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Abstract—Spontaneous saccadic eye movements (2-25°) made by goldfish have an initial brief acceler-
ation. followed by a more prolonged deceleration. and occasionally a terminal phase during which the
velocity reverses sign following overshoot of the final position. Overshoots by the individual eyes are inde-
pendent events. The duration and the maximum velocity increase monotonically with the size of the sac-
cade. Goldfish saccades have greater durations and slightly smaller maximum velocities than mammalian

saccades of similar size.

INTRODUCTION

Saccadic eye movements are the very rapid shifts of
position which have been observed in a wide variety of
animals with mobile eyes. vertebrates and inverte-
brates alike. Primate saccades have been studied most
completely, and one feature which stands out is their
very great speed. Westheimer (1954) showed that
human saccades typically last tenths of seconds and
may reach velocities of several hundred degrees per
second. Robinson (1964) and Fuchs (1967) studied sac-
cades made by humans and monkeys and confirmed
and extended Westheimer's results. The great speed
was all the more remarkable following Robinson’s
(1964) analysis of the mechanics of the eye—orbital tis-
sues system. which he found to be heavily overdamped.
The high rotational velocities could only be achieved
if tension exerted by the agonistic muscle had an initial
transient much larger than the final value needed to
hold the eye at its new position. Robinson’s (1964) iso-
metric measurements of extraocular muscle tensions
during saccades confirmed that such a sequence of
forces did occur.

These two forces, early and late, must be matched
quite accurately if the saccade is to be executed
smoothly. If the transient is too great or lasts too long,
the saccade will overshoot the final value; if it is too
small or brief. the eye will undershoot and slowly
approach the final value from the direction of origin.
Both of these phenomena have been observed (Weber
and Daroff, 1972). which suggests that the transient
and sustained tensions are occasionally mismatched.
(For a discussion of the implications of this observa-
tion, see Easter. 1973, and Dell'Osso, Daroff and
Troost. 1973.)

The only other animal in which saccades have been
quantitatively studied is the rabbit (Collewijn, 1970). In
the work reported below I have investigated saccadic
eye movements in goldfish, and have concentrated on
the time course and, indirectly, the coordination of
transient and maintained tensions.

405

METHODS

Goldfish (Carassius auratus), 15-25cm long, were
obtained commercially (Ozark Fisheries. Stoutland. Mo.)
and kept singly and in pairs in 10-gal aquaria. During an
experiment, they were clamped in a sponge-lined holder, im-
mersed in water (20-22°C, the same temperature as the
holding tanks). and rigid stalks were attached by suction to
their corneas. Restrained goldfish spontaneously make sac-
cades (Johnstone and Mark, 1969) which are essentially
horizontal (Easter, 1971). As the eyes moved, so did the
stalks, and the orientations of these pointers in the horizon-
tal plane were measured by a flying spot scanner, the use
and calibration of which have been described previously
(Easter, 1971, 1972). Figure | schematizes the records. The
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Fig. 1. This is a schematic representation of the electronic
records of eye position and velocity.
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true eye position (top trace) was measured optically 60
times:sec. and appeared as a voltage, £(f). at the output of
a sample and hold unit (second trace). This voltage is
linearly related to the angular orientation of the eye in the
horizontal plane. This same voltage, delayed by 5 msec, and
called E{t ~ 5). appeared at the output of a second sample
and hold unit {third trace). and was continuously subtracted
electronically from E(¢). During most of the 16-7-msec sam-
pling interval. the difference was zero. but during the 5 msec
before the third trace has assumed the value of the second.
thev differed. and this difference in voltage (fourth trace)
gives the velocity, the number of degrees moved in the pre-
vious 16-7 msec. Since the data were often recorded on a
paper recorder. with a high frequency response of only
100 Hz, and this 3-msce pulse was 100 brict to be recorded
accurately. it was sampled by a third sample and hold unit
and its output appeared on the paper record.

Definitions and conventions

The following definitions were used:

T,. The duratian of the phase of ucceleration. measured
by counting the number of velocity samples clearly dis-
tinguishable from the base line. beginning with the first and
ending with the point of maximum deflection. This number
is then multiplied by the sampling interval (1/60 sec). In Fig.
2(a). lower trace, T, was 2/60 sec, or 33-3 msec.

