stained
section of an intact flocculus and parafloc-
culus of a tg mouse in which no lesion was
placed (C) and a silver-stained section of de-
generated fibers in the floccular peduncle of
a tg mouse in which the flocculus was ab-
lated (D). Asterisk indicates the location of
the lesion. Inset in low-magnification panel
on the left corresponds to high-magnifica-
tion panel on the right. Arrows indicate bor-
ders of the floccular peduncle with bundles
of silver-stained fibers. (E and F) Recon-
structions of core of lesions of floccular
complex in three wt (E) and six tg mice (F).
Dashed lines indicate core of the lesions; red
lines indicate area with abundant degener-
ated fibers as visualized by silver staining;
light blue and yellow indicate colliculi and
cerebral cortex, respectively; and stars indi-
cate intact floccular complex on the contra-
lateral side. Note that two tg mice received
a bilateral ablation of the flocculus. Drawing
of lesion at the middle bottom panel in (F)
corresponds to panels (C) and (D). Error bars
indicate the mean ± SEM.
The average latency in tg mice (12.1 ± 1.2 ms; n = 7)
did not differ (p = 0.4, Student’s t test) from that in wild-
types (10.5 ± 0.7 ms; n = 7) (Figure 5B). Moreover, the
stimulus thresholds that were necessary to evoke these
short-latency, temporally directed eye movements were
the same in both types of animals (varying from 10 �A
to 18 �A in both groups). Since CACNA1A mutations
have been associated with a more rapid run-down of
neurotransmitter release (Plomp et al., 2000), the possi-
bility remained that tg mutants suffer from a function-
ally significant neuromuscular blockade that only be-
comes apparent during periods of activation longer
than those associated with saccades or 200 ms pulse
trains. To investigate this possibility, we also tested
pulse trains up to 1500 ms (Figure 5C). Independent
of the duration of the stimulation, the dynamics of the
movements elicited in the ipsilateral eye in tg mutants
(n = 4) were comparable to those in wild-types (n = 4),
and in both tg mutants and wild-types, these move-
ments never stopped before the stimulus stopped.
Moreover, the average time constants of the curves fit-
ted to the responses in tg mutants did not differ signifi-
cantly from those in wild-types, either for the long stim-
ulations or for the shorter stimulation protocols (600
ms, p = 0.5; 1000 ms, p = 0.9; 1500 ms, p = 0.4; Stu-
dent’s t tests). These results argue against the pres-
ence of a defect in signal transmission downstream of
the flocculus, and thereby they suggest that the re-
duced visual compensatory eye movement perfor-
mance in tg should not be attributed to such a barrier.

Olivary Connections Upstream of Cerebellar
Cortex Are Functionally Intact
Since P/Q-type calcium channels are also moderately
expressed in the inferior olive neurons (Fletcher et al.,
1996; Hillman et al., 1991; Stea et al., 1994; Westen-
broek et al., 1995), the increased irregularity in simple
spike activities may also be imposed by changes up-
stream of the flocculus, that is, in climbing fiber activi-
ties generated in the olive (De Zeeuw et al., 1998). This
speculation is plausible because sudden increases or
decreases of climbing fiber activities decrease and
increase the simple spike frequency, respectively (Mon-
tarolo et al., 1982). We therefore evaluated the normality
of complex spike activities (Figure 6). During spontane-
ous activity, the mean firing frequency and CV of com-
plex spikes in tg mice (n = 86 cells, 22 animals) equaled
0.98 ± 0.04 and 0.78 ± 0.02 spikes/s, respectively, while
those in wild-types (n = 79 cells, 14 animals) equaled
0.90 ± 0.03 and 0.81 ± 0.02 spikes/s (p = 0.1 and p =
0.3, respectively; Student’s t test). Autocorrelograms of
complex spikes in tg mutants recorded during optoki-
netic stimulation (n = 25 cells, 10 animals) did not differ
from those in wild-types (n = 14 cells, five animals),
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Figure 5. Oculomotor Connections Down-
stream of the Flocculus Appear Functionally
Intact

