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The sudden movement of a wide-field image leads to a reflexive eye tracking response
referred to as short-latency ocular following. If the image motion occurs soon after a saccade the initial speed of the ocular following is enhanced, a phenomenon known as postsaccadic enhancement. We show in macaque monkeys that repeated exposure to the
same stimulus regime over a period of months leads to progressive increases in the
initial speeds of ocular following. The improvement in tracking speed occurs for ocular following with and without a prior saccade. As a result of the improvement in ocular following
speeds, the influence of post-saccadic enhancement wanes with increasing levels of training. The improvement in ocular following speed following repeated exposure to the same
oculomotor task represents a novel form of sensori-motor learning in the context of a reflexive movement.

Published: December 4, 2017
Copyright: 2017 Hietanen et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.
Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files.
Funding: This work was supported by the
Australian Research Council [http://arc.gov.au]
through the Centre of Excellence for Integrative
Brain Function (CE140100007 to MRI), by the
National Health and Medical Research Council of
Australia [http://nhmrc.gov.au] (GNT1028710 to
MRI) and the Lions Clubs of Victoria [http://
lionsclubs.org.au/] to SLC. The funders had no role
in study design, data collection and analysis,

Introduction
When sudden, unexpected displacements of a large, textured image are presented to primates,
reflexive, stereotypical ocular following responses occur, which begin the process of stabilizing
the image of the moving scene on the retina (monkeys[1]; humans [2]). There are two features
of these responses of particular note here. First, the initial speeds of the tracking eye movements are enhanced if the image motion occurs immediately after a saccade: post-saccadic
enhancement [3]. This is interesting because it reveals that a reflexive oculomotor action is
influenced by a preceding motor event. While the visual motion stimulus generated by the
saccade sweeping the retina across the scene is responsible for some of the enhancement [3],
evidence suggests that there is also considerable influence from the corollary discharge (i.e.,
efferent copy) of the signals associated with the generation of the saccade [4–6]. Corollary discharges are internal facsimiles of motor commands, which provide information to the brain
about motor actions [7–10].
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Second, an experiment was conducted in which monkeys were exposed for 3 days to
repeated double speed steps that generated ocular following [11]. The stimuli were designed
to induce visual errors by consistently varying the speed or direction of the second step from
that of the first. After 3 days of exposure to the double steps, post-saccadic ocular following
responses were tested with single speed steps. It was found that the ocular following responses
to the speed steps were modified in predictable ways. For example, when the second speed step
was faster than the first, the speed of ocular following responses to single speed steps was consistently increased. It remains unclear over what timescales this sensori-motor learning takes
place, and what behavioral advantage is provided by the post-saccadic enhancement.
Previous studies have demonstrated changes in oculomotor reflexes on timescales of a few
days. We wondered how these reflexes might change as a result of training or exposure over
longer timescales. We established that in the absence of a prior saccade, initial ocular following
speeds increased over 20–30 repeated sessions, conducted over 60–150 days. As a result of
these increases the influence of post-saccadic enhancement was reduced, presumably because
eye speeds were already enhanced by the learning effect and a saturation level was attained.
The learning effect occurs over a much slower timescale than previously reported oculomotor
changes such as saccadic adaptation [12–14], suggesting that the visual errors are learned and
incorporated into the motor plan on a range of timescales. Here, we reveal a capacity for one
of the eye movement control systems in primates to be modified over long periods of repeated
exposure to an oculomotor task. Having established that this learning effect occurs for shortlatency ocular following, the paradigm may prove useful as a tool for investigating sensorimotor learning.

Methods
Data were collected from two male pigtail macaques (Macaca nemestrina). Surgical and experimental procedures were performed in compliance with National Institutes of Health (USA)
and National Health and Medical Research Council (Australia) guidelines and protocols
approved by the Institutional Animal Care and Use Committee at Monash University (SOBSA/
P/2008/75). Each animal was implanted with a custom titanium headpost under general anaesthesia [15]. The headpost restricted head movements and allowed precise measurements of eye
position during daily experimental sessions, which lasted approximately 60 minutes.

Visual stimuli and task
Monkeys were comfortably seated with the head stabilized and received a fruit juice reward
every 0.5–1 s for maintaining fixation. Visual stimuli were presented on a Sony CPD-G520
CRT monitor spanning 40 × 30 cm (W × H) placed 57 cm in front of the monkeys. The screen
had a resolution of 1024 x 768 pixels (W × H) and a frame rate of 100 Hz. Monkeys were initially trained to maintain fixation on a single red spot (the fixation target) and to make saccades to any new fixation target that appeared on the screen (only one target was present at
any time). During the training phase they were not exposed to the sudden image motion that
occurred in the short- or long-delay conditions described below. To obtain regular fruit juice
rewards, the monkeys simply had to maintain fixation and make saccades when necessary.
During the experimental phase monkeys fixated one of three peripheral targets presented
over a vertically oriented grating pattern with a spatial frequency of 0.781 cpd (Fig 1A). The
peripheral target was either 10˚ to the left, right or below the center of the screen. During a
trial, the peripheral target was removed and replaced with a target presented at the center of
the screen. The monkey was required to make a centering saccade to this target. After the centering saccade, the monkey was required to maintain fixation for a period of either 50 ms
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Fig 1. Visual stimuli, task and sample eye traces. A. Visual stimuli and task. Monkeys viewed vertical
cosine gratings and were required to fixate a small target (red). The fixation target was initially presented 10˚
either to the left, to the right or below the center of the screen. This peripheral target was then removed and
replaced with a central target that the monkeys were required to saccade to and fixate for either 50 ms (shortdelay condition) or 300 ms (long-delay condition). At the end of this delay the grating began moving either to
the left or to the right. This motion elicited robust ocular following eye movements. B. Sample eye traces.
Example vertical (top) and horizontal (middle) eye position, and horizontal eye speed (bottom) traces from
one monkey for both the short- and long-delay conditions. Eye traces for all trials (gray) were aligned at the
start of the motion. Red and blue traces show mean eye position and speed signals for the long- and shortdelay conditions respectively. The rectangular box on the horizontal eye speed trace indicates the analysis
window for calculation of initial ocular following eye speeds.
https://doi.org/10.1371/journal.pone.0189030.g001

