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Summary 

Arguably visual information is the most important source of sensory information for us 

human beings, allowing us to perceive the world. Almost a quarter of our brain is 

devoted to visual processing. To achieve a precise projection of objects of interest onto 

the retinal fovea, the region offering the highest spatial resolution and other 

advantages for the analysis of visual objects, two major types of eye movements, 

saccades and smooth pursuit are deployed. Saccades shift the image of an object of 

interest into the fovea. In case the object should be moving, smooth pursuit eye 

movements (SPEM) try to keep the image of the object within the confines of the fovea 

in order to ensure sufficient time for its analysis. 

It has been known that the oculomotor vermis (OMV) of the cerebellar cortex is 

dedicated to the control of both saccades and SPEM. However, it has remained 

unclear if the same oculomotor vermal neurons contribute to controlling these two 

different types of movements, a scenario that does not look very likely considering their 

dramatically different kinematics. To address this question, we recorded the activity of 

OMV Purkinje cells (PCs), the only type of output neuron of cerebellar cortex, in 

monkeys, and the most suitable animal model for studies of the cerebellar control of 

eye movements made by humans. During recordings the monkeys were performing 

saccades and smooth pursuit eye movement (SPEM). Subjecting the recorded 

saccade and SPEM related PC simple spike responses to a multiple regression 

analysis, we found that, for saccades, the neural firing pattern is mainly determined by 

eye position. In contrast, in the case of SPEM, eye velocity plays the most important 

role in defining the firing pattern. These results indicate that the cerebellar 

computations for saccades and SPEM are different, even at the level of individual PCs.  

Both saccades and SPEM can be adaptively changed by the experience of 

insufficiencies, compromising the precision of saccades or the minimization of object 

image slip in the case of SPEM. As both forms of adaptation rely on the cerebellar 

oculomotor vermis (OMV), most probably deploying a shared neuronal machinery, one 

might expect that the adaptation of one type of eye movement should affect the 

kinematics of the other. In order to test this expectation, we subjected 2 monkeys to a 

standard saccadic adaption paradigm with SPEM test trials at the end and, 

alternatively, the same 2 monkeys plus a 3rd one to a random saccadic adaptation 

paradigm with interleaved trials of SPEM. In contrast to our expectation we observed 

at best marginal transfer which, moreover was little consistent across experiments and 

subjects. The lack of consistent transfer of saccadic adaptation decisively constrains 
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models of the implementation of oculomotor learning in the OMV, suggesting an 

extensive separation of saccade and SPEM-related synapses on P-cell dendritic trees. 

The OMV projects ipsilaterally to the caudal fastigial nuclei (cFN) (Yamada & Noda, 

1987), which is also called the fastigial oculomotor region. Not surprisingly, in view of 

the established role of the OMV in the control of saccades and SPEM, also the cFN is 

known to contribute to both.  

Microsaccades are small saccades produced during fixation, whose amplitudes are <1 

degree. The concept of a microsaccade-saccade continuum is supported by the fact 

that studies on the underpinnings of microsaccades have shown that those oculomotor 

structures explored contribute to saccades of all sizes. The OMV is one of these 

structures for which a microsaccade-macrosaccade continuum has been established. 

As shown in this second work package, this continuum is maintained at the level of the 

cFN, the recipient of saccade-related signals from the OMV. Furthermore, we 

demonstrate that the pre-microsaccadic baseline firing rate of cFN neurons has 

properties suitable to ensure precise fixation. 

In summary, our results demonstrate the participation of the cerebellum in the control 

of saccades and SPEM at the level of cerebellar cortex as well as at the level of the 

caudal fastigial nucleus. It establishes that, contrary to the still dominating view of a 

separation of the cerebellar machinery for saccades and SPEM, these two forms of 

goal-directed eye movements rely on largely overlapping, if not identical circuitry. 

Irrespective of this overlap, learning based adjustments maintain a stunning degree of 

independence. This is established by our behavioral work. It suggests that this 

specificity may be a consequence of delimiting distinct dendritic territories of OMV 

Purkinje cells for the two types of eye movements. Finally, this work supports the notion 

of a general micro- macrosaccade continuum by establishing that also cFN neurons 

care for both, micro- and macrosaccades.   
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Introduction 

This dissertation addresses the role of cerebellum in the control of eye movements, using 

eye movements as a suitable model in our quest for the role of the cerebellum. The human 

brain involves roughly 86-100 billion neurons (Azevedo et al., 2009; Herculano-Houzel, 

2009).  The mammalian cerebellum takes up only 10% of the brain volume; however, it 

contains as many as 69 billion neurons, i.e. about two thirds of all brain neurons (Azevedo 

et al., 2009).  

Vision is the dominant sense that we deploy to gather information about the 

surrounding world. In order to achieve clear vision, we have to orientate our line of 

sight towards the object of interest, ensuring that the retinal image is moved from the 

foveal periphery into its center, the rod-free foveola (Gass, 1999; Li, Tiruveedhula, & 

Roorda, 2010). This allows vision to exploit the superior visual acuity accommodated 

by this region (Poletti, Listorti, & Rucci, 2013; Putnam et al., 2005). Once shifted into 

the fovea by saccades, the object image is stabilized there by smooth pursuit eye 

movements, compensating movements of the object in the world. 

The two types of goal directed eye movements are ideal models of visually guided 

behavior: eye movements are easy to measure, their biomechanics are comparatively 

simple with 6 muscles moving the eyes and the eye movement-control circuits do not 

need to compensate for variable loads. Saccades are brief ballistic movements that 

align the visual axis with a target. Saccades can reach velocities of many 100°/s. The 

velocity is positively correlated with the amplitude, a relationship that is called the 

saccadic main sequence (Bahill, Clark, & Stark, 1975).  Although saccades shift the 

object image from one location on the retina to another one at high speed, we neither 

perceive a change of the position of the object nor object image motion during the 

saccade. The reason is that our brains suppress access of visual signals around the 

saccades (saccadic suppression, (Bridgeman, Hendry, & Stark, 1975; Thiele, Henning, 

Kubischik, & Hoffmann, 2002)) and use non-visual signals to maintain spatial stability 

of object location despite changes of the retinal position of the object image (McConkie 

& Currie, 1996; Poletti, Listorti, & Rucci, 2010). Given the fact that the duration of 

saccades, on the order of 20 to 100 ms, depending on amplitude, is less or equal the 

latencies of visual signals, there is no time for online visual feedback to correct 

saccades in progress. Although their latencies would in principle be short enough to 

serve feedback control, also proprioceptive signals from the eyes do not affect saccade 

trajectories (Guthrie, Porter, & Sparks, 1983; Keller & Robinson, 1971).  The lack of 

benefit of sensory feedback notwithstanding, saccades are astonishingly precise. The 
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necessary precision of the control signals is warranted by a feedback circuit that does 

not rely on sensory feedback but on internal feedback, involving an efference copy of 

the saccade command (Enderle, Wolfe, & Yates, 1984; Moschovakis, 1994; D. A. 

Robinson, 1964; Scudder, 1988).  