(A) Typical examples of the dynamics of sac-
cadic eye movements in tg (red) and wt
(blue). Data show representative linear fits to
the duration relative to amplitude (left pan-
els) and peak velocity relative to amplitude
(right panels). The average main sequence
parameters of tg are not different from those
in wild-type littermates (see text for num-
bers). (B) Eye movements evoked by electri-
cal stimulation in the flocculus show normal
latencies in tg mutants. The left and middle
panels show eye position traces before and
after the onset (dashed line) of electrical
stimulation in wt and tg, respectively. Hori-
zontally oriented black straight lines indicate
results of linear regression of the 200 ms
period prior to the onset of the stimulus with
(dotted line) and without 1 SD (bold line). Ar-
rows indicate crossings of eye position
traces and SD lines, which are used to deter-
mine response latency. The right panel indi-
cates that the average latency of the eye
movements following electrical stimulation
of the flocculus in seven wt mice is indistin-
guishable from that in seven tg mice. (C)
Left, middle, and right panels show normal-
ized eye positions following 600 ms, 1000
ms, and 1500 ms stimulus trains, respec-
tively (for all paradigms, n = 4, for both wild-
types and tg mutants). Dashed and green
lines indicate onset and end of the electrical
stimulus, respectively. The finding that the
eyes in tg mutants did not drift back during
the application of the stimulus suggests that
the neurotransmitter stores in its oculomotor
synapses and neuromuscular junctions are
not depleted during the stimulus. Error bars
indicate the mean ± SEM.
either with regard to the analyses using binned spike o
icounts (Figures 6A and 6B) or in the analyses of the

individual interspike intervals (p = 0.4 and p = 0.1,
respectively; ANOVA) (Figure 6C). To further assess the A

iintegrative properties of the olivary neurons and its in-
puts from the accessory optic system (Simpson et al., B

T1996), we also investigated the preference of their
climbing fiber responses for particular axes of optoki- t

tnetic stimulation, i.e., their spatial tuning (Figure 6D).
In addition to the neurons that modulated optimally by f

drotations about the vertical axis, we also identified nu-
merous neurons preferring a horizontal axis directed c

t135° ipsilateral to the azimuth. The bimodal vector dis-
tribution and the resulting vectors of the spatial tuning e

ncurves in tg mutants did not differ from those in wild-
types, and they resembled those described for other t

oanimals, such as rabbits and pigeons (De Zeeuw et al.,
1994; Graf et al., 1988; Wylie et al., 1995). Moreover, the r

fcomplex spike activities were always in counterphase
with the simple spike activities, independent of the spa- v

atial axis used for stimulation. We conclude that both
the spontaneous activities and integrative properties of p

Wthe olivary neurons that ultimately determine the com-
plex spike output of the floccular Purkinje cells are not n

aaffected by the tg mutation and that the simple spike
irregularities are therefore not an indirect consequence t
f the expression of mutant P/Q-type calcium channels
n the inferior olive.

cute Blockade of P/Q-Type Calcium Channels
n Flocculus of Wild-Types Partially Mimics
ehavioral Phenotype of tg
he data presented above suggest that the connec-
ions downstream and upstream of the cerebellar cor-
ex are sufficiently intact in the tg mutants to allow
unctional synaptic transmission, but it remains to be
emonstrated whether dysfunctional P/Q-type calcium
hannels in the cerebellar cortex alone are sufficient
o induce the eye movement abnormalities. Based on
lectrophysiological observations gathered in vitro, ab-
ormal Purkinje cell activities in mutants could poten-
ially arise from direct effects of the CACNA1A mutation
n dendritic and presynaptic P/Q-type calcium cur-
ents. In addition, the P/Q-type calcium channel dys-
unction could trigger compensatory changes (e.g., de-
elopmental changes in circuitry, channel distribution,
nd/or channel accessory protein composition) that
lay out over longer timescales (Wakamori et al., 1998).
e therefore examined whether the ocular motor ab-

ormalities and simple spike irregularity in tg could be
pproximated by an acute pharmacological manipula-
ion in P/Q-type calcium channel function in wild-types
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Figure 6. Olivary Connections Upstream of
the Flocculus of tg Mutants Are Function-
ally Intact