(short-delay condition) or 300 ms (long-delay condition) after which the central fixation target
was removed and the background grating moved randomly to the left or right at 80˚/s for 250
ms, triggering reflexive horizontal ocular following eye movements (Fig 1B). The short-delay
of 50ms was selected in order to facilitate the effect of the preceding saccade on the subsequent
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ocular following response, while still allowing time for the completion of the saccade prior to
background motion beginning. The long delay of 300ms was selected to balance the need to
minimise the effects of the prior saccade and the increasing likelihood for the monkey to break
fixation as post saccadic delay increased. The monkeys were given a juice reward if they completed this sequence without making inappropriate saccades at any time. We assessed how the
initial eye speed during short-latency ocular following responses changed during repeated
exposure over months of testing with the same paradigm. Three parameters were varied within
each daily session. First, saccade direction was randomly varied on each trial, with animals
making upward, leftward or rightward saccades prior to image motion. Second, motion direction was randomly varied on each trial, with leftward or rightward image motion presented
after the saccade. Third, to test for the influence of post-saccadic enhancement, we varied the
motion onset delay, with the image motion starting either 50 ms (short-delay) or 300 ms
(long-delay) after saccade end. These manipulations ensured that animals were unable to predict the direction or timing of the image motion and could not make systematic compensatory
eye movements. Saccade direction, delay condition and motion direction were presented in
random order.
All trial sequences were analysed manually following each session. Trials were excluded if
there was a second saccadic eye movement between the delay trigger and the onset of motion
(defined as any eye velocity exceeding 20˚/s). Given the increased probability of second saccades occurring in the longer fixation period during the long-delay condition it was necessary
to incorporate the presentation of twice as many long-delay than short-delay conditions to
obtain approximately equal saccade counts across conditions.

Data collection
Eye position was measured using a 1000 Hz video-based eye tracker (EyeLink 1000; SR
Research, Mississauga, ON, Canada). We have previously demonstrated that the spatial and
temporal precision of this eye tracker is suitable for characterizing single trial measures of ocular following [16]. For timing of the onset delay of the post-saccadic motion stimulus, saccade
end was defined as that point when the eye position came within 1˚ of the saccade target.

Data analysis
Eye velocity was calculated off-line using a low-pass digital differentiating filter (N = 32 ms,
low-pass cut-off 80 Hz). Onset of the post-saccadic test stimulus was determined by way of a
frame synchronous event marker generated by the stimulus computer. For each trial we calculated the mean eye speed in an 85 ms window beginning 50 ms after the motion stimulus
onset. The start of this window corresponded to the onset of the earliest ocular following
responses, defined as the earliest time after motion onset at which the eye acceleration in the
direction of the motion exceeded 100˚/s2. Enhancement was defined by taking the ratio of the
short-delay condition and the long-delay condition:
Enhancement à

eye speed Öshort delayÜ
eye speed Ölong delayÜ

Ö1Ü

Results
The effect of training was examined by averaging initial eye speeds across all valid trials within
each experimental session (one per day for each monkey) spread over a period of several
weeks to months. A total of 9027 valid saccade sequences were collected from Monkey 1, and
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3348 valid saccade sequences from Monkey 2. Sessions typically lasted between 30 and 60 minutes depending on the motivation and accuracy of performance of the monkey.
As the two monkeys showed different levels of motivation, Monkey 1 was tested over 154
days (21 sessions). 337 days later an additional 7 sessions (22–29) were collected between day
482 and 490, while Monkey 2 was tested over 60 days (21 sessions). Matching sessions (22–29)
from Monkey 2 were not able to be obtained.
In total, four variables in our experiment could affect ocular following speed: (1) saccade
direction; (2) motion direction; (3) motion onset delay; and (4) test session. Preliminary analysis of the data using a 4-way ANOVA (saccade direction, motion direction, motion onset delay
and session) showed that the least significant predictor of ocular following speed was the main
effect of saccade direction (monkey 1: F2,9020 = 13.53, p<1.36x10-6, μ2 = 0.002, monkey 2:
F2,3342 = 26.60, p<3.46x10-12, μ2 = 0.0066). Due to the low power (μ2<0.01) of saccade direction as a predictor of ocular following speed, this parameter was not considered in the rest of
the analysis. Instead a thorough analysis of the significant effects of saccade direction are presented as S1 Appendix, in the supplementary materials and a brief summary of these effects is
presented after the main analysis.
After removing saccade direction as a predictor: A 3-way ANOVA (excluding saccade
direction) was conducted for each animal.