T,. The duration of the subsequent deceleration.
obtained again from the velocity trace. and measured by
counting the number of samples from the end of T, until
the points cross. or become indistinguishable from. the base
line. In Fig. 2a). lower trace. T, is 6/60 sec or 100 msec.

T,. The duration of the entire saccade, equal to the sum
of (T, + T.)plus any additional time due to overshoot. In
Fig. 2(a). lower trace. Ty was 133-3 msec. Figure 2(c) shows a
saccade which overshot the final value, yielding T,
(183-3 msec) greater than (T, + T,) (1167 msec).

.. The maximum velocity. that of the point deviating
maximally from the baseline. In Fig. 2(a), lower trace. it is
the second point above the base line. and corresponds to an
angular velocity of 184°/sec, obtained by multiplying the
voltage by the calibration factor, to get degrees. and this
number by 60. the sampling rate.

M. The magnitude, measured by subtracting the initial
position from the position at T;. In Fig. 2(a). upper trace,
M was 9.

By convention. eye movements which are counterclock-
wise when viewed from above are positive and appear dir-
ected upward on the records; clockwise movements are the

(a) (b) (c)

a Position

- e s velocity

Fig. 2. These are oscillographs of individual saccades. all by

the same fish. recorded as indicated in Fig. 1. Calibration:

horizontal, 100 msec; vertical, 10° (upper records). 120°/sec
(lower records).

S. S. EASTER. JR.

opposite. Thus, when both eyes shift to the left, the left eye
moving temporad. the right, nasad. a positive saccade has
occurred.

RESULTS

Effects of the stalks

Before determining the time course. it was necessary
to evaluate the effects of the stalks on r,, and the Ts.
This was done by using stalks of several lengths on the
same eye. and noting the time courses of the saccades.

The measurements went as follows. With the fish re-
strained. a stalk was attached to one eye. and the next 50
saccades (position and velocity records) were recorded on
the two channel paper recorder. Then the stalk was replaced
by another. of different length. and another 50 saccades were
recorded. This was repeated until six sets of 50 saccades
were obtained. The order of stalk lengths was: 07, 12, 1-7,
2-2.2-7and 0-7 cm. This required about 45 min to complete.
after which the fish was returned to the holding tank.

Each saccade was scored for the five variables defined in
the preceding section. Then the data within each of the six
sets of 50 were pooled in multiple degree-wide bins of M|,
(bin width = 5-75° in the example below) and the mean
valuesof T;. T, T, and t,, were computed for each bin. The
saccades made with larger stalks were compared with those
made with the standard (0-7 cm. the shortest) by computing
ratios of the mean values of corresponding bins. For in-
stance. during the first run, with 0-7 cm stalk, counterclock-
wise saccades ranging from 575 to [1-5° had a mean |¢,} of
1177 /sec. When the stalk measuring 2-7 cm in length was on
the eye, this same range of saccades reached a mean |u,| of
only 37°/sec. The ratio, 37/117. was averaged with similarly
computed ratios for saccades of all other sizes made with
these two stalk lengths in place. The final number. a mean

Stsix length, cm Stalk Jengmn, <m

Sraik length, ¢m Stalk length, cm

Fig. 3. These four graphs (a—d} illustrate the effects of stalk
length on the variables, ¢,. T,. T, and T . which are defined
in the text. The abscissa gives the length of the experimental
stalk. The ordinate gives the ratio of the value obtained with
the experimental stalk (subscript. x) over the value obtained
with the standard stalk (0-7 cm., subscript. s). Stalks longer
than 1-2 cm slowed (a) and prolonged (b—d) the saccades.
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value of ratios of v, corrected for |M|, indicates the effect
of the longer stalks. These mean ratios are plotted in Fig.
3(a) where the abscissa gives the stalk length, and the
ordinate. the ratio just described. Note that the left-most
point. which gives the ratio (r, of the last run/c,, of the first
run), both of which were obtained with the same stalk, is
about unity. Therefore, the eye muscles had not fatigued
during the experiment.

In Figs. 3(b}{d). the relative durations of T;. T; and T;
are given, again vs stalk length.

