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matings. Average egg-hatching rate in 64 full-sib matings representing all
founder families was 60%, compared to 79% in 48 non-sib crosses within and
between populations.
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Cerebellar complex spikes
encode both destinations and
errors in arm movements
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Purkinje cells of the cerebellum discharge complex spikes, named
after the complexity of their waveforms', with a frequency of
~1Hz during arm movements' . Despite the low frequency of
firing, complex spikes have been proposed to contribute to the
initiation of arm movements>’~'° or to the gradual improvement
of motor skills>*"%'*'¢, Here we recorded the activity of Purkinje
cells from the hemisphere of cerebellar lobules IV-VI while
trained monkeys made short-lasting reaching movements (of
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~200 milliseconds in duration) to touch a visual target that
appeared at a random location on a tangent screen. We examined
the relationship between complex-spike discharges and the abso-
lute touch position, and between complex-spike discharges and
relative errors in touching the screen. We used information theory
to show that the complex spikes occurring at the beginning of the
reach movement encode the absolute destination of the reach, and
the complex spikes occurring at the end of the short-lasting
movements encode the relative errors. Thus, complex spikes
convey multiple types of information, consistent with the idea
that they contribute both to the generation of movements and to the
gradual, long-term improvement of these movements.

Two macaque monkeys were trained to make rapid reaching
movements toward a visual target that appeared on a tangent screen,
located 200 mm from the eyes, from a button positioned 200 mm
below the eyes in the mid-sagittal plane. A trial began when the
monkey pressed the button (Start, Fig. 1); a target then appeared
(Target, Fig. 1) at a random place in a square target zone
(50 X 50 mm, or 80 X 80 mm) on the screen. The monkey had to
release the button (Release, Fig. 1) within 240 ms of the appearance
of the target and touch the screen within 300 ms of releasing the
button (Touch, Fig. 1). The monkey’s view of its hand and the target
was blocked at the release of the button by liquid-crystal shutters in
front of the eyes (Release, Fig. 1). The shutters opened again when
the screen was touched (Open, Fig. 1), allowing the monkey to see
the target and the final position of its hand for 300 ms. The monkey
had to hold the final position of its hand for 900 ms until given a
reward (Reward, Fig. 1); the size of the reward was in inverse
proportion to the magnitude of the error to encourage accurate
reaching.

Figure 2 shows a raster plot (Fig. 2a) and the average discharge
frequencies (Fig. 2b) of a Purkinje cell from lobule V. Stable simple
spikes and complex spikes were recorded from this Purkinje cell
during 1,381 trials. The average discharge frequency of simple
spikes, (Fig. 2b) decreased to 40 Hz during the movement, and
then sharply increased to 170 Hz at the end of the movement
(Touch, time zero). In contrast, complex spikes generally occurred
only once during each trial (black dots, Fig. 2a) and the average
discharge frequency was less sharply altered during the movement
(Fig. 2b). To test whether the sporadic complex-spike discharges of
this Purkinje cell ever encode absolute destination of the reaching
movement or relative errors, we set three time windows (shown
with crossed, diagonal or horizontal lines in Fig. 2b).

During the first time window in the first half of the movement
(crosshatched area in Fig. 2b), complex-spike discharges occurred
in 133 of the 1,381 trials. Figure 3a shows the absolute position of
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Figure 1 The reaching task. The sequence of events for each trial is shown from
left to right. A trial begins when a monkey touches a button. A target beam then
appears on the screen. The monkey then releases the button, and touches the
target on the screen. At this point, liquid-crystal shutters that were obscuring the
monkey's view of its hand are opened for 300 ms, then closed. The monkey holds
the position of its hand on the target for 900 ms, and then receives a reward.
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touch on the screen in the 1,381 trials (black dots). Results from the
133 trials that showed complex-spike discharges are circled in red.
Although the touch positions (black dots) for the 1,381 trials were
distributed evenly over the 50 X 50 mm target zone, the touch
positions for the 133 trials that showed complex-spike discharges
(red circles) were skewed towards the lower right quadrant of the
screen. The number of red circles in each quadrant (counter-
clockwise from upper right quadrant: 24, 14, 39, 56) was significantly
uneven (x> test, P < 0.00001, degrees of freedom d.f. =3,
x> = 30.3). Thus, when complex spikes occurred during the initial
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Figure 2 Simple-spike (SS) and complex-spike (CS) activity recorded from a
Purkinje cell in lobule V. a, A raster plot of SS (vertical bars) and CS (filled dots)
activity aligned at the touch (20 trials). b, Average discharge frequency (ordinate)
of SS activity (thin trace, X100 Hz) and CS activity (thick trace, x1 Hz) for 1,381 trials.
Bin width is 0.5 ms and the trace for CS activity was smoothened by the moving
average method (40-ms window). Mean timing of target appearance and button
release is shown by vertical lines, with s.d. (horizontal bars). Three 100-ms time
windows are shown with crossed, oblique and horizontal lines, in the lower panel.
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part of the reach, the monkey was four times more likely to touch
the fourth quadrant than the second (56 touches out of 133 versus
14 touches). The predictive information associated with the occur-
rence of complex spikes (I) was quantified as the decrease in
entropy in the absolute touch position:

4 4
. =

o= >~ @/N)logy(n/N) = " = (m/Mlog,(m/M)

i=1 i=1

1

where 1; and m; denote numbers of black dots and red circles in the
ith quadrant, and N and M denote total numbers of black dots and
red circles, respectively. If the red circles are confined to a particular
quadrant, I would yield 2 bits, and if they distribute evenly I
would yield 0 bits. In Fig. 3a, I was 0.2 bits. The information was
considered ‘significant’ when the corresponding x” tests yielded a P
value <0.05, as in the present case (P < 0.00001).

Errors of reaching relative to the target in the 1,381 trials (black
dots in Fig. 3b, c¢) were distributed in a gaussian manner around the
target, as were the errors in the subset of 133 trials with an early
complex spike (results not shown). The P value of the x* test was
0.69, indicating that the complex spike conveyed little information
(I, = 0.01) about the reaching errors.

During the second time window, just after touching of the screen
(shown with oblique lines in Fig. 2b), complex-spike discharges
occurred in 92 of the 1,381 trials. The distribution of touch
positions in the 92 trials was almost even over the four quadrants
(results not shown; P =0.76, I, = 0.01), but relative reaching
errors for the 92 trials were distributed preferentially in the upper
left quadrant (red circles in Fig. 3b; P < 0.0001, I, = 0.19). During
the third time window, 120-220 ms after the touch (shown with
horizontal lines in Fig. 2b), 88 complex-spike discharges occurred.
Relative errors in the 88 trials were distributed preferentially in the
left half (red circles in Fig. 3¢c; P < 0.0001, I, = 0.18), but absolute
touch positions were evenly distributed (results not shown;
P =0.71, I, = 0.01). Thus, the complex-spike discharges during
the second and third time windows conveyed significant informa-
tion about reaching errors.

These three time windows were not chosen arbitrarily. We
calculated the information (I) on the touch position and on the
relative reaching errors by moving a time window of 100 ms along

Figure 3 Distribution of touch positions and relative errors. Data are from the
same cell used for Fig. 2. a, Scatterplots of the touch positions on the screen in all
1,381 trials (black dots), and in the 133 trials (red circles) with complex-spike
activity during the first 100-ms window shown in Fig. 2. Horizontal and vertical
dashed lines pass through the centre of gravity of the black dots and define the
four quadrants. Numbers of red circles in each quadrant are indicated, together
with the total number (133) in the fourth quadrant. Black and red ellipses show
equidistant points (Mahalanobis distance = 1) from the centre of gravity of the
black dots and red circles, respectively. The black arrow connects the centres of
gravity of the black dots and the red circles and defines the ‘preferred’ direction. b,
¢, Scatterplots of relative errors to the target (origin) in the 1,381 trials (black dots),
and of 92 (b) and 88 (¢) trials (red circles) during which complex-spike activity was
seen during the second and the third 100-ms time windows shown in Fig. 2,
respectively. d, Data shown in a transformed into firing probability (z-axis) of
complex spikes as a function of touch position. A circular window (radius =
10 mm) was moved with 1-mm steps over thex andy planes in a, and the number
of red circles within the window was divided by the number of black dots at each
position. A median filter (10 X 10 mm) was also used.
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the time axis (abscissa in Fig. 2b) with steps of 10 ms, and calculated
the information transmission rate (I, in bitss™'). I, can be approxi-
mated by the product of I and the firing frequency of complex
spikes (see Methods). There are three peaks of information (Fig. 4a),
corresponding roughly to the three time windows. These three
peaks were common in the population of 50 Purkinje cells examined
(Fig. 4b). Of these 50 cells, most (n = 47) showed changes in
simple-spike discharges of >30% of their maximum discharge
rates, when aligned at the onset or at the end of the reaching
movements. The other three cells, whose simple spikes were not
changed, conveyed no significant information concerning either the
touch position or the error. Regarding the information encoding in
the complex spikes of these 47 cells, 19 (40%) showed a significant
first peak (Fig. 4b), 21 (45%) showed a significant second peak, and
19 (40%) showed a significant third peak. Thirty-four cells (72%)
contributed to at least one of the three peaks, and eight (17%)
contributed to all of the three peaks (Fig. 4a). In the eight cells that
had all three peaks, peak 1 was the largest in four cells (Fig. 4a), and
peak 3 was the largest in the other four cells.
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Figure 4 Information transmission rate (/;) on the touch position (red trace) and the
relative error (black trace) encoded by the complex spikes./, was calculated using
equation (2). a, /; encoded by complex spikes of the same Purkinje cell used for
Figs 2, 3./;is plotted against the centre of the 100-ms time window that was moved
along the time axis (abscissa). Solid and broken traces indicate significant and
nonsignificant information, respectively. b, ¢, Summation of /, curves from 50
Purkinje cells aligned on the touch (b) and the target appearance (¢). Nonsigni-
ficant information was excluded from the summation. Intervals between the thin
lines show the contributions from single cells. This simple summation gives the
upper limit of the net information that was encoded by the whole population of
cells, as the information from each cell may not be independent. The mean
timings for target appearance (red) and release of the button (black) are indicated
by vertical lines with horizontal bars (s.d.) ina, b. Numbers 1-3 in a-c¢ indicate the
peak numbering used in the text.
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For the whole population of cells, the preferred directions shown
by cells for each of the three peaks of information were distributed
almost randomly (results not shown). However, cells that had more
than one peak of information showed a consistent pattern of
directional preferences. In the 14 cells that had both peaks for
relative errors (peaks 2 and 3), the preferred directions for the two
peaks usually fell in the same quadrant (in 12 of the 14 cells;
difference: 27 = 34°, mean * s.d.) and never fell in opposite quad-
rants. In contrast, the preferred directions for the errors (peak 2 or
3) fell in the quadrant that was opposite to that for the touch
position (peak 1) in 7 of 9 cells (for peak 2) and 6 of 10 cells (peak 3),
and none of the two pairs (n=19) fell in the same quadrant
(difference: 207 * 40° mean =* s.d.).