Monkey 1
A 3-way ANOVA incorporating onset delay, motion direction and session was conducted. A
significant main effect of onset delay (F1,9012 = 1627.6, p<0.001, μ2<0.098) was demonstrated
such that ocular following speeds for each eye and session were always faster for short delays
where the saccade is more likely to have an effect on the subsequent ocular following response
(initial eye speed = 7.85˚/s, SEM = 0.03) than long delays where the ocular following speed is
unlikely to be affected by the preceding saccade (initial eye speed = 5.73˚/s, SEM = 0.04˚/s).
Other main effects for motion direction (F1,9012 = 4955.8, p<0.001, μ2<0.298) and session
(F1,9012 = 336.41, p<0.001, μ2<0.061) were also identified. A significant 2-way interaction
between motion direction and session number was found (F1,9012 = 108.00, p<0.001,
μ2<0.018), so the effects of onset delay were considered separately for rightward (Fig 2A)
and leftward motion (Fig 2B). A 2-way ANOVA of the effect of onset delay and session number for rightward stimulus motion showed a significant interaction (F3,4534 = 27.89, p<0.001,
μ2<0.0136). Consequently, 1-way ANOVAs examining the influence of session were conducted for each onset delay. For the short-delay and rightward stimulus motion there was a
significant increase in ocular following speed (x˚/s±SEM = 5.5±0.28, 7.1±0.27, 8.5±0.25 & 9.8
±0.05) over successive binned sessions (Fig 2A, circles; F3,2292 = 108.85, p<0.001, μ2<0.125).
Bonferroni-corrected pairwise comparisons showed significant differences of 1.6˚/s, 1.4˚/s,
and 1.3˚/s respectively, between successive bins of sessions (t-tests, p<0.001), demonstrating
that between every set of binned sessions there was an increase in ocular following speeds
immediately following a saccade. The total increase of 4.3˚/s between the first sessions and the
last sessions was also significantly different (t2091 = 15.48, p<0.001). For the long-delay condition there was a similar but stronger increase in ocular following speeds (x˚/s±SEM = 2.3
±0.35, 3.3±0.28, 5.2±0.20 & 8.4±0.06) with session number (Fig 2A, squares; F3,2242 = 266.46,
p<0.001, μ2<0.263). Bonferroni-corrected pairwise comparisons showed significant increases
of 1.0˚/s, 1.9˚/s, and 3.2˚/s respectively, over successive sessions (t-tests, p<0.001). The total
increase of 6.1˚/s between the first sessions and the last sessions was also significantly different
(t1962 = 17.11, p<0.001), demonstrating a significant increase in ocular following eye speeds
with time that is unlikely to have been affected by the preceding saccade.
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Fig 2. Initial eye speeds of the two monkeys over sessions. A,B. Mean ocular following eye speed for
monkey 1 for rightward (A) and leftward (B) image motion plotted against binned sessions following saccades
to the center of the screen at short (circles) and long (squares) delays. Error bars represent 95% confidence
intervals. D,E. The same plots for monkey 2. C,F. The ratio of ocular following speed for the short-delay
versus the long-delay conditions (Enhancement, Eq 1) for rightward and leftward motion in monkey 1 (C) and
monkey 2 (F). In general, ocular following eye speed was faster in the short-delay condition. Over time, initial
ocular following eye speed increased such that this post-saccadic enhancement of the ocular following
response was completely (monkey 1) or partly (monkey 2) abolished.
https://doi.org/10.1371/journal.pone.0189030.g002

A 2-way ANOVA of the effect of onset delay and session for leftward stimulus motion
showed a significant but powerless interaction (F3,4478 = 21.21, p<0.001, μ2<0.01). There was
a main effect of onset delay, revealing a significant increase in ocular following speeds following the short-delay condition (x = 6.2˚/s) compared to the long-delay condition (x = 3.7˚/s,
F1,4478 = 668.84, p<0.001, μ2 = 0.105). There was also a significant but weaker main effect of
session number (F3,4478 = 44.14, p<0.001, μ2 = 0.021). Bonferroni-corrected pairwise comparisons of binned sessions as they progressed found significant increases between the marginal
means of only the last two bins (Fig 2B, 15–21 & 22–29) in the progression (t4135 = 7.49,
p<0.0001), collected 337 days apart.
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It is established that ocular following speeds are higher when image motion commences
immediately after the end of a saccade.
The level of post-saccadic enhancement (Eq 1) decreases over sessions, as is evident in the
ratio of ocular following eye speeds for the short- and long-delay conditions (Fig 2C). For both
left- and rightward image motion the relative impact of the post-saccadic enhancement in the
short-delay condition decreased over time.