Smooth pursuit eye movements (SPEM) are used to track moving objects in order to 

keep their image on the fovea. They are confined to velocities below 10°/s or at most 

30-50°/s (de Brouwer, Yuksel, Blohm, Missal, & Lefevre, 2002; Fuchs, 1967; D. A. 

Robinson, 1965; Westheimer, 1954). A feedback system that translates the motion of 

the target on the retina into an eye movement response is responsible for the 

generation of smooth pursuit (Rashbass, 1961; D. A. Robinson, Gordon, & Gordon, 

1986). However, the first 100-150 ms of pursuit are still open loop, i.e. driven by 

uncompensated retinal target motion, due to the delay of the visual signals. In other 

words, the first 100-150 ms of SPEM are totally dependent on the retinal motion signal 

and a gain that transform the target movement into eye velocity. Hence, this early 

phase is called open-loop pursuit/ pursuit initiation. 

The cerebellar control of saccade and pursuit has been well established, underlying 

the textbook view that the flocculus/paraflocculus is dedicated to SPEM (Lisberger & 

Fuchs, 1978) and the OMV to saccades (Kase, Miller, & Noda, 1980). Patients with 

cerebellar degeneration suffer from saccadic dysmetria (Buttner, Straube, & Spuler, 

1994; Zee, Yee, Cogan, Robinson, & Engel, 1976) and they exhibit abnormal SPEM 

(Lekwuwa, Barnes, & Grealy, 1995; Moschner et al., 1999; Moschner, Zangemeister, 

& Demer, 1996). More specifically, with regard to saccades, clinical and experimental 

lesion studies showed that it is an impairment of vermal lobuli VIc and VIIa, the 

saccade-related region of cerebellar cortex that causes saccadic dysmetria (Barash et 

al., 1999; Golla et al., 2008; Ignashchenkova et al., 2009; Optican & Robinson, 1980; 

Ritchie, 1976; Takagi, Zee, & Tamargo, 1998).  Furthermore, it has been shown 

recently that optical stimulation of PCs in this cerebellar region caused dysmetria as 

well (El-Shamayleh, Kojima, Soetedjo, & Horwitz, 2017). Therefore, lobules VIc 

and VII  have been named the oculomotor vermis (OMV)  (Noda & Fujikado, 1987).  

With regard to SPEM, much of previous work has emphasized a major role of a 

different part of the cerebellum, namely  the flocculus/paraflocculus complex (Blazquez 

& Yakusheva, 2015; Kahlon & Lisberger, 2000; Medina & Lisberger, 2008, 2009; Noda 

& Warabi, 1986; Rambold, Churchland, Selig, Jasmin, & Lisberger, 2002; Stone & 

Lisberger, 1990; Zee, Yamazaki, Butler, & Gucer, 1981). The assumption of an 

anatomical segregation is understandable in view of the profoundly different 
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kinematics of saccade and pursuit. Yet, it has more recently become clear that lesions 

of the OMV not only impair saccades but also the initiation of SPEM (Barash et al., 

1999; Ohki et al., 2009; Takagi, Zee, & Tamargo, 2000; Vahedi, Rivaud, Amarenco, & 

Pierrot-Deseilligny, 1995), which suggests that the OMV may be involved in both types 

of eye movements. The lesion evidence for a role of the OMV in SPEM is supported 

by electrical stimulation experiments, which showed that stimulation here may not only 

evoke saccades (Fujikado & Noda, 1987; Ron & Robinson, 1973), but also pursuit-like 

slow eye movements (Krauzlis & Miles, 1998). Moreover, already early 

electrophysiological recording studies could establish that at least some individual PCs 

in the OMV respond to saccades as well as SPEM (Sato & Noda, 1992; Suzuki & Keller, 

1988). Such ‘dual’ OMV PCs might be oddities with little if any functional relevance. 

On the other hand, they might be representatives of an important computational 

principle serving as common ground for saccades and SPEM, deployed by the OMV. 

In the first part of this dissertation (see study 1), I will attempt to address the properties 

of these neurons by recording PCs during saccades and SPEM (Sun, Smilgin, Junker, 

Dicke, & Thier, 2017).  

The caudal fastigial oculomotor region (FOR), also known as cFN, is the major 

projecting target of the oculomotor vermis (Yamada & Noda, 1987), which in turn  

projects contralaterally to a number of brainstem nuclei implicated in saccades such 

as the paramedian reticular formation (PPRF), the dorsomedial medullary reticular 

formation, the omnipause neuron region and the more rostral parts of the superior 

colliculus (Batton, Jayaraman, Ruggiero, & Carpenter, 1977; Homma, Nonaka, 

Matsuyama, & Mori, 1995; May, Hartwich-Young, Nelson, Sparks, & Porter, 1990; 

Noda, Sugita, & Ikeda, 1990; Sato & Noda, 1991; Sugita & Noda, 1991), as well as the 

medial accessory nucleus of the inferior olive (MAO) (Dietrichs & Walberg, 1985; Ikeda, 

Noda, & Sugita, 1989; Ruigrok & Voogd, 1990). Not surprisingly, in view of its 

connectivity, previous work has been able to provide ample electrophysiological 

evidence for a role of the  FOR in the control of saccades (Fuchs, Robinson, & Straube, 

1993; Goffart, Chen, & Sparks, 2004; Helmchen, Straube, & Büttner, 1994; Hepp, 

Henn, & Jaeger, 1982; Inaba, Iwamoto, & Yoshida, 2003; Noda et al., 1988; Ohtsuka 

& Noda, 1991, 1992; Straube, Helmchen, Robinson, Fuchs, & Buttner, 1994; Vilis & 

Hore, 1981). In accordance with this evidence, lesions of the caudal fastigial nucleus 

(Fuchs et al., 1993; Goffart et al., 2004; Straube et al., 1994; Vilis & Hore, 1981) have 

shown to compromise the precise control of saccades, leading to “saccadic” dysmetria. 

Moreover, inactivation of cFN gave rise to the disruption of pursuit initiation due to 

abnormal initial eye acceleration by injecting muscimol (F. R. Robinson, Straube, & 
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Fuchs, 1997), a result which implied the participation of this nucleus in the control of 

SPEM. Indeed, also electrophysiological recordings have been able to support a role 

of the cFN in SPEM (Büttner, Fuchs, Markert-Schwab, & Buckmaster, 1991; Fuchs, 

Robinson, & Straube, 1994; F. R. Robinson, Straube, & Fuchs, 1993). 

As mentioned before, rather than deploying distinct sets of PCs and fastigial neurons, 

some OMV PCs and fastigial neurons with oculomotor sensitivity are tuned to 

saccades as well as to SPEM. Given the fact that both control and adaptation of 

saccades and SPEM seem to rely on the OMV and as well on the FOR it seemed 

reasonable to hypothesize that adaptive changes of one of the two behaviors should 

have implications for the respective other. However, whether the adaptation of one 

type of eye movement can affect the other type of eye movement has never been 

tested. In other words, whether saccadic learning may spill over to SPEM should be 

studied. To examine this possibility was one of the aims of this dissertation (see study 

2) (Sun et al., 2017).   

