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CLUSTALW (ref. 21); the resulting alignments were manually inspected using the ED
program from the MUST package®. Only unambiguously aligned positions were used in
phylogenetic analyses. A fusion F1 was built for 12 operational taxonomic units (OTUs)
(Fig. 2) by concatenation of the 13 proteins (5,171 sites: 1,597 constant, 3,574 poly-
morphic). A fusion F2 (1,938 sites: 672 constant, 1,266 polymorphic) was constructed to
include the glaucophyte C. paradoxa. It contained data from 6 proteins (actin, a-tubulin,
B-tubulin, EF-1a, Hsp70 and ATPase vatB) and 13 OTUs (Fig. 2b). Fusion alignments and
accession numbers for all sequences used are given in Supplementary Information.

Distance, MP and ML analyses were carried out with all individual and concatenated
data sets using MUST (ref. 22), PAUP 3.1 (ref. 23), and PROTML 2.3 (ref. 24), respectively.
To carry out exhaustive ML analyses of all possible tree topologies, several constraints were
imposed to reduce the number of possible trees (see Figs 1 and 2). Calculation of a-
parameter values and other ML analyses taking into account ASRV were conducted using
the program PUZZLE (ref. 25). Maximum-likelihood bootstrap proportions were
computed using the RELL method” upon the 5,000 top-ranking trees. For distance and
parsimony analyses, 1,000 bootstrap replicates were computed. Kishino—Hasegawa tests'"
were carried out comparing InL of the best 50 trees containing monophyletic GR with InL
of the best 50 trees without monophyletic GR, using PROTML 2.3 (ref. 24) (without
considering ASRV) and PUZZLE® (with a I'-law to correct for ASRV). In the case of fusion
F2, we used Kishino—Hasegawa tests to estimate the A InL between the best 50 trees
containing monophyletic GR + Glaucophyta and the best 50 trees without this mono-
phyletic group.
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One of the earliest computational principles attributed to the
cerebellum was the measurement of time'. This idea was origin-
ally suggested on anatomical grounds, and was taken up again to
explain some of the deficits in cerebellar patients>’. The contri-
bution of the cerebellum to eye movements, in contrast, has
traditionally been discussed in the context of motor learning*~’.
This view has received support from the loss of saccade adapta-
tion, one of the key examples of motor learning, following lesions
of the posterior cerebellar vermis®''. However, the relationship
between the properties of saccade-related vermal Purkinje cells
and the behavioural deficits that follow lesions is unclear. Here
we report results from single-unit recording experiments on
monkeys that reconcile the seemingly unrelated concepts of
timing and motor learning. We report that, unlike individual
Purkinje cells, the population response of larger groups of
Purkinje cells gives a precise temporal signature of saccade
onset and offset. Thus a vermal population response may help
to determine saccade duration. Modifying the time course of the
population response by changing the weights of the contributing
individual Purkinje cells, discharging at different times relative to
the saccade, would directly translate into changes in saccade
amplitude.

We recorded extracellularly from 131 saccade-related Purkinje
cells (PCs) in vermal lobuli VI and VIIA of two rhesus monkeys,
while the animals performed visually guided saccades. The preferred
direction was determined by asking the monkeys to make 15°
centre-out saccades in eight directions. As in previous work on
saccade-related responses in the oculomotor vermis> ", these
saccade-related responses were characterized by bursts of activity
in tight temporal relationship with the execution of a saccade in
particular preferred directions (Fig. 1). Only a few PCs (5/131) with
saccade-related bursts lacked this directional preference. To ensure
that the saccade-related bursts did not reflect a visual response
evoked by the peripheral target, we tested 98 of the PCs considered
on a ‘memory saccade’ task, separating the presentation of the
peripheral target and the saccade in time. The monkeys were asked
to saccade to a remembered location in the frontoparallel plane,
cued by the brief presentation of a peripheral target. Of the 98 PCs
tested, 71 lacked a significant visual response to the presentation of
the peripheral cue in this memory saccade task and only five showed
a visual response reaching 50% or more of the later saccade-related
burst.