Monkey 2
Similar trends were found for the two monkeys; as for Monkey 1, a 3-way ANOVA incorporating onset delay, motion direction and session was conducted. Again the most significant
main effect was that of onset delay (F1,3337 = 5451.9, p<0.001, μ2<0.305) demonstrating that
ocular following speeds were significantly faster for short delays (initial eye speed = 6.05˚/s,
SEM = 0.14˚/s) than long delays (initial eye speed = 2.82˚/s, SEM = 0.09˚/s). Significant
main effects of motion direction (F1,3337 = 2053.0, p<0.001, μ2<0.257) and session number
(F1,3337 = 117.57, p<0.001, μ2<0.030) were also found. A significant 2-way interaction between
motion direction and session number was identified (F1,3337 = 95.63, p<0.001, μ2<0.022), and
between onset delay and motion direction (F1,3337 = 148.26, p<0.001, μ2<0.017), so the effects
of onset delay were considered separately for rightward (Fig 2D) and leftward motion (Fig 2E).
A 2-way ANOVA of the effect of onset delay and session number for rightward stimulus
motion showed significant main effects for both parameters (onset delay: F1,1639 = 1233.5,
p<0.001, μ2<0.384; session: F2,1639 = 141.32, p<0.001, μ2<0.088). Bonferroni-corrected
pairwise comparisons of binned sessions as they progressed found a significant increase of
1.41˚/s between the marginal means of the bin containing the first seven sessions (initial eye
speed = 3.41˚/s, SEM = 0.10˚/s) and the bin containing the subsequent seven sessions (initial
eye speed = 4.82˚/s, SEM = 0.11˚/s) (t-tests, p<0.0001). There were no further significant
increases in ocular following speed between the second and third bin (t-test, p>0.05).
A 2-way ANOVA of the effect of motion onset delay and session number for leftward stimulus motion showed only a significant increase (F1,1698 = 1617.5, p<0.001, μ2<0.492) for ocular following motion in the short-delay condition (initial eye speed = 2.91˚/s, SEM = 0.07˚/s)
compared to the long-delay condition (initial eye speed = 0.93˚/s, SEM = 0.04˚/s). Taking
the ratio of initial ocular following eye speeds for the short- and long-delay conditions (Eq 1)
revealed a reduction in the relative impact of the post-saccadic enhancement (Fig 2F) as sessions progressed, as was the case for Monkey 1. Due to other experimental demands, we were
unable to test Monkey 2 beyond the initial 21 sessions.

Ocular following changes depend on the number of training sessions
So far, we have assessed the change in initial ocular following speed in relation to session number. This revealed reasonable consistency between the two monkeys. However, as the animals
had different inherent levels of motivation, i.e. M1 was more reluctant to perform the task
than M2, the collection of comparable amounts of data required larger inter-session times. As
such, Monkey 1 was tested over a longer period (154 days; 21 sessions) than Monkey 2 (60
days; 21 sessions). Replotting the data against session number (Fig 3A–3C) and directly comparing it with the data plotted against days (Fig 3D–3F) suggests that the training effect
occurred more rapidly when the sessions were closer together (Monkey 2) but reached similar
levels of enhancement after similar numbers of sessions (21 sessions). The data obtained from
M1 suggests that this training effect seems to persist even following a gap between sessions 21
and 22 of over 7 months. Unfortunately, M2 was no longer available for testing after the 21st
session to allow for replication between animals.
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Fig 3. Time course of ocular following adaptation in the two monkeys. Comparison of the ocular
following speed and of the post-saccadic enhancement across an equal number of sessions (A-C) and across
time (D-F) between the two monkeys. Ocular following speeds increase over time (with ongoing exposure to
the same paradigm), but mainly for rightward motion. Both Monkeys had slight differences in eye speed
related to saccade direction, with Monkey 1 showing larger and sustained increases over time in ocular
following responses for rightward background motion, and Monkey 2 reaching peak ocular following
responses for rightward motion over fewer sessions.
https://doi.org/10.1371/journal.pone.0189030.g003

Ocular following eye speed changes involving saccade direction
To determine whether visual stimulation during a saccade would influence the ocular following response, we presented stationary vertical gratings during both horizontal and vertical saccades. As the gratings were vertical and stationary during saccades, upward saccades should
not have presented a large visual drive prior to the onset of background motion as the saccade
is along the grating. In contrast leftward and rightward saccades could hypothetically provide
an apparent motion stimulus during the saccade that may affect the subsequent ocular following response speeds. During a rightward saccade across a vertical grating the apparent motion
on the retina would be leftward and vice-versa. A rightward saccade, would lead to leftward
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apparent motion. We would then expect reduced ocular following speeds for leftward background motion and/or increased ocular following speeds for rightward motion. The opposite
effect should hypothetically be present for leftward saccades. The vertical saccades serve as a
useful baseline to compare the interaction between leftward and rightward saccades and 3 possible outcomes are possible:
1. Post saccadic enhancement is unaffected by the interaction between the apparent motion
due to a saccade and the motion of the background after the saccade;
2. Post-saccadic enhancement improves tracking of the background over baseline. In this
case tracking in the same direction as the saccade should be faster than both tracking in the
opposite direction to the saccade and to the upward saccades;
3. Post-saccadic enhancement offsets a deficit in eye-speed induced by the apparent motion
during the saccade. In this case tracking in the opposite direction to the saccade would be
slower than both tracking in the same direction as the prior saccade and tracking following
an upward saccade.
While our results (Fig 4 & S1 Appendix) demonstrate that there are significant interactions
between saccade direction and background motion direction. For Monkey 1 the pattern of
post-saccadic enhancement varied in a pattern consistent with the third outcome outlined
above, particularly for the first 7 sessions where the effect of saccade direction explained
11.61% and 9.02% of the variability in eye-speed for rightward and leftward background
motion respectively but only for the 50ms delay condition. This result was partially replicated
in sessions 15–21 where 21.7% of the variability in ocular following speeds for rightward
motion were reduced following leftward saccades. For Monkey 2 the pattern of post-saccadic
enhancement varied in a pattern consistent with the second example outcome outlined above.
Ocular following speeds where the direction of the saccade and background motion were
the same were significantly increased in every condition, compared to when saccades were
upward or in the opposite direction to the subsequent background motion. Saccade direction
explained between 5.95% & 20.03% of the variability in eye speed in short post-saccadic delay
conditions, consistently across time. While for the long delay conditions saccade direction
explained between 0.75%(NS) and 6.09% of the variability in post-saccadic eye speeds. Importantly in both monkeys there was a small but significant differential effect of visual stimulation
during the saccade on subsequent ocular following speeds.