We make big saccades when exploring objects in the world around us and they follow 

moving objects with SPEM. However, even during fixation of a static object, our eyes 

do not stay still. Actually, there are three types of small amplitude eye movements 

during fixation: microsaccades, drift and tremor. Microsaccades are  small saccades 

with an amplitude of <1° down to a few minutes of arc seen during fixation (Martinez-

Conde, Macknik, & Hubel, 2004), which had initially been deemed oculomotor noise 

(Kowler & Steinman, 1980). However, many studies have sustained the notion that 

microsaccades serve vision. A first line of evidence is that images tend to fade if image 

shifts due to microsaccades are prevented by technical means (Ditchburn & Ginsborg, 

1952). However, a role in preventing fading would in principle not rule out that 

microsaccades are a manifestation of (uncontrolled) oculomotor noise. Nevertheless, 

recent findings have clearly suggested that microsaccades are indeed well controlled 

(Bridgeman & Palca, 1980; Cui, Wilke, Logothetis, Leopold, & Liang, 2009; Ko, Poletti, 

& Rucci, 2010; McCamy, Najafian Jazi, Otero-Millan, Macknik, & Martinez-Conde, 

2013; Thaler, Schutz, Goodale, & Gegenfurtner, 2013; Winterson & Collewijn, 1976), 

ensuring the precise relocation of  the retinal image towards the foveal center, the rod-

free foveola (Gass, 1999; Li et al., 2010). Given the important role of the OMV in fine 

tuning the amplitude of macrosaccades, one might expect that also the programming 

of precise microsaccades might require the participation of cerebellum. In fact, a 

previous study has demonstrated that OMV P-cells  are involved in the control of 

microsaccades (Arnstein, Junker, Smilgin, Dicke, & Thier, 2015). In a third project of 
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my dissertation (study 3), I explored if also the FOR, the major target of the oculomotor 

vermis, contributes to the control of microsaccades (Sun, Junker, Dicke, & Thier, 2016). 
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Aims of this dissertation 

A first aim is to clarify the contribution of OMV PCs to the two types of goal directed 

eye movements. Do the same OMV PCs contribute to saccades and to SPEM or does 

the OMV offer distinct populations of saccade and SPEM PCs with some minor overlap? 

And in case of significant overlap, how do OMV PCs accommodate the very different 

kinematic requirements of saccades and SPEM? In order to find answers to these 

questions, we studied OMV PCs in experiments on saccades and SPEM in order to 

determine the influence of saccade and SPEM kinematics on the discharge (1st study, 

Appendix 1). 

As the first study could establish that indeed practically every OMV PC contributes to 

both saccades and SPEM, our next aim was to test, if learning based adjustments of 

saccades, based on changes of information processing at the level of OMV PCs spill 

over to SPEM (2nd study, Appendix 2). 

Finally, in a study of FOR neurons, we aimed at the cerebellar processing of 

information on microsaccades. More specifically, we tested the idea of a 

microsaccade-macrosaccade continuum, previously suggested by work on the OMV 

(3rd study, Appendix 3). 
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Summary of scientific findings 

 

Study 1:  

The same oculomotor vermal Purkinje cells encode the very different kinematics of 

saccades and of smooth pursuit eye movements.   

Zong-Peng Sun, Aleksandra Smilgin, Marc Junker, Peter W. Dicke, Peter Thier. 

Sci Rep, 7: 40613. 

In this study we show that individual OMV PCs are involved in both saccades and 

SPEM, the very different kinematic requirements of the two types of eye movements 

notwithstanding.  Based on a rigorous statistical analysis, we demonstrate that eye 

position and velocity are able to explain a substantial amount of the discharge 

variability independent of eye movement type. Yet, eye velocity sensitivity is 

substantially higher for SPEM, thereby compensating for the much lower eye velocities. 

This finding suggests that OMV PC SSs might deploy signals primarily to optimize eye 

movements in the face of viscous forces. 

 

Study 2:   

Short-term adaptation of saccades does not affect smooth pursuit eye movement 

initiation.  

Zong-Peng Sun, Aleksandra Smilgin, Marc Junker, Peter W. Dicke, Peter Thier. 

J Vis, 17 (9), 19-19 

We tried to demonstrate transfer of saccadic adaptation using two different paradigms, 

a first one, in which saccadic adaptation blocks preceded tests of SPEM and a second 

one, in which saccadic adaptation trials and SPEM test trials were presented randomly 

interleaved. We observed at best marginal transfer which, moreover was little 

consistent across experiments and subjects. The lack of consistent transfer of saccadic 

adaptation decisively constrains models of the implementation of oculomotor learning 

in the OMV, suggesting an extensive separation of saccade and SPEM-related 

synapses on P-cell dendritic trees. 

 

https://www.ncbi.nlm.nih.gov/pubmed/28091557
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Study 3:   

Individual neurons in the caudal fastigial oculomotor region (FOR) convey information 

on both macro- and microsaccades. 

Zong-Peng Sun, Marc Junker, Peter W. Dicke, Peter Thier. 

Eur J Neurosci, 44(8), 2531-2542. 

We demonstrate that individual FOR neurons process both micro- and macrosaccade 

related signals.  In accordance with previous studies, we found that FOR neurons 

exhibited saccade-related bursts earlier for contraversive saccades than for ipsiversive 

saccades, both for macro- and microsaccades. In general, the burst for 

macrosaccades started later compared to the one for microsaccades. These 

qualitative similarities suggest in principle similar contributions to the control of 

saccades independent of amplitude. 
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Conclusions and outlook 

Taken together, our results indicate that the cerebellar system for goal-directed eye 

movements involving the OMV and its target in the deep cerebellar nuclei, the FOR, is 

identical for saccades and SPEM and, moreover, for macro- and microsaccades. This 

was completely unexpected as both the kinematic and the dynamic requirements of 

these various forms of eye movements are very different. Profound differences 

distinguish not only SPEM and saccades but also large and small amplitude saccades 

whose velocities may differ by a factor of 5 to 10. Although the cerebellar machinery 

serving micro- and macrosaccades and SPEM seems to be identical down to the level 

of single PCs, a certain degree of independence of different types of eye movements 

and their learning based adjustment could still be achieved if at least distinct dendritic 

territories with distinct sets of parallel fiber synapses were reserved for the various 

types of eye movements. Yet, as discussed in detail in (Sun, Smilgin, Junker, Dicke, & 

Thier, 2017), the price would be the need to invest into additional machinery separating 

saccade and SPEM related signals in cerebellum dependent target structures in the 

brain stem. Arguably such investments would not be too useful if the major role of the 

cerebellum were the compensation of influences that would affect distinct (oculo-) 

motor systems in a more or less selective and specific manner. On the other hand, 

they would help if the influence to deal with would be unspecific as to the specific 

(oculo-) motor system. Unveiling this common influence on (oculo-) motor behavior 

that is largely independent of the details of movement kinematics or dynamics will be 

the major task for future work on the cerebellum. It may in the end lead to a novel view 

of the scope of this most intriguing part of the brain.  
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The same oculomotor vermal 
Purkinje cells encode the different 
kinematics of saccades and of 
smooth pursuit eye movements
Zongpeng Sun1,2, Aleksandra Smilgin1,2, Marc Junker1,2, Peter W. Dicke1 & Peter Thier1

Saccades and smooth pursuit eye movements (SPEM) are two types of goal-directed eye movements 
whose kinematics differ profoundly, a fact that may have contributed to the notion that the underlying 
cerebellar substrates are separated. However, it is suggested that some Purkinje cells (PCs) in the 
oculomotor vermis (OMV) of monkey cerebellum may be involved in both saccades and SPEM, a puzzling 
finding in view of the different kinematic demands of the two types of eye movements. Such ‘dual’ 
OMV PCs might be oddities with little if any functional relevance. On the other hand, they might be 
representatives of a generic mechanism serving as common ground for saccades and SPEM. In our present 
study, we found that both saccade- and SPEM-related responses of individual PCs could be predicted well 
by linear combinations of eye acceleration, velocity and position. The relative weights of the contributions 
that these three kinematic parameters made depended on the type of eye movement. Whereas in the 
case of saccades eye position was the most important independent variable, it was velocity in the case 
of SPEM. This dissociation is in accordance with standard models of saccades and SPEM control which 
emphasize eye position and velocity respectively as the relevant controlled state variables.