(A) Autocorrelations show that there is no
difference between wt and tg data in the pre-
dictability of complex spike activities (CS)
during optokinetic modulation (stimulus fre-
quency, 0.4 Hz; bin size, 50 ms). Blue and red
lines indicate low-pass-filtered autocorrela-
tions for wt and tg, respectively. (B) Correla-
tion coefficients of wt and tg CS activities
during modulation are equally dependent on
stimulus frequency. (C) Autocorrelation of CS
interspike intervals in wt during modulation
did not differ from that in wt during sponta-
neous activity nor from that in tg mice during
modulation. Note that all CS data presented
in (A–C) show opposite results to the simple
spike data presented in Figures 2D–2F. (D)
Tuning curves of climbing fiber responses of
floccular Purkinje cells are normal in tg mu-
tants. Left panel shows an example of the
depth of modulation of the climbing fiber
responses of a single cell for eight different

horizontal axes in space. Lengths of arrows indicate the depth of modulation, and the red arrow indicates the vector for optimal modulation
(close to 135° azimuth). Right panel shows these vectors for five different cells (blue arrow indicates the average vector). Error bars indicate
the mean ± SEM.
(Figure 7). In wild-types (n = 6), injections of 100 nM
ω-Agatoxin IVA into the flocculus resulted in a signifi-
cant decrease of the OKR gain values over the entire
frequency range (p < 0.001, ANOVA) (Figure 7A). Injec-
tions of the vehicle solution alone (n = 6) had no signifi-
cant effect. Injections of the P/Q-type calcium channel
blocker also caused a significant reduction in the gain
of the VVOR (p < 0.02, ANOVA), but the differences in
the results following vehicle injections were relatively
small at the higher frequencies. The phase lead during
VVOR was significantly enhanced (p < 0.001, ANOVA;
data not shown), whereas the phase lag during OKR
was not affected (p = 0.1, ANOVA). In tg mutants (n =
6), the injections did not produce any significant effect
(p = 0.5 and p = 0.6 for OKR and VVOR gain values,
respectively; ANOVA). These data indicate that acute
local application of P/Q-type calcium channel blockers
to the flocculus of wild-type mice can be sufficient to
mimic the eye movement performance of tg mice dur-
ing OKR and VVOR.

Following juxtacellular application of ω-Agatoxin IVA
in both the floccular and nonfloccular regions of the
cerebellar cortex, three categories of Purkinje cell ac-
tivity were observed: a type in which simple spike activ-
ity intermittently ceased for long periods (seconds)
while complex spike activity continued (n = 14); a sec-
ond type in which both simple spike and complex spike
activity continued throughout the recordings (n = 13);
and a third type in which simple spikes continued, but
complex spike activity ceased (n = 3). All cells in the
second category exhibited an unambiguous pause in
simple spike activity following each complex spike
throughout the recordings, confirming that the record-
ing was obtained from a well-isolated, single-unit Pur-
kinje cell (Simpson et al., 1996) (Figure 7B). Analysis of
this second response category showed that the aver-
age simple spike frequency increased from 59 ± 11
spikes/s to 83 ± 16 spikes/s and that their average CV
tended to change concomitantly following injection of
ω-Agatoxin IVA as compared to injection of the vehicle
alone (Figure 7C). However, none of the average changes
in simple spike responses was statistically significant
when we considered this category alone (p = 0.1 and
p = 0.3 for differences in CV and firing frequency,
respectively; ANOVA). Yet, when we pooled the simple
spike data sets of all three categories of cells, the
change in CV, but not in firing frequency, was significant
(p < 0.02 and p = 0.4, respectively; ANOVA). In contrast,
the average change in CV of the complex spike activi-
ties after application of ω-Agatoxin IVA was not signifi-
cant (p = 0.2, ANOVA). Thus, even though one cannot
rule out the possibility that some of the cells of the first
and third categories were not a pure single-unit record-
ing (for technical reasons, see Simpson et al., 1996),
the data are at least consistent with the possibility that
reduction in P/Q-type calcium currents is sufficient to
create the irregular firing rates, which our other data
suggest are responsible for deficits in motor perfor-
mance.