Discussion
We have observed two new changes in ocular following that occur over many weeks of testing.
Primarily, the speed of short-latency tracking eye movements increases with training over long
periods but appears to be dependent more on the total exposure (sessions) to the ocular following stimulus presented, and unaffected by the passage of time during which testing was not
conducted. Unfortunately the training schemes of both of our monkeys were not similar with
M1 taking 150 days, and M2 taking 60 days to complete 21 sessions. As a result, future research
may be required to replicate our findings that the training effect isn’t affected by intersessional
delays. Additionally, we were unable to collect data after the 21st session from M2, as we had
from M1. This result should also be considered tentative until it is replicated. Furthermore, the
post-saccadic enhancement of ocular following speed correspondingly diminishes. In both
animals the direction of a centering saccade (left, right or up) had no effect on changing the
initial speeds of post-saccadic ocular following responses. For both animals, ocular following
speeds were also significantly higher for short versus long post-saccadic delays, regardless of

PLOS ONE | https://doi.org/10.1371/journal.pone.0189030 December 4, 2017

9 / 15

Adaptation in the oculomotor system

Fig 4. Analysis of ocular following speed following saccades at 0, 90 and 180 degrees. Comparison of
the ocular following speed for Monkey 1 (A-C) and Monkey 2 (D-F). Each plot: 1) shows the saccade direction
across a stationary vertical grating (abscissa) plotted against the ocular following eye speed (ordinate); 2)
Open circles show the responses at short delay (50ms) conditions, while the x’s show the responses at the
long delay (300ms) conditions; 3) Solid and dashed lines indicate that the background motion driving the
ocular following response was rightward (0deg) or leftward (180deg) respectively. Monkey 1 shows a
tendency for ocular following responses to be reduced when the background motion during ocular following is
in the opposite direction to the preceding saccade, compared to the same or vertical conditions. This effect is
strongest and equal for short delay conditions (circles) in the first 7 sessions (A). Monkey 2 shows a tendency
for ocular following responses to increase when background motion is in the same direction as the preceding
saccade, compared to the opposite and vertical directions. This effect is strongest for the short delay
conditions (circles 50ms) and is consistently strong across sessions (D-F).
https://doi.org/10.1371/journal.pone.0189030.g004