The tight alignment of saccade-related bursts exhibited by many
of the PCs with the saccades indicated that vermal PCs might help to
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determine the timing of saccades. We therefore investigated whether
single PC bursts predict saccade duration. To obtain saccades with
sufficiently variable durations for each neuron, we exploited the fact
that saccade duration increases monotonically with saccade
amplitude'® (Fig. 2a). We collected responses to saccades of different
amplitudes, from 5° to 40° all in a PC’s best direction (or
alternatively a fixed direction for non-directional cells). Figure 1
shows the responses of four different PCs, exemplifying the different
dependencies of responses on saccade amplitude exhibited by
vermal PCs. Some vermal PCs (Fig. 1a) showed clear preferences
for specific saccade amplitudes (about 20° in this example) with
increasingly weaker responses for amplitudes deviating increasingly
from the optimum. Other PCs (Fig. 1b, c) displayed no or little
influence of saccade amplitude. Still others (Fig. 1d) showed a
monotonic dependence of response on saccade amplitude. To
characterize the dependence of saccade-related bursts of vermal
PCs on saccade amplitude or duration, we computed several
parameters characterizing the saccade-related bursts of each cell.
Figure 2 shows the means and standard errors of the parameters
considered for the 94 PCs for which amplitude-tuning data was
available. The mean burst onset latency, relative to saccade onset,
did not depend on saccade duration (Fig. 2b). The burst offset
latency increased with saccade duration (Fig. 2c). Consequently, the
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Figure 1 Perisaccadic time histograms and raster plots obtained from vermal PCs,
reflecting the highly variable dependence of saccade-related bursts on saccade
amplitude. a—d, Four individual PCs. X, y. horizontal and vertical components of eye
position. Width of time bins, 5 ms.
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mean burst duration increased with saccade duration (Fig. 2d). As
the mean discharge rate in the burst did not depend significantly on
saccade duration (Fig. 2e), the increase in burst duration with
saccade duration must fully account for the modest increase in the
mean number of spikes (Fig. 2f). These results may indicate that the
timing of the PC bursts reflects the timing of the saccade: certainly,
the mean firing rate, computed over the whole burst, carries no
information (Fig. 2e). However, the variability of the data, conveyed
by the very large errors of the means, confounds the interpretation
of Fig. 2. This variability is likely to be caused, in part, by the
procedure of first deriving parameters for each PC and then
analysing these parameters rather than deriving parameters from
the whole sample of responses in one step.

Any biologically plausible mechanism involved in extracting
information from a larger group of PCs is likely to be sensitive to
the timing of individual bursts and even the timing of individual
spikes. We therefore investigated whether the collective instan-
taneous discharge rate of all PCs in the sample might reflect more
faithfully saccade duration or other aspects of saccade timing.
Figure 3a shows the collective saccade-related instantaneous
discharge rate, henceforth referred to as the population burst, as a
function of saccade duration. It was computed by sorting the
saccade-related responses of the cells whose responses were
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Figure 2 Dependence of saccade duration on saccade length (a) and burst parameters on
saccade durations (b—f). a, Mean saccade duration as a function of saccade length,
based on eye movement records collected with the 94 single units whose amplitude
tuning was studied. Vertical bars, s.e. Saccade duration increases linearly with saccade
amplitude (thin line; slope m = 0.875; P < 1073, b—f, Dependence of various features
of saccade-related bursts of vermal PCs on saccade duration. The plots show

mean = s.e. The three variables that showed a significant (linear regression (thin lines),
P < 0.05) but modest dependence on saccade duration were burst offset latency

(c, P<<0.00031), burst duration (d, P < 0.0077) and the overall number of spikes in the
burst (f, P < 0.0031).
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characterized in Fig. 2, according to saccade duration (bin width
2.5ms). Next, for each saccade duration, we computed compound
perisaccadic histograms with a bin-width of 1 ms, smoothed by a
gaussian filter with a standard deviation of 10 ms. These compound
perisaccadic histograms were then plotted as function of saccade
duration, aligned relative to saccade onset for each of the eight
directions tested, and the mean of the plots for the individual
directions was taken as the estimate of the population burst.