Discussion

The potential impact of noise on signal processing has
been recognized by theoretical neuroscientists, but ex-
perimental evidence of a change in noise resulting in
altered sensorimotor behavior has been lacking. Here
we provide such evidence, showing that a mutation in
P/Q-type voltage-gated calcium channels leads to ir-
regular simple spike activities of Purkinje cells without
any change in other activity parameters (most impor-
tantly, the firing rate modulation) that could explain the
deficiencies we observed in types of eye movement
normally mediated by the cerebellum. The data support
the idea that regularity of firing influences sensorimotor
processing. Because mutations in CACNA1A are asso-
ciated with ataxia in humans, the current data raise the
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Figure 7. Phenotype of tg Mutant Can Be
Largely Mimicked by Local Injection of Se-
lective P/Q-Type Calcium Channel Blocker

(A) OKR and VVOR gain values in wt (n = 6)
decreased after injection of ω-Agatoxin IVA
into the flocculus (continuous blue line, wt
block), but not after injection of the solution
vehicle (dashed blue lines, wt control; n = 6).
Injection of the blocker into the flocculus in
tg mice (red line, tg block; n = 6) resulted in
no change in OKR gain values. (B) Extracel-
lular recordings of spontaneous Purkinje cell
activities after juxtacellular application of the
vehicle (control, left panel) or ω-Agatoxin
(block, right panel) in the cerebellum of wild-
types. Note the increased irregularity of the
simple spikes in the right panel (complex
spikes go up, and simple spikes go down).
(C) Histograms showing the differences in
CV and firing frequency of complex spikes
and simple spikes in wild-type mice (cvCS,
ffCS, cvSS, and ffSS, respectively) following
juxtacellular application of ω-Agatoxin IVA as
compared to the control injection with the
vehicle alone. Error bars indicate the mean
± SEM.
possibility that alterations in noise levels of neuronal r
signals could be sufficient to produce the behavioral s
manifestations of certain neurological diseases. f

w
uCellular Basis of Irregular Simple
sSpike Firing Pattern
oThe increased irregularity of simple spike firing in tg
ccould arise from several sources, including alterations
tof the signals carried by mossy fiber inputs, alterations

of signals carried by climbing fibers, or abnormalities of
pneurons in the cerebellar cortex that alter their re-
(sponse to mossy and climbing fiber inputs. The first
1possibility appears unlikely in the case of the flocculus,
asince in situ hybridization and immunocytochemical
cstudies indicate that P/Q-type calcium channels are rel-
aatively rare in regions of the brain giving rise to mossy
afiber inputs to the vestibulocerebellum (Craig et al.,
a1998; Fletcher et al., 1996; Stea et al., 1994; Westen-
cbroek et al., 1995). The second possibility is more plau-
msible, as P/Q-type calcium channels are expressed

throughout the inferior olive. However, we were able to a
efute this possibility by demonstrating that complex
pike activity was normal in terms of waveform, firing
requency, regularity, preferred stimulus axis, and phase
ith respect to simple spikes. Thus, simple spike irreg-
larities in tg are most likely the result of the third
ource, i.e., an abnormal response due to the alteration
f synaptic and dendritic properties of the cerebellar
ortical neurons that are affected by the mutated P/Q-
ype calcium channels.

Because P/Q-type calcium channels are heavily ex-
ressed throughout all layers of the cerebellar cortex

Fletcher et al., 1996; Hillman et al., 1991; Stea et al.,
994; Westenbroek et al., 1995), there are several sites
nd types of electrophysiological abnormalities that
ould contribute to the simple spike irregularity. First,
lterations in P/Q-type calcium channel current density
nd microscopic and macroscopic current magnitudes
re likely to affect the intrinsic excitability of Purkinje
ells and granule cells (Randall and Tsien, 1995; Waka-
ori et al., 1998; Zhang et al., 1993). Second, the syn-