the direction of the saccade or image motion. This provides strong support for the existence of
post-saccadic enhancement in the paradigm used. Ocular following speeds were faster in both
animals for rightward versus leftward image motion. Given that all recordings were obtained
from each animal’s right eye, this indicates a tendency for higher ocular following speeds when
the eye is tracking from nasal-to-temporal. Similar asymmetries in ocular following speeds for
leftward and rightward stimuli have been noted in both monkey and human subjects previously [1–2], however as the present study did not collect data from the left eye during recordings we are unable to comment beyond the fact that the asymmetry in ocular following
responses between responses to leftward and rightward background motion do not conflict
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with prior studies. Most importantly in the context of the present paper, both animals showed
slow but significant increases in ocular following speed as time progressed when rightward
motion was presented to the right eye. This finding was also found for leftward motion in
Monkey 1. The increase in ocular following speed occurred both when the tracking occurred
immediately after a saccade (short-delay condition) or long after a saccade (long-delay
condition). The increase in initial speed was great enough that the influence of post-saccadic
enhancement was reduced to quite low levels after 20–29 test sessions, suggesting that there is
a physical limit on how fast the initial eye speeds can be. Our results also suggest against comparing results across time when using short-latency ocular following paradigms, as the amplitude of the baseline reflex is not constant.
What mechanism could be at work to slowly increase initial ocular following speeds over
days, weeks and months of training? What makes this question particularly interesting is that
the monkeys never gain any particular advantage from the reflexive ocular following. The
image motion only lasts 150 ms and eye speeds are never able to catch up with the stimulus in
that short time. Therefore, initial enhancement does not obviously lead to improved image stability. Despite this lack of feedback, the system improves its initial speeds.
By exposing monkeys for 3 days to repeated motion stimuli that generated ocular following
and induced visual errors, Miles and Kawano showed that the animal’s ocular following
responses were subject to visually mediated adaptive change [11]. This finding revealed that
some type of plasticity occurs in the oculomotor reflex but the authors did not differentiate
between the basic ocular following reflex and post-saccadic enhancement. In their experiments, ocular following always occurred 50 ms after a saccade, so all ocular following was subject to post-saccadic effects. Experiments in which a saccade was made to a moving target,
which was then required to be tracked by the subject using smooth pursuit, have shown that
the retinal slip during the smooth pursuit generates saccadic adaptation [17]. This implies that
tracking responses, such as smooth pursuit and short-latency ocular following have the capacity to future influence saccades. However, in our paradigm we were able to show that a prior
saccade was not necessary to induce the increases in ocular following speeds, so it is unlikely
that saccadic adaptation has a role in this effect.
Even though the Havermann study [17] relates to saccadic adaptation and smooth pursuit,
which use circuits that differ from those involved in short-latency ocular following [14,18], the
finding that retinal slip speed had an important adaptive effect has a bearing on the present
findings. Also, they point out that the signal that drove the saccadic adaptation is dissociated
in time from the error signal (retinal slip) that induced the change. That is, only when the next
saccade to a moving target occurred could any saccadic changes be seen. This is similar to our
paradigm. The increase in initial ocular following speeds depended entirely upon the exposure
to retinal slip during previous ocular following sessions, which might have occurred days or
weeks earlier. Therefore, we argue that the effect we have observed represents a form of motor
learning. A similar form motor learning has been demonstrated in smooth pursuit tasks occurring at a variety of time scales, including within a single trial (subsequent catch-up saccades
are reduced in size), across a session, and from session-to-session [19]. They demonstrated
that pursuit eye-movement behaviours are acquired, with initial trials and sessions showing a
larger number of catch up saccades. Our study demonstrates that initially the ocular motor system shows enhancement immediately following a saccade (in our ocular following task) and
that this enhancement diminishes over sessions. This post saccadic enhancement of tracking
may provide an insight into why catch-up saccades are favoured in early sessions of smooth
pursuit tasks such as those used by Bourelly and colleagues.
Oculomotor plasticity has previously been reported in the context of the Optokinetic
Response (OKR), vestibulo-ocular reflex (VOR), smooth pursuit and saccades. Collectively,
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these adaptations help improve the stability of the visual scene on the retina. The OKR generates eye rotation to stabilise the visual image on the retina by turning in the direction of the
motion of the visual world. The VOR generates eye rotation that opposes head movements to
stabilise the visual world on the retina [20–21]. If the counter-rotating eye and head movements are not perfectly matched (e.g. because of the introduction of lenses or systematic
stimulus manipulation) a visual “teaching” signal indicates that the gain and phase of the eye
movements should be updated. This process of learning a new visual-vestibular relationship is
evident within 30 minutes—much shorter than the timescales we report. Critically, it only saturates after many days, and is hypothesised to depend on long-term depression in the cerebellum [22–25]. Smooth pursuit adaptation is commonly demonstrated by having subjects
volitionally track a moving target, which undergoes a small step change in speed 100–200 ms
after the initial onset of motion [26–27]. After prolonged exposure to these step changes, eye
acceleration changes, effectively anticipating the step change. As in VOR learning, smooth
pursuit adaptation is evident within a few hundred trials ([27]) and is dependent on the dorsolateral pontine nucleus [28] and cerebellar vermis [29].
A third type of oculomotor plasticity is evident in saccade adaptation, which can be generated by shifting a saccade target while the eye is in motion; consistent undershoots (or overshoots) in final eye position relative to the target lead to compensatory decreases (increases) in
saccade size after 1000–2000 saccades [12–13]. Complete compensation for saccadic errors can
be stably achieved within a testing session lasting an hour, and depend on the oculomotor vermis and caudal fastigial nucleus in the cerebellum [14,30]. In addition to this short term saccade adaptation, a longer-term effect was reported when macaques made 1000–3000 saccades
in daily testing sessions over 3 weeks, but were blindfolded during non-training periods [31].
The neuronal basis of this slower adaptation is unclear.
Intriguingly, the timescales of previously-reported adaptation effects vary markedly from
hundreds of trials through to many days. A distinguishing feature of the phenomenon that we
report is that it arises simply through repetition of the “normal” reflex, whereas previous studies have deliberately manipulated the sensory inputs. The adaptation that we have observed is
also particularly striking because the long-term manipulation that we apply is not as severe as
in other contexts. For example, in studies of long term saccade adaptation, animals were blindfolded when not being tested [31], and studies of VOR adaptation have animals wear lenses for
many months [32].
The size of the effect we have observed suggests that adapting the ocular following reflex is
critical for ensuring stability of the visual image. Where might this effect originate? Learning
in the VOR depends on the cerebellum [21, 33, 34], and may specifically depend on a mechanism of long-term depression that involves the metabotropic glutamate receptor subtype 1
(mGluR1) [23]. Given that VOR learning depends on a similar visual error signals to our protocol, we argue that the cerebellum is one of the sites that undergo plasticity during ocular following adaptation. In line with this view, computational work by Yamamoto and colleagues
[35–36] showed that simulated plastic changes in the synaptic inputs of Purkinje cells in the
cerebellar paraflocculus could produce ocular following adaptation. Given that VOR learning
depends on a similar visual error signal to our protocol, we argue that cerebellar long-term
depression may also underpin adaptation in ocular following.

Visual stimulation during a saccade influences subsequent ocular
following responses
We hypothesised that if visual stimulation during a saccade were to influence the post-saccadic
enhancement of the ocular following response [3], then it would be demonstrable by either; 1)
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an increased ocular following speed when tracking a background moving in the same direction
as the saccade or 2) a reduced ocular following speed when tracking a background moving
the opposite direction as the saccade. We used vertical saccades as a control where the visual
drive during a saccade would be small as the saccade would be along the contour of the grating
rather than across it. We found each of our monkeys displayed one of these patterns of effects,
particularly when the delay between saccade and background motion onset was short. This
demonstrates that there is a small but significant visual effect on the short latency ocular following response as was also shown by Cloherty and colleagues [6].