Saccades and smooth pursuit eye movements (SPEM) are two synergistic types of eye movements which allow the 
visual system to exploit the advantages of foveal vision for the analysis of objects of interest (‘targets’). Whereas 
saccades shift the target image onto the fovea, SPEM are deployed to stabilize it there despite movements of the 
target relative to the observer. The kinematics of these two types of goal-directed eye movements differ pro-
foundly. Saccades are fast, short-duration eye movements, reaching peak velocities of many 100°/s. These features 
ensure that the time during which vision is compromised because of retinal image slip is kept to a minimum. On 
the other hand, SPEM are continuous eye movements confined to velocities below 10°/s or at most 30–50°/s1–4. 
To accommodate the very different kinematics of saccades and SPEM, different control strategies are needed. 
This is why the discussion of their implementation has been dominated by the assumption of specialization and 
segregation5 (for another view see refs 6 and 7). Early work on the oculomotor role of the cerebellum seemed to 
be in line with the concept of segregation, namely the flocculus/paraflocculus as cerebellar substrate of SPEM8 
and the oculomotor vermis (OMV) subserving saccades9. Yet, it later became clear that lesions of the OMV not 
only impair saccades10–12 but also the initiation of SPEM13–15, indicating a role of OMV in both types of eye move-
ments. Correspondingly, electrical stimulation of the OMV not only evoke saccades16,17 but also pursuit-like slow 
eye movements4. Finally, single-unit recording studies have shown that some Purkinje cells (PC) in the OMV 
respond to both saccades and SPEM18,19. Are these ‘dual’ PCs representative of OMV PCs at large or are they odd-
ities with little if any functional relevance? However, if these PC units are representative of the whole population 
rather than oddities, this would probably suggest that such PCs offer a hitherto unknown functional contribution 
to an aspect of eye movements shared by saccades and SPEM.

Studies on the role of the OMV in SPEM have suggested that it may play a major role in controlling eye 
velocity in specific directions. The earliest evidence came from a study of smooth-pursuit of targets moving sinu-
soidally along the horizontal20. The authors of this study reasoned that responses reflected primarily eye velocity 
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because OMV PC simple spike (SS) units increased their modulation with increasing target speed. Later work, 
employing pursuit targets that moved according to a sinusoidal profile, showed that at least some neurons in 
the OMV seemed to prefer gaze velocities in directions other than the horizontal21. In our previous work on 
smooth-pursuit- related OMV PC SS units, we explored the kinematic preferences in more detail by modeling 
the relationship between discharge and the early, open-loop SPEM based on a linear combination of eye acceler-
ation, velocity and position. This analysis clearly indicated that indeed eye velocity is the most relevant kinematic 
parameter22.

Given that velocities of saccadic eye movements are much higher than those of SPEM, a simple linear encod-
ing of eye velocity for both types of eye movements would not work and a coding scheme reflecting the different 
kinematics of saccades and SPEM should be expected. Moreover, how representative are the ‘dual’ PC SS units? 
To answer these questions we set out to compare the discharge characteristics of eye movement-related PC SS 
units recorded from the OMV during saccades and SPEM in the same direction or to saccades and SPEM in 8 
directions. We report that many PC SS units are sensitive to saccades and SPEM and, moreover, that different 
kinematic parameters are emphasized during SPEM and saccades.

Materials and Methods
Animals and surgical procedures. Two male rhesus monkeys E and I (Macaca mulatta, males, 10 and 6 
years old; purchased from the German Primate Centre, Göttingen, Germany) were subjects in this study. In both 
monkeys, the recording chamber (diameter 30 mm) was implanted in the sagittal midline, tilted posterior by 20° 
(monkey E) and 40° (monkey I), respectively, allowing us to explore larger parts of their brainstem. For monkey E, 
in order to optimally reach the OMV, the chamber was fitted with an adapter reducing the tilt angle by 20°, while 
in monkey I, an adapter reducing it by 35° was chosen (see Supplementary Fig. S1). The experiments on these 
animals including the surgical and behavioural protocols were approved by the Regierungspräsidium Baden-
Württemberg (Ref. 35; permit-number N6/13), conducted in accordance with the guidelines of the National 
Institutes of Health for Care and Use of Laboratory Animals and supervised by the veterinary administration 
(Landratsamt Tübingen (Abt. 32)).

Behavioural tasks. The monkeys were seated head-fixed 40 cm in front of a CRT monitor in darkness. The 
eye position measured by eye coil was calibrated using a 9-point calibration that considered linear, quadratic and 
mixed term dependencies (typical grid size: 30× 30°, target diameter: 0.4°). Next they were trained to keep stable 
eye fixation on the visual target (dot diameter 0.2–0.4°, depending on animal), displayed on a CRT monitor in 
front of them at a distance of 40 cm. Proper fixation was assumed if the eyes stayed within an invisible rectangular 
window of 1.5–4° around every displayed target and a trial was aborted if eye position exceeded the limits of this 
window.

Visually guided saccades. The monkeys were required to make precise saccades starting from the straight ahead 
fixation dot to a peripheral target having the same size and appearance. The peripheral target was presented in 
8 possible positions in the frontoparallel plane (rightward: 0°, right-up: 45°, upward: 90°, left-up: 135°, leftward: 
180°, left-down: 225°, downward: 270°, right-down: 315°) at constant eccentricities of 10°. The peripheral target 
appeared after a variable (500–1000 ms) time of fixation at which time the central target was turned off. The tran-
sition from the central to the peripheral target was the go signal for the monkey to make a saccade to the periph-
eral target and to maintain fixation there for at least 300 ms before being allowed to return to straight ahead. A 
trial was aborted if the monkey did not initiate a saccade within 400 ms after the go signal. The eyes had to stay 
within an invisible eye position window (1.5–4°) centered on the target independent of its location. This window 
was transiently turned off during the transition of the target to the periphery. Target directions were randomly 
chosen from trial to trial.

In many experiments, we kept the saccade target direction constant in order to be able to vary target eccen-
tricity randomly between 10°, 7° and 4°. Here, in the interest of time, the experimenter tested a few trials of up, 
down, left and right saccades in order to choose a “best” direction from this set by listening to the audiomonitor 
and inspecting the online records of the spike trains. In these experiments the direction of smooth pursuit eye 
movements tested (see the following) was the same and likewise constant.