ptic connection between the granule and Purkinje
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cells is likely weakened in that the amplitude of their
EPSC evoked by parallel fiber stimulation is smaller
(Matsushita et al., 2002). Third, even though the climb-
ing fiber-mediated EPSC is normal (Matsushita et al.,
2002), our results indicated that the length of the climb-
ing fiber pause is slightly reduced. Pause duration,
which probably largely reflects the activity of calcium-
dependent potassium channels (Schmolesky et al.,
2002; Sausbier et al., 2004), may influence simple spike
activities even after firing resumes (Sato et al., 1993).
Fourth, and finally, the P/Q alteration may trigger in-
direct, compensatory mechanisms in the cerebellar
cortex of tg. For example, there may be a shift in the
reliance of neurotransmitter release mechanisms from
P/Q-type calcium channels to N-type channels, as has
been shown in the forebrain and hippocampus (Cao et
al., 2004; Leenders et al., 2002; Qian and Noebels,
2000). Because an increased reliance on N-type chan-
nels leads to an increased susceptibility to inhibitory
modulation by G protein-coupled receptors (Zhou et al.,
2003), and because a single action potential of a cere-
bellar inhibitory interneuron is able to delay action po-
tentials in Purkinje cells (Hausser and Clark, 1997), such
an increased susceptibility would be predicted to pro-
long the silent periods that basket cells and stellate
cells can impose on Purkinje cells. Thus, a combination
of multiple defects of different types at various syn-
apses in the cerebellar cortex may well explain the
enormously enhanced irregularity of the simple spike
response in tg mutants.

Behavioral Consequences of Irregular
Simple Spike Activities
Our behavioral and neuronal observations that gain and
phase values during compensatory eye movements un-
der vision are affected and that simple spike activities
in their flocculus are irregular while their modulation
amplitude is normal raise the possibility that irregular
simple spike activities of Purkinje cells are one of the
prime causes of ataxia in tg mutants. This notion is in
line with the fact that the density of P/Q-type calcium
channels in the cerebellum far exceeds that of other
brain structures involved in ocular motor behavior
(Fletcher et al., 1996; Hillman et al., 1991; Stea et al.,
1994; Westenbroek et al., 1995). However, these studies
cannot exclude the possibility that P/Q-type calcium
channels play key roles at restricted sites in tissues
with overall low expression levels or the possibility that
the P/Q mutation had developmental effects on circuits
outside the regions of high-density P/Q expression in
the adult brain. It remained therefore possible that the
alterations in visually driven eye movements reflect de-
rangements of extrafloccular circuits. To overcome this
potential confound, we addressed the integrity of signal
flow from the flocculus to the eye muscle by investigat-
ing the dynamics of saccadic eye movements in tg mu-
tants as well as their eye movements following electri-
cal stimulation in the flocculus. The duration and
velocity relative to amplitude profiles of their saccadic
eye movements were normal, supporting the functional
integrity of the neuromuscular junction. In this respect
the phenotype of tg mutants diverges from that in
rocker mice, which suffer from a different mutation in
the same α1a-subunit of the P/Q-type calcium channel
and show deficits in both slow and fast phases of their
eye movements (Stahl, 2004). Thus, strengthened by
the specificity of the behavioral phenotype, the experi-
ments involving saccadic eye movements indeed sug-
gest that neurons of the oculomotor nuclei in tg mice
function normally. In addition, we demonstrated that
the eye movements evoked by prolonged floccular
stimulation appeared normal in tg mice, indicating that
rapid depletion of neurotransmitters at synapses or
neuromuscular junctions from flocculus to eye muscles
is unlikely to contribute to the ocular motor abnormali-
ties, despite such depletion having been observed at
selected synapses outside the ocular motor system
(see also Plomp et al., 2000; Qian and Noebels, 2000;
Cao et al., 2004). Finally, we also demonstrated that
gain and phase values of the vestibuloocular reflex in
the dark were hardly affected. Thus, all synaptic con-
nections in the oculomotor pathway downstream of the
flocculus appear, at least at the systems level, function-
ally intact. These data, however, do not allow us to con-
clude that there are no changes at these synaptic in-
puts at the cell physiological level (Qian and Noebels,
2000). In fact, the total of cellular compensations may
be such that the overall synaptic strengths in these
connections are sufficiently preserved despite the shift
away from the P/Q-type predominance mentioned
above (Cao et al., 2004).