Supporting information
S1 Data. This file contains the values used for conducting the analyses presented in the
main results.
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(DOCX)

Author Contributions
Conceptualization: Markus A. Hietanen, Nicholas S. C. Price, Shaun L. Cloherty, Michael R.
Ibbotson.
Data curation: Markus A. Hietanen, Nicholas S. C. Price, Shaun L. Cloherty, Kostas
Hadjidimitrakis.
Formal analysis: Markus A. Hietanen, Shaun L. Cloherty.
Funding acquisition: Nicholas S. C. Price, Shaun L. Cloherty, Michael R. Ibbotson.
Investigation: Markus A. Hietanen, Nicholas S. C. Price, Shaun L. Cloherty, Kostas Hadjidimitrakis, Michael R. Ibbotson.
Methodology: Markus A. Hietanen, Nicholas S. C. Price, Shaun L. Cloherty, Michael R.
Ibbotson.
Project administration: Markus A. Hietanen, Nicholas S. C. Price, Michael R. Ibbotson.
Resources: Markus A. Hietanen, Nicholas S. C. Price, Kostas Hadjidimitrakis, Michael R.
Ibbotson.
Software: Markus A. Hietanen, Nicholas S. C. Price, Shaun L. Cloherty.
Supervision: Markus A. Hietanen, Nicholas S. C. Price, Kostas Hadjidimitrakis, Michael R.
Ibbotson.
Validation: Markus A. Hietanen, Nicholas S. C. Price, Shaun L. Cloherty, Kostas Hadjidimitrakis, Michael R. Ibbotson.
Visualization: Markus A. Hietanen, Shaun L. Cloherty, Michael R. Ibbotson.
Writing – original draft: Markus A. Hietanen, Nicholas S. C. Price, Shaun L. Cloherty,
Michael R. Ibbotson.
Writing – review & editing: Markus A. Hietanen, Nicholas S. C. Price, Kostas Hadjidimitrakis, Michael R. Ibbotson.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189030 December 4, 2017

13 / 15

Adaptation in the oculomotor system

References
1.

Miles FA, Kawano K, Optican LM.Short-latency ocular following responses of monkey. I. Dependence
on temporospatial properties of visual input. J Neurophysiol 1986; 56: 1321–1354. PMID: 3794772

2.

Gellman RS, Carl JR, Miles FA. Short latency ocular-following responses in man. Vis Neurosci 1990; 5:
107–122. PMID: 2278939

3.

Kawano K, Miles FA. Short-latency ocular following responses of monkey. II. Dependence on a prior
saccadic eye movement. J Neurophysiol 1986; 56: 1355–1380. PMID: 3794773

4.

Ibbotson MR, Crowder NA, Cloherty SL, Price NS, Mustari MJ. Saccadic modulation of neural
responses: possible roles in saccadic suppression, enhancement, and time compression. J Neurosci
2008; 28: 10952–10960. https://doi.org/10.1523/JNEUROSCI.3950-08.2008 PMID: 18945903

5.

Cloherty SL, Mustari MJ, Rosa MG, Ibbotson MR. Effects of saccades on visual processing in
primate MSTd. Vision Res 2010; 50: 2683–2691. https://doi.org/10.1016/j.visres.2010.08.020 PMID:
20732345

6.

Cloherty SL, Crowder NA, Mustari MJ, Ibbotson MR. Saccade-induced image motion cannot account
for post-saccadic enhancement of visual processing in primate MST. Front Syst Neurosci 2015; 9: 122.
https://doi.org/10.3389/fnsys.2015.00122 PMID: 26388747

7.

Sperry RW. Neural basis of the spontaneous optokinetic response produced by visual inversion. J
Comp Physiol Psychol 1950; 43: 482–489. PMID: 14794830

8.

von Holst E, & Mittelstaedt H. Das Reafferenzprinzip. Wechselwirkungen zwischen Zentralnervensystem und Peripherie. Naturwissenschaften 1950; 37, 464–476.

9.

Grusser O.J. (1994). Early concepts on efference copy and reafference. Behavioral and Brain Sciences
2, 262–265.

10.

Wurtz RH. Corollary Discharge in Primate Vision, Scholarpedia 2013; 8(10): 12335.

11.

Miles FA, Kawano K. Short-latency ocular following responses of monkey. III. Plasticity. J Neurophysiol
1986; 56: 1381–1396. PMID: 3794774

12.

McLaughlin SC. Parametric adjustment in saccadic eye movements. Perception & Psychophysics
1967; 2: 359–362.

13.

Straube A, Fuchs AF, Usher S, Robinson FR. Characteristics of saccadic gain adaptation in rhesus
monkeys. J Neurophysiol 1997; 77: 874–895. PMID: 9065856

14.

Hopp JJ, Fuchs AF. The characteristics and neuronal substrate of saccadic eye movement plasticity.
Prog Neurobiol 2004; 72: 27–53. https://doi.org/10.1016/j.pneurobio.2003.12.002 PMID: 15019175

15.

Price NS, Born RT. Timescales of sensory- and decision-related activity in the middle temporal and
medial superior temporal areas. J Neurosci 2010; 30: 14036–14045. https://doi.org/10.1523/
JNEUROSCI.2336-10.2010 PMID: 20962225

16.

Blum J, Price NS. Reflexive tracking eye movements and motion perception: one or two neural populations? J Vis 2014; 14: 23.