In all four graphs, the points for ¢-7, 1-2 and 1'7cm
lengths are all about unity, indicating that the time course
and maximum velocity of saccades were not affected by
stalks of these lengths. However, when the two longer stalks
were used, duration increased and |v,| decreased. The in-
creased duration stemmed principally from prolongation of
the acceleratory phase [Fig. 3(b)] and addition of a third,
often oscillatory phase. Both of these changes are consistent
with the principal effect of the stalks being addition of sig-
nificant moment of inertia. Robinson (1964) has shown that
the moment of inertia of the orbital contents of primate eyes
is negligible. It seems reasonable to assume that the same
is true of the goldfish eye, in view of the structural similari-
ties of the two.

The important point is that the data from the shorter
stalks all lie on the horizontal corresponding to unity ratio,
which suggests that the time course and velocity of saccades
measured under these conditions are as they would be with
no stalks. All the data described below were obtained on
animals of about the same size as those used to generate Fig.
3. Stalks lengths were 1-0~1-2 cm.

Time course

Examination of Fig. 2 reveals most of the qualitative
features of saccades. The initial acceleratory phase rose
quite abruptly from the noisy baseline, seldom lasted
longer than 50 msec, and was followed by a more pro-
longed deceleration. This latter usually approached the
baseline asymptotically, as seen in Fig. 2(a), but infre-
quently the velocity overshot or undershot. Over-
shoots resulted in oscillations, as illustrated in Fig. 2(c).
Undershoots resulted in a terminal period of constant
velocity, as shown in Fig. 2(b), but they were difficult
to identify with any degree of assurance. In the
example of Fig. 2(b), it is quite clear, but briefer ter-
minal periods can not be so surely distinguished from
the more common asymptotic approach. However, the
overshoots were quite clear, and their occurrence was
investigated in three fish to determine if they were sys-
tematically related to any other variable.

Each fish was restrained as usual, and both eyes
monitored. Binocular saccades were recorded on a
fourchannel storage oscilloscope and immediately
scored for Ty, T, T; and M. M was scored to the near-
est mm (i.e. 3-0° of eye movement) on the oscilloscope
screen. T's were scored to the nearest 1/60 see. Fifty
binocular saccades were recorded from each fish.

Of the 300 saccades examined, only 43 overshoots
were seen, but 29 or these were made by the same fish.
The other two made 11 and 3, respectively. This con-
firmed earlier impressions that the tendency to over-
shoot varied considerably from fish to fish. Although
individual fish often showed a tendency to overshoot
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with one eye or in one direction. there was no system-
atic tendency for overshoots to be associated preferen-
tially with one eye or with one direction.

The binocular independence of overshoots was in-
vestigated next. If an overshoot in one eye were inde-
pendent of the occurence of an overshoot in the other,
then the probability of simultaneous overshoots in
both eyes should be predictable from the product of
the individual probabilities of either. The animal which
made 29 overshoots made 17 with the left eye and 12
with the right. The predicted number of simultaneous
overshoots is:

17 12
 x — = 4-15.
% x % x 50 15

In fact, five were observed. A similar analysis for the
other two fish yielded:

| 2
-~ -~ x 50 = 004
0% 50"
and:
l 10
-5'6>< S—OX 50 = 0-20.

The observed values were 0 and |, respectively. These
results support the hypothesis that overshoots were in-
dependent events; that is, a mismatched sequence of
tensions in one eye was not generally accompanied by
a mismatch in the other. This suggests that the motor
programs of the two eyes are either independently
generated, or at least independently susceptible to
modification,

These same data were analysed to reveal the depen-
denceof T,. T; and Ty on M. There were quantitative dif-
fercncesbetween individualfish, butall were alike in that
larger saccadus lasted longer. due almost entirely to in-
creases in T.. while T; was nearly constant. These
observations are summarized in Fig. 4, data from the
animal with the greatest range of M. The ordinate
gives the mean value appropriate to all saccades of
magnitude given by the abscissa. Saccades made by left
and right eyes, in either direction, were pooled to
obtain each mean. The nearly horizontal regression
between T, and ‘M, is quite ditferent from the steep
slope of the squares, which plot T; on |M|. Finally, the
filled circles show that T, the duration of the entire
saccade, increased also with {M|.