Smooth pursuit eye movements (SPEM). To evoke SPEM with no catch-up saccades in at least the first 200–
250 ms after eye movement onset we deployed a step-ramp paradigm23. Each SPEM trial started with a variable 
period of fixation on the target displayed in the central position for 500–1500 ms. Then the target stepped by 
1.4–2.4° in a particular direction, a step that was immediately followed by a ramp-like movement of the target at 
a velocity of 12°/s in the opposite direction. The pursuit directions were chosen from the same set of directions 
also used for saccades. The step amplitude was adjusted individually for each monkey such that the target ramp 
would have moved the image of the target back into the fovea at the time of the onset of the smooth-pursuit eye 
movement, thereby eliminating the need for catch up saccades. The trial duration was always 2400 ms. The eye 
position control window had a size of 2–4° throughout a trial.

In experiments, in which saccade- and SPEM-related responses were collected in 8 directions, the two types of 
eye movements were studied in separate blocks whose order changed from neuron to neuron. Within individual 
blocks, the 8 eye movement directions were presented randomly interleaved. In experiments, in which 10°, 7° and 
4° saccades and SPEM were studied in an identical direction, trials were presented randomly interleaved.

Electrophysiological procedures. Action potentials of PCs were recorded extracellularly using 
glass-coated tungsten microelectrodes (1–2 MΩ  impedance at 1 kHz; Alpha Omega Engineering, Nazareth, 
Israel) advanced with an 8-probe electrode system (Alpha Omega Engineering, Nazareth, Israel). In most cases 
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we used maximally 4 electrodes, arranged linearly either along the rostrocaudal or the medio-lateral axis and sep-
arated by 2 mm each. We approached the OMV by using the stereotaxic coordinates provided by the anatomical 
MRI scans and identified the OMV by resorting to well established criteria, namely the dense saccade-related 
granule cell background and the appearance of saccade-related single units in the neighbouring layers. The elec-
trode signal was band-pass filtered for frequencies from 300 to 3000 Hz to enable the isolation of spikes. SS and CS 
were detected online by using a Multi Spike Detector (Alpha Omega Engineering, Nazareth, Israel) which detects 
and sorts spikes according to the features of template waveforms.

Data analysis. All analyses were performed with in-house Matlab programs (The MathWorks Inc., Natick, 
MA). Saccades were automatically detected by applying an eye velocity threshold of 20°/s. The detection of the 
onset of SPEM required several computational steps. A first approximation of movement onset was obtained by 
identifying the time point at which the eye velocity exceeded the mean eye velocity in the first 80 ms after the 
onset of the target ramp by three standard deviations for 40 consecutive milliseconds. Then two linear regressions 
were fitted to the eye velocity records - the first one on the eye velocity in the 200 ms before this time point and the 
second one on the 150 ms to follow. The interception point of the two regression lines was used as final estimate of 
SPEM onset. SPEM trials were discarded if they contained saccades in the first 200 ms after SPEM onset.

To detect if the recorded PCs demonstrated saccade-related SS responses, we compared the mean SS firing rate 
during the baseline period (100–300 ms before saccade onset) with the mean SS firing rate during 100 ms before 
until 200 ms after saccade onset for each of the 8 saccade directions using a Wilcoxon signed-rank test (p <  0.05). 
A PC SS unit was considered to be saccade-related if it showed a significant SS firing rate modulation in at least 
one saccade direction. In order to pinpoint the preferred direction of neurons, we fitted the plot of discharge rate 
as function of direction with a sine function. Neurons for which this fit was significant (χ 2 test, p <  0.05) were 
considered in a subsequent analysis of direction preferences in the sample. PC SS units with saccade-related 
activity beyond or below baseline firing rate by 3 times standard deviation were classified as bursting or pausing 
units, respectively. If both significant bursting and pausing components were found in a PC unit, this unit was 
considered as biphasic and both components were considered independently in the later analysis of direction 
selectivity. For the bursting component the direction with the largest discharge as predicted by the sine fit was 
taken as the preferred one and correspondingly in the case of a pausing component the direction with the lowest 
predicted discharge. For units with only one component in the firing patterns, the angular distance between the 
preferred directions was calculated by comparing the preferred directions for saccades and SPEM based on that 
component. For units with two components during at least one type of eye movement, the angular distance was 
calculated by comparing the preferred directions based on the component(s) present in the responses to both 
types of eye movements.

To assess if PC SS units exhibited SPEM-related modulation we compared the SS firing rate during the base-
line period with the SS firing rate in the period of 100 ms before and 200 ms after SPEM onset for each of the 
SPEM directions tested (Wilcoxon sign rank, p <  0.05)24. The preferred direction of those neurons, for which the 
fit was significant (χ 2 test, p <  0.05), was computed separately for bursting and pausing components, which is 
similar to what we did for saccade-related neurons.

To analyse the relationship between the SS discharge rate (FR) and eye movement kinematics within a time 
period of − 100 to + 200 ms relative to movement onset, we fitted the average spike density function of individual 
PC SS units with a linear model with eye position (pos(t)), velocity (vel(t)) and acceleration (acc(t)) as independ-
ent variables.

− = ∗ + ∗ + ∗ +FR(t delta) a pos(t) b vel(t) c acc(t) d

The coefficients a, b, c, d and the time shift delta coefficient in the above equation were chosen such as to 
maximize the coefficient of determination (CD), which indicates the goodness of the fit capturing the proportion 
of the variance in the dependent variable predicted from the independent variables. The time shift delta coeffi-
cient was restricted to values between − 100 and + 100 ms. To reveal the relative contributions of each kinematic 
variable, we omitted one or two variables in the equation and compared the resulting CD with the one for the 
complete fit. Cohen’s D25 was used to compare the quality of the fits between various models. It was obtained by 
dividing the difference between mean CDs of the two by the pooled standard deviation of their CDs. Cohen’s D 
values bigger than 0.8 indicate ‘large’ effects, whereas those smaller than 0.3 reflect ‘small’ effects. The remainder 
is considered as ‘medium’ effect.

Results
Sample of OMV PCs. We recorded a total of 165 PCs with eye movement-related SS discharge from the 
OMV (n =  92 in subject E and n =  73 in subject I) (Fig. 1A). In 72 out of the 165 units, the comparison was con-
fined to one direction chosen by the experimenter as best direction based on subjective criteria (see Methods). 
The other 93 units could be tested for responses to saccades and/or SPEM for the full set of 8 directions in 
the frontoparallel plane. For a subgroup of 60 out of the 93 units complete direction tuning functions could be 
obtained for both types of eye movements. In the remainder it was restricted to either saccades (15 units) or 
SPEM (18 units) and supplemented by a single direction test of the respective other type of eye movement. 133 
out of all 165 eye movement-related units (=81%) exhibited significant discharge modulation for saccades and 
SPEM in the same direction. As summarized in Fig. 1B the numbers of neurons with eye movement-related dis-
charge increases, decreases and, occasionally, more complex profiles (i.e. increase–decrease or decrease–increase) 
was comparable in the 7 groups of units distinguished in the pie chart shown in Fig. 1A. As discussed in more 
detail further below, response types for saccades and SPEM were mostly, but not always, congruent (97 out of 
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133 units), meaning that PCs that for instance fired a burst in conjunction with saccades usually also exhibited a 
discharge increase during pursuit initiation (Fig. 2A).