If Purkinje cell irregularities in tg cause complete
loss-of-function of the cerebellar cortex, ablations of
their flocculus should not further decrease the gain val-
ues of their compensatory eye movements, and their
gain values with an intact flocculus should be similar to
those of flocculectomized wild-types. On the other
hand, if aberrations in neurons downstream of the cere-
bellar cortex contribute to ataxia in tg mutants, abla-
tions of their flocculus should further decrease the gain
values of their compensatory eye movements, and their
gain values with an intact flocculus do not need to be
similar to those of wild-types with an ablated flocculus.
The outcome of our flocculectomy experiments in wild-
types and tg mutants confirmed the first hypothesis
and contradicted the second. Finally, if the abnormali-
ties in the cerebellar cortex of the tg mutant are indeed
sufficient to cause the ocular motor deficits, one ex-
pects that local blockade of P/Q-type calcium channels
in some portion of the wild-type flocculus might be suf-
ficient to qualitatively reproduce some of the electro-
physiological and behavioral abnormalities seen in tg.
This prediction was also largely upheld. The relatively
minor, but present, discrepancies between the pheno-
type of tg mutants and that of wild-types treated with
the P/Q-type calcium channel blocker ω-Agatoxin IVA
could be due to the long-term secondary compensa-
tions that occur in the mutant, or to the more profound,
but also restricted, region of the pharmacological
blockade in wild-types. Taken together, the data from
our eye movement recordings combined with those from
our electrophysiological recordings, electrical stimula-
tions, lesions, and pharmacological blockage experi-
ments are consistent with the speculation that the tg
mutation in the α1a-subunit of the P- and Q-type volt-
age-gated calcium channel leads to irregular simple spike
firing patterns and that these irregular simple spike
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activities are sufficient to contribute to deficits in mo- D
1tor performance.
f
rFunctional Implications
mOur data obtained in tg mutants suggest that the noise
slevel of neuronal firing patterns can be altered without
cany impact on their modulation depth and that such a
achange is sufficient to alter motor behavior. This possi-
sbility is strengthened by our analyses of simple spike
oautocorrelations. Not only was the regularity of wild-
Ptypes greater than that of tg mice when recorded in the
eabsence of eye movements, during compensatory eye
cmovements the regularity increased in normal animals,
swhile it remained unchanged in the mutants. Together,
pthe data suggest that the average firing rates and mod-
iulation amplitudes are not the sole determinants of cer-
debellar output. It has been recognized by information
ptheoreticians that an optimal level of noise (i.e., irregu-
slarity) can be important for signal processing (Bialek et
(al., 1991; Mar et al., 1999; Steinmetz et al., 2001; Tie-
esinga et al., 2002). For example, models by Rieke and
fChacron indicate that, on the one hand, noise will
Tincrease the trial-to-trial variability of a neural response
pto repeated presentations of a stimulus, but on the
tother hand, it will also increase the variability of the
aspike train and thereby potentially lead to increased in-
cformation capacity (Chacron et al., 2003; Rieke et al.,
b1997). Here, we showed that a mutation in the α1a-sub-
tunit of the P/Q-type voltage-gated calcium channel can
mlead to an increased noise level in the simple spike
oactivities of Purkinje cells in that both the variability in
minterspike intervals and the trial-to-trial variability are
iincreased. In principle, both forms of irregularity may
aaffect signal transmission at the synaptic input from the

Purkinje cells to their target neurons in the cerebellar
Eand vestibular nuclei and thereby contribute equally

well to deficits in motor performance. In fact, one may A
hypothesize that, due to both forms of irregularity, too D

(many of the simple spikes in tg mutants fall outside the
wtemporal window that is formed by the effective range
2of spike frequencies that can be handled by the propa-
agation properties of the Purkinje cell axons and/or by
E

the properties of their synapses onto their target neu-
rons in the cerebellar and vestibular nuclei. Such a no- O

Ttion would be in line with recent findings by Monsivais
aand Hausser (P. Monsivais and M. Hausser, 2003, Soc.
(Neurosci., abstract), who showed that propagation fail-
(ures in Purkinje cell axons during climbing fiber bursts
s

can be correlated with a frequency limit of about 252 a
Hz, which is less than the maximum frequency one can a

mobserve during a short burst of simple spikes in tg
(even though the average firing frequency is not above

Enormal). Moreover, the effective range of simple spike
Tactivities may not only be determined by properties of
o

the Purkinje cell axons or their synaptic terminals onto (
their target neurons in the cerebellar and vestibular nu- c

nclei, but also by changes in intrinsic excitability of these
sneurons (Aizenman and Linden, 2000; Nelson et al.,
I2003).