The dependence of v,, on M was assessed in a very
similar way. In this case three (different) fish were used.
one eye was monitored, and each saccade was scored
for v,, and M, the latter to 2-0° accuracy. Quantitative
differences between individual fish were not so great as
with the T7s. so the numbers from all three were pooled.
Figure 5 shows the data arranged in 4°-wide bins of
IM|, with the symbols representing the means. The |v,.|
increased monotonically with |[M| and reached values
of several hundred degrees/sec. The values obtained by
sampling at 60 Hz surely represent an underestimate of
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Fig. 4. This shows the dependence of T\. T, and T; on

M:. for onc fish. The lines are the least squares linear
regressions.

the true v,, as is obvious when one considers the vel-
ocity trace in Fig. 2(a), for example. The recorded v,
was that of the second sample, 184°/sec, but the most
plausible continuous curve drawn through all the
points would reach its peak some time between the
second and third samples, at a value above the veloci-
ties recorded at those two times.
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Fig. 5. This shows the dependence of v, on ‘M data
pooled from three fish. The line is the least squares linear
regression: t,, = 67 + 21 IM| degrees/sec.
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DISCUSSION

The measurements of the time course of saccades
may be compared with the data from mammals. First,
the v,’s are hundreds of degrees/sec, about the same as
those reported for primates (Westheimer, 1954; Robin-
son, 1964; Fuchs. 1967) and rabbits (Collewijn. 1970).
The profile of velocity vs time seems to be quite differ-
ent in the fish, however, as the records of Robinson
(1964, Fig. 1) and Fuchs (1967, Fig. 4) show that pri-
mate velocity was essentially constant for most of the
saccade. The fish, on the other hand, never maintained
a constant velocity for long—the cyes were cither accel-
erating toward or decclerating from. the maximum
value. It is unlikely that this difference is due to the
presence of the measuring stalk on the fish’s eye, since
the main effect of the stalk was to increase the moment
of inertia, which would oppose accelerations.

Another difference between primate and goldfish
was the relation of r, and Mi. Becker and Fuchs
(1969) found that |v,| increased roughly linearly as |M]|
increased from 10 to 60°. but the increase only
amounted to about 2°/sec per degree. In the goldfish,
the slope was about tenfold greater (Fig. 5), but this dif-
ference may be due in part to the different ranges being
compared. The data of Collewijn (1970) from rabbits
more closely resemble the fish than the primate.

Finally, the duration of saccades was quite depen-
dent on their magnitude, as in primates (Robinson,
1964). A useful summary relation is the least squares
linear regression for data pooled from all three fish:

Ty = 67 + 2:8 |M| msec.

(As was mentioned earlier, individual fish varied
widely. For instance, the uppermost line in Fig. 4 inter-
sects the ordinate at 95 msec rather than 67.) This
expression should be compared with Robinson's result
for humans (Robinson, 1964; Alpern, 1969):

Ty = 21 + 222 M msec,

and Fuchs’ (1967) result for monkeys (estimated from
Fig. 5 of that paper):

T, =18 + 1'1 M msec.

The goldfish saccades lasted longer, presumably
because the high velocity, which fish and primates
achieved about equally quickly, was not maintained by
the fish.

Both Robinson (1964) and Fuchs (1967) noted differ-
ences in the durations of temporad and nasad sac-
cades. No systematic differences were noticed in the
fish, but this should not be taken to mean that there
were none. In fact, the temporal resolution of the 60 Hz
sampling rate would not detect differences as small as
those noted in primates.

SUMMARY

(1) Spontaneous horizontal saccadic eye move-
ments, 2-25° in amplitude, made by restrained gold-
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fish, were measured. There were two and sometimes
three phases.

(2) During the first phase the eye accelerated to its
maximum velocity. The duration of this phase was
roughly constant, between 33 and 50 msec for saccades
of all sizes.

(3) During the second phase, the eye decelerated
back to zero velocity, and occasionally overshot the
final position. The duration of this phase was usually
greater than the first, and depended strongly on the
magnitude of the saccade.

(4) During the (infrequent) third phase, the velocity
reversed sign one or more times before the eye reached
its final position.

(5) The duration and the maximum velocity were
positively correlated with the magnitude of the sac-
cade, as in mammals. Velocities reached several
hundred degrees/sec, comparable with mammals. The
durations were suhstantially longer than mammalian
saccades of comparable size.
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