Individual PCs SS could exhibit their highest (in the case of bursting units) or lowest (in the case of pausing 
units) firing rate for any of the three saccade amplitudes tested (Fig. 2A–C). However, more units preferred 10° 
saccades (see Fig. 2D). This population bias for larger amplitude saccades explains that also the population firing 
rates calculated separately for the subgroups of bursting and pausing units exhibited the strongest modulation for 
the largest saccade amplitude (Fig. 2E).

PC SS encode eye movement kinematics. To study the relationship of eye movement kinematics and 
saccade- and SPEM-related responses respectively, we investigated how well the discharge of individual PCs could 
be predicted by a linear combination of eye acceleration, velocity and position independently for saccades and 
SPEM. To this end, the responses to saccades of 10°, 7° and 4° saccades and to SPEM were fitted separately, but 
for the same reference direction. This reference direction was the best direction for saccades as determined by 
a quantitative analysis of responses to saccades in 8 directions (58 units) or the preferred saccade direction as 
estimated subjectively by the experimenter, listening to the audiomonitor (75 units). Figure 3 summarizes the 
results obtained for the 133 units subjected to this analysis. As shown in the first three panels in column 1 of 
Fig. 3A–D, the mean coefficients of determination (CDs) were about 0.8 for both saccades, independent of ampli-
tude, and for SPEM. In other words, the linear kinematic model was able to predict most of the variance in the 
PC simple-spike discharge rate based on the eye movement data. We next tried to estimate the contribution of 
each kinematic parameter by removing one out of the 3 kinematic parameters from the model or, alternatively, by 
keeping just 1 particular parameter. The distribution of CDs obtained after removal of eye acceleration, velocity 
or position respectively from the model is shown in columns 2–4 of Fig. 3A–D, whereas columns 5–7 present the 
CDs obtained when restricting the model to a single kinematic parameter. In the case of saccades, removal of 
any one or two kinematic parameters resulted in significant decreases of CDs (Friedman’s 2-way rank ANOVA 
comparisons of the CD distribution for the 3-parameter model with the CD distributions for any of the reduced 
models with the factors ‘model type’ and ‘saccade amplitude’, factor model type: p <  0.001 and factor saccade 
amplitude: p =  0.0074). However, the extent of these decreases was different as indicated by the plot of Cohen’s 
D for the various paired model comparisons shown in Fig. 3F: removal of eye acceleration or velocity reduced 
the CDs only slightly (Cohen’s D <  0.8) to a median of 0.76 in the case of acceleration and of 0.76 in the case of 
velocity. On the other hand, removing eye position from the model resulted in a substantially higher decrease 
of the CDs to a median CD of 0.54 (Cohen’s D >  0.8). These results indicate that eye position is the most impor-
tant kinematic parameter encoded by PC SS during saccades. This conclusion is supported by constraining the 
linear model to one kinematic parameter only (see columns 5–7 in Fig. 3A–C). Restricting the model to eye 
position yielded a median CD of 0.71, only marginally smaller than the median CD obtained when applying the 
full-fledged model (Cohen’s D <  0.8). On the other hand, fits based on either acceleration or velocity yielded sub-
stantially smaller median CDs (Cohen´s D >  0.8, eye acceleration: median CD =  0.48, eye velocity: CD=  0.43). 
As shown in Fig. 3F, the pattern of effect sizes of the various model modifications was similar, which indicates that 
the pattern was independent of saccade amplitude.

Also fitting the PC SS responses to SPEM in the same direction as the one for saccades by the linear combina-
tion of all 3 kinematic parameters yielded a substantial explanation of the variance as indicated by a median CD 
of 0.89 (Fig. 3D). In the case of SPEM, removal of any parameter, except acceleration, resulted in a significant CD 
decrease (U-test, p <  0.05). The analysis of Cohen’s D (Fig. 3F, panel 4) demonstrated that removal of eye velocity 
and eye position had a medium effect (0.3 <  Cohen’s D <  0.8), causing a decrease of CD to 0.79 and 0.83, respec-
tively. On the other hand, removal of eye acceleration had weaker effects as indicated by small Cohen’s D (Cohen’s 
D <  0.3) (acceleration removal: median CD =  0.87, U test, p =  0.29). Correspondingly, restricting the model to 
velocity caused only a weak drop of CDs to a median CD of 0.81; 0.3 <  Cohen’s D <  0.8). Restricting the model to 
eye position caused a modest decrease to a median CD of 0.74 (0.3 <  Cohen’s D < 0.8) and finally, restricting the 
model to eye acceleration resulted in a substantial decrease to a median CD =  0.32; Cohen’s D >  0.8). Figure 3E 
provides a visual summary of the modeling results discussed before. Figure 3G depicts the distributions of the 

Figure 1. Breakdown of eye movement-related OMV PC SS units studied. (A) Venn diagram of units 
summarizing how many units subjected to various paradigms were considered. (B) The pie chart shows the 
numbers of units exhibiting specific firing pattern for saccades and SPEM. The number of units for each 
category is shown in brackets.
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position, velocity and acceleration coefficients for the two types of eye movements. Figure 3H shows the distribu-
tion of the time shifts (delta) between the eye movements and the discharge giving the best fits for both saccades 
and SPEM. The fact that the delta for saccades peaked around 10 ms indicates that the discharge usually lagged 
the saccade. In contrast to the distribution for saccades the one for SPEM was rather flat, reflecting a mixture of 
leading and lagging responses. Note that occasionally the best fits were found for latencies at the boundaries of the 
range of ± 100 ms, both for saccades as well as for SPEM. However, the pattern of CDs obtained did not change 
significantly when excluding these odd cases (see Supplementary Fig. S2). Consistent with a previous study of 
abducens neurons, a negative correlation was found between position and velocity coefficients and eye velocity26. 
The aforementioned analysis was based on regressing discharge as a function of movement kinematics within a 
window of − 100 to 200 ms relative to eye movement onset. One may wonder if the results depended on the choice 
of the window. All in all, this is not the case. As summarized in Supplementary Figs S3 and S4, the basic pattern 
of the relative weights of acceleration, velocity and position was the same when choosing a narrower window. 