The gross motor deficits of tg resemble those seen in
S

human patients with the CACNA1A-related disorders— E
familial hemiplegic migraine, episodic ataxia type II, f

band spinocerebellar ataxia type VI (Baloh et al., 1997;
ucros et al., 1999; Harno et al., 2003; Ophoff et al.,
996; Zhuchenko et al., 1997). To the extent that the
unction of the flocculus in eye movements parallels the
ole of the extrafloccular cerebellum in limb and trunk
otor control, and assuming that attenuated compen-

atory eye movements are analogous to limb and trun-
al ataxia, then irregular Purkinje cell activities could lie
t the root of the ataxia found in these patients. It
hould be noted, however, that the most severe forms
f ataxia in these patients appear in association with
urkinje cell degeneration (Gomez et al., 1997; Buttner
t al., 1998), so that irregular Purkinje cell activities
ould only explain the milder types of incoordination
een in the first years of the disease. By suggesting a
hysiological mechanism that could account for motor

ncoordination, the current data raise the possibility of
esigning therapeutic neurostimulation protocols for
atients in the early stages of ataxia that result from
imilar mutations in their P/Q-type calcium channel
Ophoff et al., 1996). The fact that we were able to
voke eye movements by electrical stimulation in the
locculus of tg mutants further supports this possibility.
he significance of noise levels in firing patterns is
robably not restricted to the CACNA1A diseases or to
he neurons of the cerebellum. For example, Huxter et
l. (2003) recently showed in hippocampal pyramidal
ells that the time of firing and firing rate are dissocia-
le and can encode independent variables (respec-

ively, the animal’s location within, and speed of move-
ent through, a place field). Thus, proper modulation
f neuronal activities is essential, but the absolute mo-
ent in time at which individual spikes occur can also

nfluence signal processing under both pathological
nd normal circumstances.

xperimental Procedures

nimal Preparation
ata were collected from 54 tg mice and 54 wild-type littermates

C57BL/6J background; The Jackson Laboratory, Bar Harbor, ME),
hich were prepared for chronic experiments (Goossens et al.,
001; van Alphen et al., 2001). All preparations were done with
pproval of the European Communities Council Directive (86/609/
EC).

ptokinetic and Vestibular Stimulation
he OKR was assessed by rotating a planetarium sinusoidally
bout both vertical and horizontal axes at various frequencies

0.05, 0.1, 0.2, 0.4, 0.8, and 1.6 Hz) and a fixed peak velocity (8°/s)
Stahl et al., 2000; van Alphen et al., 2001). The (V)VOR was as-
essed by rotating the animal sinusoidally around the vertical axis
t various frequencies (0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 Hz) and fixed
mplitude (10°) in the dark or light. Stimuli were controlled and
onitored by a 1401plus unit (CED, Cambridge, UK).

ye Movement Recordings
he position of the left eye was measured using a video method
perating at 240 samples/s (ETL-200, ISCAN, Burlington, MA)

Stahl, 2004; Stahl et al., 2000; van Alphen et al., 2001). For baseline
ompensatory eye movements (see Figure 1), the eye position sig-
al was resampled at 500 Hz (1401plus unit; CED). Data were
tored for offline analysis using Spike 2 and MATLAB (Mathworks
nc., Natick, MA).

ingle-Cell Recordings
xtracellular Purkinje cell activities were recorded from either the

locculus or nonfloccular regions in the hemisphere of the left cere-
ellar cortex (Goossens et al., 2004). The cells were recorded either
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during spontaneous activity in the light or during optokinetic stimu-
lation (see above). Signals were amplified, filtered, digitized, and
stored for offline analysis. Purkinje cells were identified by their
brief pause in simple spike activity following each complex spike.
Once a floccular Purkinje cell was isolated, the preferred axis of
rotation was determined by rotating the planetarium around the
vertical axis or a horizontal axis at 135° azimuth, ipsilateral to the
side of recording. In a limited number of cells, a wider range of axes
was tested to allow for the construction of a spatial tuning curve.