17.

Havermann K, Volcic R, Lappe M. Saccadic adaptation to moving targets. PLoS ONE 2012; 7:e39708.
https://doi.org/10.1371/journal.pone.0039708 PMID: 22768109

18.

Kawano K. Ocular tracking: behavior and neurophysiology. Curr Opin Neurobiol 1999; 9: 467–473.
https://doi.org/10.1016/S0959-4388(99)80070-1 PMID: 10448153

19.

Bourrelly C, Quinet J, Cavanagh P, & Goffart L. Learning the trajectory of a moving visual target and
evolution of its tracking in the monkey. J Neurophysiol 2016; 116: 2739–2751. https://doi.org/10.1152/
jn.00519.2016 PMID: 27683886

20.

Lisberger SG. The neural basis for motor learning in the vestibulo-ocular reflex in monkeys. Trends
Neurosci 1988; 11: 147–152. PMID: 2469182

21.

Lisberger SG. Neural basis for motor learning in the vestibuloocular reflex of primates. III. Computational and behavioral analysis of the sites of learning. J Neurophysiol 1994; 72: 974–998. PMID:
7983549

22.

Ito M. Long-term depression. Annu Rev Neurosci 1989; 12:85–102. https://doi.org/10.1146/annurev.ne.
12.030189.000505 PMID: 2648961

23.

Shutoh F, Katoh A, Kitazawa H, Aiba A, Itohara S, Nagao S. Loss of adaptability of horizontal optokinetic response eye movements in mGluR1 knockout mice. Neurosci Res 2002; 42: 141–145. PMID:
11849733

24.

Katoh A, Yoshida T, Himeshima Y, Mishina M, & Hirano T. Defective control and adaptation of reflex
eye movements in mutant mice deficient in either the glutamate receptor 2 subunit or Purkinje cells.
European Journal of Neuroscience. 2005; 21(5): 1315–26. https://doi.org/10.1111/j.1460-9568.2005.
03946.x PMID: 15813941

PLOS ONE | https://doi.org/10.1371/journal.pone.0189030 December 4, 2017

14 / 15

Adaptation in the oculomotor system

25.

Wakita R, Tanabe S, Tabei K, Funaki A, Inoshita T, & Hirano T. Differential regulations of vestibulo-ocular reflex and optokinetic response by - and 2-adrenergic receptors in the cerebellar flocculus. Scientific Reports. 2017; 7(3944).

26.

Fukushima K, Tanaka M, Suzuki Y, Fukushima J, Yoshida T (1996) Adaptive changes in human smooth
pursuit eye movement. Neurosci Res 25: 391–398. PMID: 8866520

27.

Kahlon M, Lisberger SG. Coordinate system for learning in the smooth pursuit eye movements of monkeys. J Neurosci. 1996; 16: 7270–7283. PMID: 8929434

28.

Ono S, Mustari MJ. Horizontal smooth pursuit adaptation in macaques after muscimol inactivation of
the dorsolateral pontine nucleus (DLPN). J Neurophysiol. 2007; 98: 2918–2932. https://doi.org/10.
1152/jn.00115.2007 PMID: 17804582

29.

Takagi M, Zee DS, Tamargo RJ. Effects of lesions of the oculomotor cerebellar vermis on eye movements in primate: smooth pursuit. J Neurophysiol. 2000; 83: 2047–2062. PMID: 10758115

30.

Kojima Y, Soetedjo R, Fuchs AF. Effect of inactivation and disinhibition of the oculomotor vermis on saccade adaptation. Brain Res. 2011; 1401: 30–39. https://doi.org/10.1016/j.brainres.2011.05.027 PMID:
21679930

31.

Robinson FR, Soetedjo R, Noto C. Distinct short-term and long-term adaptation to reduce saccade size
in monkey. J Neurophysiol. 2006; 96: 1030–1041. https://doi.org/10.1152/jn.01151.2005 PMID:
16672299

32.

Kuki Y, Hirata Y, Blazquez PM, Heiney SA, Highstein SM. Memory retention of vestibuloocular reflex
motor learning in squirrel monkeys. Neuroreport. 2004; 15: 1007–1011. PMID: 15076724

33.

Partsalis AM, Zhang Y, Highstein SM.Dorsal Y group in the squirrel monkey. II. Contribution of the cerebellar flocculus to neuronal responses in normal and adapted animals. J Neurophysiol. 1995; 73: 632–
650. PMID: 7760123

34.

Blazquez PM, Davis-Lopez de Carrizosa MA, Heiney SA, Highstein SM. Neuronal substrates of motor
learning in the velocity storage generated during optokinetic stimulation in the squirrel monkey. J Neurophysiol. 2007; 97: 1114–1126. https://doi.org/10.1152/jn.00983.2006 PMID: 17093114

35.

Yamamoto K, Kobayashi Y, Takemura A, Kawano K, Kawato M. Computational studies on acquisition
and adaptation of ocular following responses based on cerebellar synaptic plasticity. J Neurophysiol.
2002a; 87: 1554–1571

36.

Yamamoto K, Kobayashi Y, Takemura A, Kawano K, Kawato M. Cerebellar plasticity and the ocular following response. Ann N Y Acad Sci 2002b; 978: 439–454.

PLOS ONE | https://doi.org/10.1371/journal.pone.0189030 December 4, 2017

15 / 15