Figure 2. (A–C) Responses of three exemplary OMV PC SS units to saccades of different amplitudes and 
to SPEM in the same direction (A. 180° (left), B. 135° (upper-left), C. 0° (right)). The neuronal activity 
is characterized by raster plots (4 upper rows) and by mean spike density functions (last row) aligned to 
movement onset are plotted below the raster plot. 10°, 7°, 4° saccades and SPEM are represented in green, 
blue, red and black respectively. The partially transparent bands surrounding the mean spike density functions 
reflect the SEM. (D) Histogram of preferred saccades amplitudes based on n =  133 units. (E) Plots of population 
activity of all bursting units (n =  69, closed lines) and all pausing units (n =  64, dash line) for 10° (green), 7° 
(blue) and 4° (red) saccades. Population activity for SPEM is plotted in black.
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Figure 3. (A–D) Distribution of coefficients of determination (CDs) obtained by fitting discharge rates of 
individual OMV PC SS as function of the kinematic variables eye position, velocity and acceleration and 
different versions of slimmed down models for different amplitude saccades (A–C) and SPEM (D). The vertical 
dashed lines indicate the median CD for each model and paradigm. (E) The upper panel depicts a plot of 
mean CDs represented by different colors for the various models and paradigms also shown in A-D. The lower 
panel is a bar chart of the mean CDs. Error bars indicate SEM. Model types are identified by numbers shown 
in parentheses. (F) Plot of the size of the effect of moving from one particular type of model to another one 
indicated by the number as measured by Cohen´s D for 10°, 7°, 4° saccades (first three plots) and SPEM (plot  
on the most right). The three effect size categories (small, medium, large; see Methods) are color coded.  
(G) Distribution of position, velocity and acceleration coefficients. (H) Distribution of time shifts.
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However, the choice of the window affected the delta, i.e. the latency between discharge and the eye movement 
as the clear peak in the distribution indicating that on average discharge lagging saccades was no longer visible 
when choosing shift ranging from − 50 to 50 ms and data from 50 ms before and 100 ms after movement onset 
(see Supplementary Fig. S3).

Taken together, the results clearly show that the PC SS firing patterns can be well explained by the linear 
model. Although all three kinematic parameters make contributions to an explanation of the discharge variance, 
their relative weights are not the same for the two types of eye movements compared. Rather the weight profiles 
depend on the type of goal directed eye movement considered. Whereas saccade-related responses are dominated 
by eye position, those to SPEM are mostly dependent on eye velocity and eye position.

Comparison of directional preferences of eye movement-related PC SS units for saccades and SPEM.  
Figure 4A and B depict the responses of an exemplary PC SS unit to saccades and SPEM in 8 directions, respec-
tively. This neuron exhibited higher firing rate for rightward saccades and lower left SPEM. To compare the 
directional preferences of PC SS units for saccades and SPEM, we plotted the mean saccade- and SPEM-related 
discharge rates as function of the 8 directions and fitted sine wave functions to the plots (see Methods for details). 
Figure 5 depicts the distribution of preferred directions for saccades (Fig. 5A) and SPEM (Fig. 5B). For the subset 
of 21 units for which preferred directions could be determined for both saccades and SPEM, we calculated the 
angular differences between the preferred directions for the two types of eye movements for each individual unit. 
Figure 5C shows the distribution of these differences. It clearly indicates a lack of relationship between preferred 
directions for the two types of eye movements: no unit exhibited identical preferred directions for saccades and 
SPEM and overall angular differences were distributed uniformly over all 4 quadrants (Rayleigh test, p =  0.61).

The kinematic analysis discussed above was confined to saccades and SPEM made in one and the same direc-
tion. We wondered if the kinematic preferences of PC SS units suggested by the 1-direction approach would 
remain valid for other directions as well. To obtain an answer we subjected the units for which datasets for all 8 
directions were available for saccades (75 units) or for SPEM (78 units; intersection between the two 60 units) to 
a multi-linear regression analysis of discharge as function of eye movement kinematics. The analysis was carried 
out separately for saccades and SPEM and for each direction.

Figure 6 plots the mean CDs as function of direction for the 3 parameter model and the various 2 and 1 
parameter models as described earlier for saccades (A) and for SPEM (B). The results are in line with the ones 
obtained for the units that were tested for one direction only. Based on a linear combination of the three kine-
matic parameters, the PC SS discharge could be reliably predicted as indicated by median CDs >  0.75 with eye 
position being the dominant parameter in case of saccades and eye velocity plus a weaker contribution of eye 
position in the case of SPEM. Removal of any one or two kinematic parameters resulted in a significant decrease 
of CDs (U test, p <  0.001), except the removal of acceleration in case of SPEM (U test, p =  0.13). Importantly, 
the CD patterns for different directions were quite similar (correlation r >  0.9, p <  0.001), indicating that the 
kinematic profiles of individual units were independent of eye movement direction. The effect sizes as gauged by 
Cohen’s D, calculated for a ‘reference’ direction of 0° for saccades and SPEM are summarized in Fig. 6C and D, 
respectively. The pattern shown is very similar to the one yielded by the analysis of the sample of units tested for 
various saccade amplitudes but for only one direction of eye movements summarized in Fig. 3F.

Finally, we calculated the collective instantaneous discharge rate, separately for each direction and separately 
for saccades and SPEM for the same units considered before. Figure 6E,G plot the resulting collective discharge 
rate as function of time relative to the onset of the movement (E: smooth pursuit, G: saccades) separately for units 
with burst and pause responses. The panels on the right plot the CDs as function of direction for bursting units 
and pausing units respectively. In Fig. 6F,H we summarized the results obtained when subjecting the population 
discharge to the same multiple linear regression as used for the modelling of individual units. The modelling 
results for the population discharge were fully consistent with the results for individual units, the only difference 
being that the CDs (median CD >  0.87) were significantly higher than those obtained based on individual units 
(median CD about 0.75; t-test, p <  0.001). This is not surprising given the fact that averaging neuronal responses 
and eye movement data will lower the variance.

Discussion
The aim of this study was to compare the sensitivity of PC SS to saccades and to SPEM. The reason for this interest 
was the increasing evidence - discussed in the introduction - for a role of the OMV in both types of goal directed 
eye movements, including anecdotal descriptions of some PCs SS responding to both saccades and SPEM18,19. 
Actually, we now found that the overwhelming majority of PC SS units in the OMV are ‘dual’ PCs responding 
to both types of goal-directed eye movements. The discharge associated with saccades as well as with SPEM 
depended on the kinematics of the eye movements made. However, the kinematic variables of particular signifi-
cance for the prediction of spike trains differed for the two. Whereas both saccade- and SPEM-related responses 
were influenced by all three kinematic variables considered in a multiple linear regression of discharge rate as 
function of eye movement kinematics, the relative weights of the kinematic variables depended on the type of 
goal directed eye movement performed. In the case of saccades, eye position was the most important kinematic 
variable, whereas it was eye velocity in the case of SPEM. These distinct kinematic profiles were independent of 
eye movement direction in the frontoparallel plane. Individual PC SS units not only exhibited different kinematic 
preferences for saccades and SPEM but, surprisingly, also unrelated directional preferences for eye movements 
in the frontoparallel plane.