The population burst is shown in Fig. 3a as it develops over time
(x-axis) for saccades of duration 30—65 ms (y-axis). The upper part
of Fig. 3b displays three individual sections through the colour-
coded plot shown in Fig. 3a, illustrating population bursts for
saccades of 30, 49 and 65 ms, respectively. The population response,
independent of saccade duration, starts to rise above the baseline
level before saccade onset, peaks at saccade onset, and then
declines again and reaches the baseline level when the saccade
ends (Fig. 3a, b).
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Figure 3 Dependence of the population burst on saccade duration. a, Population burst
(94 vermal saccade-related PCs) plotted as a function of saccade time (x-axis; 0, saccade
onset) and duration (y-axis), measured in discrete time steps (x-axis: 1 ms, y-axis:
2.5ms). We used a gaussian filter (s.d. 10 ms) to smooth the plot along the x-axis and a
Savitzky—Golay filter?® (window = 3; deg = 1) along the y-axis. Yellow line, population
activity four times the mean baseline activity (6 spikes s™'; see Methods). b, Top,
population burst profiles represent sections through the three-dimensional plot shown in a
at individual saccade durations of 30, 49 and 65 ms. Bottom, linear regression on the
overall number of spikes in the population burst, as a function of saccade duration,
revealed no significant dependence (P > 0.05). ¢, Plots of time ¢ as a function of: a,
population burst onset latency; b, time to peak; ¢, time at end; and d, population burst
duration (c-a). Burst onset and burst end are defined by a 4 x baseline criterion (see text).
In the case of g, band d, tis saccade duration; in the case of ¢, tis the time of saccade
termination. Both cand dincrease significantly with ¢(t=1.0138¢ - 3.9389, P < 0.0028;
t=10.7636d — 42.333, P < 0.01; the slopes for ¢ and d are significantly different,
P<0.031), whereas neither a nor b depends on saccade duration (P > 0.05).
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To relate the time course of the population burst more precisely to
the time course of the saccade, we determined the times of onset (a),
peak (b) and offset (¢) of the population burst relative to saccade
onset for each saccade duration as well as the population burst
duration (d), defined as c-a. We defined population burst onset and
offset times as the times when the population burst reached four
times the baseline firing rate when building up and when declining.
Figure 3¢ plots time ¢ as function of g, b, c and d, respectively. In the
case of a, b and d, t corresponds to saccade duration, in the case of
¢ to the time of saccade termination. The plots were fitted by
linear regressions. Both ¢ and d increased linearly (c: P < 0.00003,
d: P < 0.01) with the time of saccade termination and saccade
duration, respectively, whereas neither a nor b depended signifi-
cantly (P > 0.05) on saccade duration. The population burst onset
leads the saccade onset by 67.9 = 8.25 ms, whereas the population
burst peak appears roughly at the time of saccade onset (2.78 =
1.97 ms), both independent of saccade duration. The end of the
population burst (c), as predicted by the regression, corresponds
very closely to the end of the saccade, whereas the population
burst duration (d) underestimates saccade duration by 24%
(Fig. 3c). This and the significantly higher coefficient of correlation
(P < 0.004) for ¢ compared with d indicate that the population
burst reflects the time of saccade termination rather than saccade
duration.

Although the peak of the population burst would be too late to be
causally related to saccade onset, its precise alignment with saccade
onset might be understood as reflecting the zeroing of the ‘stop-
watch, determining the termination of the saccade. In accordance
with this model, the interval e = ¢-b between the population burst
peak b and the population burst offset ¢ gives a fairly accurate
account of saccade duration ¢ (linear regression: ¢ = 1.121e-5.126;
P<0.0046). The population burst peak is characterized by a second
conspicuous feature, a decrease in its peak amplitude pa with
saccade duration ¢t (linear regression, pa = —0.81t + 130.751; P <
0.0244; Fig. 3b). This decrease accompanies an increase in the width
of the population burst with increasing saccade duration. These two
dependencies combine to leave the overall number of spikes in the
population burst largely independent of saccade duration (Fig. 3b,
lower). Thus, the decrease in peak firing rate with saccade duration
might simply reflect the need to redistribute an approximately
constant number of spikes over varying segments of time. Alternatively,
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Figure 4 Scatter-plot of p, the probability of the linear regression, fitting plots of saccade
end as function of burst end, as a function of its slope m. The dots give the p, m
coordinates of individual PCs and the asterisk indicates the p, m coordinate of the
population response. The inset compares the regression analyses for the population burst
and the ‘best’ PC (marked by two arrowheads), singled out by the smallest p and an m
close to the ideal of 1. The x-axis plots time with t = 0 corresponding to saccade onset.
The y-axis plots the time of the burst end relative to saccade onset.
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the peak firing rate might encode dynamic saccade parameters,
which, like saccade velocity, depend on saccade duration'. Such a
putative dependence between peak firing rate and saccade velocity
would be specific to the population burst, not shared by individual
cells. Both the peak discharge rates and the mean discharge rates in
the saccade-related bursts are on average independent of saccade
velocity (linear regression analysis, P > 0.05). Notwithstanding the
question of whether the amplitude of the peak population burst has
a function, the timing of the burst is independent of and cannot be
explained by the amplitude of the peak population burst.