Thus far, we have only partitioned the work space into quadrants
and have considered only the encoding of a partial entity of a vector,
the direction of movement. By moving a circular window
(radius = 10 mm) in 1-mm steps over x and y planes, such as
those in Fig. 3d, we were able to map the probability of complex-
spike discharge with a higher spatial resolution and thereby show
graded information about the magnitude of movements. This
analysis showed that the probability of complex-spike discharge
increased progressively up to 0.25 as the position shifted in the
preferred direction on the touch screen (Fig. 3d). Similar gradations
in the probability of discharge were also seen with the relative errors
(data not shown). Thus, the complex-spike discharges encode
vectors with both magnitude and direction.

Peak 1 became taller when we aligned the summation of I, curves
with the appearance of the target (Fig. 4c, red line), with an onset
80 ms after the appearance of the target, consistent with visual
mediation. The earlier peak of information about the relative errors
(peak 2, Fig. 4b) cannot have been caused by visual input because
vision was blocked by the shutters (Fig. 1) until the screen was
touched (time zero), so this peak presumably resulted from soma-
tosensory feedback and/or efference copy. Because of its latency
after the touch (when visual error information was first made
available), peak 3 (Fig. 4b) also was probably visual in origin and
linked to the error at the touch.

Although analysis indicates that complex spikes during peaks 1
and 3 seem to encode different parameters, it is likely that the brain
interprets both types of spike as visual motor error, one at the start and
the other at the end of the trial, especially as these two peaks tend to
show inverse spatial tuning. Only by blocking any view of the hand
during reaching were we able to uncover the early visual encoding of
touch position (peak 1) and the early non-visual encoding of errors
(peak 2), but, in so doing, we excluded any possibility that the
complex spikes could signal visual errors during reaching.

What are the roles of the complex spikes that encoded these three
peaks of information at different stages of movement? The first peak
of information may encode the absolute destination at the begin-
ning of the movement and so might act as a movement-error signal
(in spatial coordinates) helping to guide the hand towards the
target>”"". The second and third peaks of information may encode
the relative error at the end of the reach; this is too late to affect the
ongoing ballistic movement, but might help to improve subsequent
movements, that is, to refine motor skills>***'*"', Thus, we suggest
that signals for the ‘real-time’ control and ‘learning’ of movements'’
are both encoded by complex-spike discharge. O
Methods
Task procedures. We used two monkeys (Macaca fuscata, 7.5kg and 8.5 kg).
The monkeys’ reaching task is described above and shown in Fig. 1. Eye
movements were not controlled during the task. Video pictures showed that the
tip of the middle finger touched the screen first in most trials. The animals did
not use their palms. The reward was determined by the first position of touch,
that is, the position of touch by his middle finger in most trials. The touch
screen, liquid-crystal shutters, and reaching task were similar to those used in
human experiments'.
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Recording and histological identification of Purkinje-cell locations. After
training, a chronic recording chamber was implanted on the skull ipsilateral to
the trained arm. Extracellular action potentials of single Purkinje cells were
recorded by a glass-coated tungsten microelectrode. Purkinje cells were
identified by the presence of spontaneous complex-spike discharge. We
recorded as many trials as possible from all Purkinje cells that were
encountered, irrespective of their discharge characteristics. The discharges of
161 Purkinje cells were recorded from three hemispheres of the two animals
during the reaching task. Simple and complex spikes were discriminated online
using a PC-based spike discriminator that applies a principal-component
analysis to each spike form'". Discriminated trains of simple and complex
spikes in each trial were stored on a PC with the timings of the events. In each
hemisphere, several penetration tracks were marked by lesions made by passing
a direct current (10 wA for 20s) through the tip of the recording microelec-
trode. At the end of the recording sessions, the first animal was anaesthetized
and perfused with paraformaldehyde. Serial sections of the cerebellum were
made. Using the lesions as a reference, recording sites from the first animal
(n = 134) were all found to be in the intermediate and lateral hemispheres of
lobules IV-VI. Data from the second animal are still being recorded but X-ray
pictures indicate that the recording locations may be similar to those in the first
animal.