Floccular Lesions and Histology
After locating the left flocculus by recording its typical complex
spike response to optokinetic stimulation, we lesioned the floccu-
lus by suction (n = 6 tg and 3 wild-type animals). Eye movement
recordings were done for 2 days prelesion, averaged, and subse-
quently compared to data collected on day 3 postlesion. To check
the extent of the lesions, the animals were anesthetized and per-
fused, and subsequently Nissl and silver staining was applied to
cerebellar and brainstem tissue (Jaarsma et al., 1992; Nadler and
Evenson, 1983).

Electrical Stimulation
Custom-made urethane-insulated tungsten electrodes were used
to electrically stimulate the left floccular peduncle. Regular trains
of pulses (200 ms, 400 ms, 600 ms, 800 ms, 1000 ms, and 1500 ms
trains; 80 �s pulse duration; 100 Hz pulse frequency with various
stimulation intensities) were used to evoke eye movements in the
ipsilateral eye. Each paradigm was applied to at least four wild-
types and four tg mutants. Averages of >10 stimulus responses per
paradigm were used to analyze the latencies and waveforms of the
evoked eye movements. Latencies were calculated using averages
of the short stimulus paradigms following linear regression analysis
(Van der Steen et al., 1994). To quantify eye movement waveforms,
we averaged responses to 600 ms, 1000 ms, and 1500 ms pulse
trains, normalized them, and fitted them iteratively by a single ex-
ponential function of the form y = 1 – e(−t/τ). The resulting time con-
stants were tested for significance.

Injections of �-Agatoxin IVA
The border of the left flocculus was identified using the electrophy-
siogical recordings described above. Subsequently, the recording
electrode was replaced by a borosilicate glass electrode filled with
100 nM ω-Agatoxin IVA (diluted in 0.9% saline; Alomone Labs, Je-
rusalem, Israel) (Knight et al., 2002). Approximately 10 �l of the
ω-Agatoxin IVA solution were injected by pressure at multiple sites
evenly distributed over the entire flocculus. Compensatory eye
movements were measured before the localization of the flocculus
and 3 days after the injection of the blocker in six wild-type mice.
For controls, we injected the vehicle (saline) in six wild-types and
the ω-Agatoxin IVA solution in six tg mice. Juxtacellular recordings
of Purkinje cell activities were made with the use of multiple barrel
electrodes following iontophoretic injections of ω-Agatoxin IVA so-
lution as described by Shields et al. (2005).

Data Analysis
Offline analysis of eye movements and neuronal firing rates was
performed in MATLAB (Mathworks) (Goossens et al., 2004). Gain
and phase values were determined by fitting sine functions to the
slow-phase eye velocity traces. Simple spikes and complex spikes
were discriminated using custom-made routines based on cluster
analysis (Goossens et al., 2004). Simple spike Per-Stimulus Time
Histograms (PSTHs) (100 bins per cycle) were compiled at each
stimulus frequency and fit by a sine function. Neuronal amplitude
of modulation was calculated by dividing the amplitude of the fitted
sine wave by its offset. The phase of the simple spike activity rela-
tive to the eye velocity (θ) was calculated from the difference of the
phase of the sinusoidal fits to firing rate and eye velocity (De Zeeuw
et al., 1995; Stahl and Simpson, 1995b). CV values of spontaneous
spike activities were calculated by dividing the standard deviations
of the interspike interval lengths by their means. Autocorrelograms
of spiking data were constructed using custom-made routines in
MATLAB. A fixed bin size of 50 ms and a 7th order low-pass filter
were used to calculate the correlogram coefficient of the spiking
data (ratio of the amplitude of the first off-center peak in the filtered
data and the amplitude of the center peak of the raw data). Auto-
correlograms of interspike intervals were created by correlating the
duration of each interval with the duration of its neighbors. While
the CV values and autocorrelations were used to determine the
regularity of the interspike interval, the trial-to-trial variability was
determined by averaging the standard deviation of the mean differ-
ence between the number of spikes in the on-phase and that in the
off-phase over the cycles. With respect to the relation between fir-
ing rate and saccadic eye movements, epochs containing quick
phases were analyzed separately. Saccades were detected with a
velocity threshold of 25°/s (for details see Van der Steen and Bruno,
1995). More than 40 saccades per animal were used to calculate
the main sequence parameters. Data are presented as mean ±
SEM.
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