The faithful description of saccade timing provided by the
population burst could reflect the contribution of a subgroup of
‘best” PCs or, alternatively, emerge as a true de novo feature of the
population response. To distinguish between these possibilities, we
compared the linear regression for the plot of burst end (c) based on
the population burst as shown in Fig. 3¢ with the corresponding
linear regressions for individual PCs. Figure 4 shows the significance
level p of the linear regressions as a function of their slopes m. An m
of 1 would reflect a faithful representation of saccade end. The slope
of the regression plotting saccade end as a function of the popula-
tion burst end comes very close to this ideal (i = 1.0138). On the
other hand, the m for the individual PCs is on average close to zero
and varies widely (#1ean = 0.0367 £ 2.0054). Moreover, even the
best of the individual regressions is not nearly as good, as measured
by their m and p coordinates, as the one for the population burst.
This is shown in the inset, which compares the regression for the
population burst with the regression for the ‘best’ cell (singled out
by arrows in the p(m) plot). In summary, this analysis indicates that
the population burst reflects the timing of saccade termination and
that this precise reflection is a de novo property of the population
response, rather than a reflection of the properties of the ‘best’ PCs.

Does cerebellar population encoding for saccades do more than
alleviate the insufficiencies of individual cells? We propose that it
could make an important contribution to saccadic plasticity. If we
assume that the end of the population burst determines the end of
the saccade, a simple way to make a too-small saccade normometric
would be to increase the duration of the population response. The
necessary increase in the duration of the population response could
be achieved by increasing the gain of relatively ‘late’ vermal PCs,
based on an appropriate error signal. There are three findings that
support this hypothesis. First, adaptive modification of saccades in
humans leads to a selective activation of those parts of the human
cerebellum that are probably homologous to the monkey oculo-
motor vermis'. Second, the capacity for rapid saccadic plasticity is
irreversibly lost following lesions of the posterior vermis in
monkeys'”. And finally, some saccade-related neurons in the
caudal fastigial nucleus (cFN), which are controlled by vermal
PCs'*?, show bursts that occurr later if saccades are modified so
as to become larger for a given retinal vector®'. A putative function
of this type of cFN burst is the braking of ongoing saccades, and a
likely mechanism underlying these bursts is release from PC
inhibition, giving rise to a rebound depolarisation”*. Hence,
learning to make larger saccades would involve a sequence of
prolonged vermal PC inhibition and a delayed fastigial rebound,
ultimately translating into a delayed braking signal for saccades.

Obviously, this scheme, which tries to lead saccadic learning back
to an optimization of a representation of time, is not confined to the
saccadic system. Rather, it might be applicable to any motor or non-
motor function that is dependent on the availability of a precise
representation of time. Ol