Data analysis. Stored data from simple-spike and complex-spike discharges
were analysed offline on a workstation (Sun, Ultra 2) using MATLAB. We
judged that simple and complex spikes were recorded from isolated Purkinje
cells when we confirmed a complete pause in simple spikes for 10 ms after
complex-spike onset. Of 161 Purkinje cells, 50 yielded enough data for further
analysis in that their simple-spike and complex-spike discharges were recorded
for more than 300 trials (33,041 trials in total). Information analysis was
applied to each of the 50 cells.

In the analysis, the predictive information available with an occurrence of
complex spikes (I ;) was estimated from the decrease in entropy as in equation
(1). The amount of information carried by the ‘lack’ of complex spikes (I )
was defined as Iz = I, — (n/N)log,(n/N) — Tt — ((n, — m)/(N — M))

X log,((n; — m;)/(N — N)), where the notation is the same as in equation
(1). The information carried by the complex spikes (I) was defined as:

I'=pl,+0-p)ls (2

where p is the probability of complex-spike occurrence during the time window
under consideration. We further defined the information transmission rate, I,
as I, = I/w, where w denotes the width of the time window. In equation (2), I
was negligibly small, and p is approximated by the product of firing frequency
(f) and was p = fw. Hence I, = f-I..

We used time windows of 100, 150 and 200 ms for those cells that were
recorded for more than 600 (n = 26), 450 (1 = 13) and 300 (n = 11) trials,
respectively. The longer time windows were adopted for cells recorded for fewer
trials to allow use of the x* test.

The axis that defined the four quadrants was rotated with a step of 10°, and
the calculation of the information and P values was repeated nine times. The
average of the nine calculations was used for the calculation of I, and for the
judgement of significance in the x? test.
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Synaptic vesicles retain
their identity through
the endocytic cycle
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After fusion of synaptic vesicles with presynaptic membrane and
secretion of the contents of the vesicles into the synaptic cleft (a
process known as exocytosis), the vesicular membrane is retrieved
by endocytosis (internalization) for re-use’. Several issues
regarding endocytosis at central synapses are unresolved, includ-
ing the location of membrane retrieval (relative to the active zone,
where exocytosis occurs), the time course of various endocytic
steps, and the recycling path taken by newly endocytosed
membranes. The classical model of synaptic-vesicle recycling,
proposed by analogy to other cellular endocytic pathways,
involves retrieval of the membrane, fusion of the membrane
with endosome-like compartments and, finally, budding of new
synaptic vesicles from endosomes’, although the endosomal sta-
tion may not be obligatory’. Here we test the classical model by
using the fluorescent membrane dye FM1-43 (refs 4-6) with
quantitative fluorescence microscopy. We find that the amount
of dye per vesicle taken up by endocytosis equals the amount of
dye a vesicle releases on exocytosis; therefore, we conclude that the
internalized vesicles do not, as the classical picture suggests,
communicate with intermediate endosome-like compartments
during the recycling process.

When vesicular membrane internalization occurs in the presence
of FM1-43, the dye is trapped inside the endocytosed vesicles*’.
Then, when the dye is removed from the external medium, the
FM1-43-labelled vesicles can be detected because of their
fluorescence. After mild synaptic activity in the presence of FM1-
43, the histogram of fluorescence intensity (which reflects the
amount of membrane retrieved*®) shows equally spaced peaks”®.
Such peaks revealed quantized endocytosis. In the present experi-
ments we aimed to load a few vesicles per synapse with FM1-43 and
to measure the decrease in fluorescence when some of these stained
vesicles were released. If vesicles maintain their identity through the
recycling process, then fluorescence should decrease with release in
the same quantal steps as those seen with endocytosis (Fig. la,
right). If, however, fusion with an endosomal compartment is part
of the vesicle-recycling process, the dye should be shared with that
compartment and the decrease in fluorescence seen when vesicles
are released should occur with smaller steps (Fig. 1a, left).
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