Methods

We recorded extracellularly from lobuli VI and VIIA of the posterior vermis of one female
and one male rhesus monkey (P and S) while they performed visually guided saccades,
evoked by asking the monkeys to saccade to peripheral cues that appeared when the
fixation spot disappeared. The monkeys were prepared for chronic single unit and eye
position recordings, the latter based on the search coil technique, as described***. All
animal procedures followed the guidelines set by the NIH and national law and were
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approved by the local committee supervising the handling of experimental animals.
Recording site localization in lobuli VI and VIIA relied on stereotactic calculations based
on postsurgical MRI scans, which showed both these brainstem structures as well as the
precise location and orientation of the implanted recording chamber. A conventional
reconstruction of recording sites based on post-mortem brain sections was carried out in
monkey P. In perfect correspondence with the tentative localization based on MRI,
recording sites were confined to lobuli VI and VIIA. Well isolated single units encountered
in lobuli VI and VIIA were interpreted as reflecting PCs, without first trying to identify
complex spikes. This simplified approach seemed acceptable in view of our previous
experience”: using the same type of microelectrode, we found that the vermal single units
analysed (n = 56) all exhibited complex spikes, identifying them as Purkinje cells.

The preferred direction of a neuron was studied by measuring responses to visually guided
saccades of 15° or 20° amplitude in eight equally spaced directions (0°, 45° and so on) in
the frontoparallel plane, starting from straight ahead. A response was considered to be
directionally selective if the mean number of spikes in the best direction was at least twice
the response in the worst direction. To reveal visual contamination of saccade-related
responses, we next ran a standard centre-out memory saccade task. A location in the
frontoparallel plane was cued by the presentation of a peripheral target 600—800 ms after
the start of the trial, while the monkey fixated a central spot. The disappearance of the
central fixation spot, 700 ms after the disappearance of the peripheral cue, served as the go
signal for the saccade. Target locations of memory guided saccades corresponded to those
of visually guided saccades.

The visual response to the peripheral target was estimated by calculating the mean
discharge rate in a window from 670 to 800 ms. The visual response was considered to be
significant if it exceeded the baseline discharge rate plus two s.d. Finally, the amplitude or
duration tuning of a PC was determined by asking the monkey to make saccades of varying
amplitudes from 2.5° (or 5° in some cases) to 40° in steps of 2.5-5° in the neuron’s
preferred direction. Amplitudes were presented randomly interleaved. As the field of view
was limited to 50° x 45° by the monitor on which stimuli were presented, the starting point
of saccade vectors larger than 20° had to be moved to eccentric locations, in a direction
opposite to saccade directions. Starting saccades from different orbital positions was
allowed, as our own work suggests that, contrary to earlier reports, the influence of the
orbital starting position on saccade-related responses of posterior vermal PCs is indeed
negligible’®”’. The start and end of saccade-related PC bursts were determined in single
trials by applying a Poisson spike train analysis® with a confidence level of usually P < 0.05
(P < 0.11n a few cases). To exclude spurious bursts, we used the following qualifications:
burst onset had to follow the extinction of the fixation point; and burst onset had to be
within a period starting 150 ms before saccade onset and lasting until the end of the
saccade. Additional bursts following the first one were detected in case the first burst ended
before the end of the saccade. The baseline activity rate was estimated as the mean
discharge rate from —400 to —100 ms (memory saccades) or —300 to —100 ms (visually
guided saccades) relative to the onset of the peripheral target.
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Vertebrate gastrulation involves the specification and coordinated
movement of large populations of cells that give rise to the
ectodermal, mesodermal and endodermal germ layers. Although
many of the genes involved in the specification of cell identity
during this process have been identified, little is known of the
genes that coordinate cell movement. Here we show that the
zebrafish silberblick (slb) locus' encodes Wntll and that Slb/
Wntl1 activity is required for cells to undergo correct convergent

Table 1 wnt11 and dsh-ANrescue the sib eye phenotype at pharyngula stage

RNA injected Genotype Wild type (%) slb (%) Reduced (%) Total (n)
- wild type 100 0 0 73
wnt11 wild type 66 0 34 69
wnt11(sib>?2%) wild type 100 0 0 30
- slb 9 91 0 83
wnt11 sib 46 9 45 94
dsh-AN sib 49 48 3 42
dsh-DEP+ wild type 5 45 50 37

10pg of wnt17 and wnt117 (sib®??%) RNA and 200 pg of dsh-AN and dsh-DEP+ RNA were injected
into one-cell-stage embryos. Eyes classified as ‘slb’ showed some degree of cyclopia, and eyes
classified as ‘reduced’ were reduced in size.

76 ## © 2000 Macmillan Magazines Ltd

extension movements during gastrulation. In the absence of SIb/
Wntll function, abnormal extension of axial tissue results in
cyclopia and other midline defects in the head’. The requirement
for SIb/Wntl1 is cell non-autonomous, and our results indicate
that the correct extension of axial tissue is at least partly depen-
dent on medio-lateral cell intercalation in paraxial tissue. We also
show that the slb phenotype is rescued by a truncated form of
Dishevelled that does not signal through the canonical Wnt
pathway’, suggesting that, as in flies*, Wnt signalling might
mediate morphogenetic events through a divergent signal trans-
duction cascade. Our results provide genetic and experimental
evidence that Wnt activity in lateral tissues has a crucial role in
driving the convergent extension movements underlying verte-
brate gastrulation.

Vertebrate gastrulation is driven by coordinated morphogenetic
movements of the three germ layers: ectoderm, mesoderm and
endoderm. During this process, convergent extension movements
within the mesoderm are generated by polarization of mesodermal
cells followed by medio-lateral cell intercalation, which causes cells
to become distributed along the antero-posterior axis™. Several
mutants exhibiting defective gastrulation movements have been
identified in zebrafish”. In slb mutants, extension of the axial
mesendoderm and overlying ventral central nervous system is
disturbed, resulting in fusion of the eyes later in development®. As
previous results have suggested that Wnt activity and especially
Wntl1 might affect the movement of cells during gastrulation®*"",
it seemed possible that mutations in Wnt11 might underlie the slb
phenotype. Mapping of slb and wnt11 showed both to be located at a
similar position on linkage group 5 (Fig. 1a). Sequence analysis of
sIb™ and slb™'¢ alleles revealed point mutations at positions
Trp 234 and Gly 155, introducing in-frame stop codons that result
in truncation of the Wntll protein (Fig. 1b). These mutations
would be expected to generate non-functional proteins (see below),
so both alleles are likely to be null mutations.

Expression analysis of wntl1 in wild-type and slb™~ embryos
confirmed that Wnt11 is a good candidate for mediating Slb/Wnt11
activity. In wild-type embryos, wnt11 expression is first detectable in
the germring at the shield stage and subsequently in the paraxial
head mesoderm and in the neuroectoderm (Fig. 1c—e and ref. 12).
By late gastrulation, the paraxial head mesodermal domain lies
directly anterior to presumptive paraxial somitic mesoderm and the
lateral neuroectodermal domain is posterior to the presumptive
forebrain (Fig. li-k and data not shown). In slb embryos, wntll
expression is initiated but is strongly downregulated in all expres-
sion domains by late gastrulation (Fig. 1f-h).

To confirm that the slb™"~ phenotype is due to mutations in the
wntlI gene, we overexpressed wnt11 RNA in mutant and wild-type
embryos. In uninjected slb™'~ embryos, the prechordal plate is more
elongated and the notochord is shorter and wider than in wild-type
embryos, correlating with a partial fusion of the eyes at later
developmental stages® (Fig. 2a, b, g, h). The injection of 10 pg of
wntl1 RNA into wild-type embryos at the one-cell stage had either
little or no obvious effect, or caused defective morphogenesis of the

Table 2 wnt11 and dsh-AN rescue the sib convergent extension phenotype
at the tailbud stage

RNA injected Genotype Wild type (%) sib (%) Abnormal (%) Total (n)
- wild type 100 0 0 46
wnt11 wild type 74 0 26 43
wnt11(sib*?%) wild type 100 0 0 41
- sib 4 96 0 90
wnt11 sib 36 7 57 41
dsh-AN sib 32 20 48 46
dsh-DEP+ wild type 0 40 60 54

10pg of wnt11 and wnt17 (sib™??%) RNA and 200 pg of dsh-AN and dsh-DEP+ RNA were injected
into one-cell-stage embryos. Embryos classified as ‘slb’ displayed an elongated, posteriorly
displaced prechordal plate and shortened notochord, and embryos classified as ‘abnormal’
showed other variable defects in morphogenesis of prechordal plate and notochord.
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