The dependence of SPEM responses of dual OMV PC SSs on eye velocity is in line with previous reports on the 
kinematic preferences of OMV PCs, tested for SPEM only22,24. However, one might think that the strong influence 
of eye position in the case of saccades is at odds with a previous report27 emphasizing a reflection of eye speed and 
direction in the population discharge of OMV PCs. However, closer consideration indicates that there is actually 
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Figure 4. Responses of exemplary OMV PC SS to saccades (A) and SPEM (B) made in 8 directions in the 
frontoparallel plane. The top traces in each panel depict the mean horizontal (black) and vertical (red) eye 
positions with gray lines indicating the eye position for each trial. Neural activity is represented underneath the 
eye movements records by raster plots aligned to saccade onset and spike density functions plotted on top of the 
raster plots. The grey bands underneath the spike density functions characterize the SEM. The central panels in 
A and B present polar plots of mean firing rates plus standard deviation as function of direction.
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no contradiction whatsoever. On the one hand, our kinematic analysis also showed that eye velocity mattered, 
albeit to a less extent than eye position. On the other hand, we have previously demonstrated that the OMV PC 
SS population discharge predicts saccade duration, which in turn is tightly correlated with saccade amplitude28,29. 
In other words, a strong influence of eye position had to be expected. The notion that the OMV controls eye posi-
tion in the case of saccades and eye velocity in the case of SPEM is in good accordance with key assumptions of 
well-established models of saccade and SPEM generation respectively, reflecting the need to integrate latency-free 
estimates of relevant state variables. In the case of saccades, the state variable emphasized is current eye position 
that is compared with desired target location, the difference of the two telling the system how much further to 
move the eyes30,31. In the case of SPEM, models usually build on a prediction of eye velocity, avoiding the detri-
mental delay of visual feedback on the pursuit eye movement32,33.

Optimal saccade and SPEM performance requires short-term calibration of these state variables, an adjust-
ment that is known to depend on the integrity of the cerebellum10,11,14,34 and the adjustment of the OMV SS 
output24,35. The evidence available suggests that the learning-based adjustments of saccade amplitude are a conse-
quence of error-based changes of the synaptic weights of parallel fiber (PF) synapses36,37. Most probably, the same 
holds for learning-based changes of SPEM velocity. We have recently obtained preliminary behavioral evidence 
suggesting that learning-based adjustments of one type of goal-directed eye movement do not spill over to the 
other one. Such a high degree of specificity is surprising if – as shown by the study at hand – OMV PCs are a 
common node shared by the two pathways for saccades and SPEM. How can specificity of learning be maintained 
although information on the two types of eye movements converges on individual OMV PCs? If we assume that 
both saccadic and SPEM learning are the result of changes of the strength of parallel fiber synapses due to an 
interaction between PF signals and error information conveyed by the climbing fiber system, one likely answer is 
that the OMV PCs must reserve individual synapses for the one or the other type of goal-directed eye movement. 
The duality of OMV PCs might pose a second problem, though, namely the ambiguity of their output signals 
which is not resolved at the level of the caudal fastigial nucleus (cFN). The latter conclusion is based on our recent 
observation that also cFN eye movement-related neurons are predominantly dual, i.e. driven by both saccades 
and SPEM38. In other words, the premotor and motor brainstem machinery for saccades and smooth pursuit 
will have to deal with cerebellar information not unambiguously associated with the one or the other type of eye 
movement. Hence, if the brainstem machinery were organized in an eye movement type-specific way, PC activity 
related to eye movement type A should exert a spurious influence on the brainstem center for eye movement 
type B. In order to avoid the activation of the inexpedient eye movement B, the type A-related PC signal would 
have to be thwarted at the center for B by the absence of direct, extracerebellar input related to eye movement B. 
This complication would only be avoided if SPEM and saccades shared a common brainstem pathway. If this is 
the case is unclear. It is usually assumed that the same motoneurons support saccades and SPEM and in general 
different types of eye movements6,7. However, anecdotal physiological observations39 and anatomical studies40,41 
have suggested that the eye muscle fibers and the motoneurons that support them show heterogeneity related to 
different types of oculomotor behaviors. On the other hand, the immediate premotor targets of cFN axons, like 
the paramedian pontine reticular formation (PPRF), the rostral interstitial nucleus of the medial longitudinal 
fasciculus (riMLF), the central mesencephalic reticular formation (cMRF), the perihypoglossal nucleus (PHN) 
and the pontine raphe (PR)42, are commonly discussed as saccade-specific. However, at least in the case of the 
omnipause neurons, located in the PR, there is evidence that the discharge is not only suppressed by saccades 
but also inhibited to some extent during SPEM43. Also neurons in the PPRF, the riMLF and the cMRF have been 
shown to contain neurons that are both saccade- and pursuit-related44–47. Hence, although much of the evidence 

Figure 5. Polar distribution of the eye movement directions exhibiting the most vigorous firing for each 
neuron. (A) Polar distribution of preferred saccade directions (see Methods, Results for details) based on  
n =  41 units. Units with only one firing component are shown in black and preferred directions of the pausing 
and bursting components of units with two firing components are displayed in green and red, respectively.  
(B) Polar distribution of preferred SPEM directions of n =  38 units tested for SPEM-related responses. (C) Polar 
distribution of angular distance between preferred saccade and SPEM directions for the n =  21 units for which 
complete direction tuning data were available for both saccades and SPEM.
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Figure 6. Distribution of coefficients of determination (CDs) obtained by fitting the population discharge 
as a function of the kinematic variables eye position, velocity and acceleration and different versions of 
slimmed down models for the 8 directions in the frontoparallel plane. (A) presents the CDs for the various 
variable constellations and the 8 directions for all PC SS tested for saccades. (B) all PC units tested for SPEM. 
Error bars in (A) and (B) indicate SEM. (C and D) Plots (C), saccades; (D) SPEM) of the size of the effect 
(measured by Cohen’s (D) of moving from one particular type of model to another one. The model types 
compared are indicated by the numbers on the two axes. The plots are based on eye movements to 0° serving 
as reference direction. The three effect size categories (small, medium, large; see Methods) are color coded. (E) 
The left panel depicts the population spike density functions aligned with saccade onset separately for bursting 
units (n =  40) and for pausing units (n =  35) for the 8 directions tested. (F) Plots of CDs represented by different 
colors for the various models and directions. The panel on the left represents all bursting units; the one on the 
right represents all pausing units. (G and H) Population activity for SPEM in 8 directions and corresponding 
CDs (35 bursting units, 43 pausing units). Format of presentation is the same as for saccades in (C and D).
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available seems to be in line with the notion that the pathway downstream of the OMV shares the duality of the 
OMV output, this question cannot be conclusively answered. Therefore it remains open if the organization of the 
downstream pathway is such as to make additional circuitry for the identification of the type of eye movement at 
stake dispensable. Irrespective of the question if these thoughts on the wiring of input and output of dual OMV 
PC are close to reality or not, the convergence of saccade- and SPEM-related signals at the level of single OMV 
PCs probably comes with costs. Hence, what could the gain be that outweighs these costs? An obvious answer is 
that convergence allows the cerebellum to accommodate two types of eye movements with one set rather than 
two sets of PC. Yet, this answer can only satisfy if the additional investments needed in order to disentangle the 
saccade and SPEM signals downstream of the OMV PCs will indeed be dispensable.
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Abstract  20 

Scrutiny of the visual environment requires saccades that shift gaze to objects of interest. In 21 

case the object should be moving, smooth pursuit eye movements (SPEM) try to keep the image 22 

of the object within the confines of the fovea in order to ensure sufficient time for its analysis. 23 

Both saccades and SPEM can be adaptively changed by the experience of insufficiencies, 24 

compromising the precision of saccades or the minimization of object image slip in the case of 25 

SPEM. As both forms of adaptation rely on the cerebellar oculomotor vermis (OMV), most 26 

probably deploying a shared neuronal machinery, one might expect that the adaptation of one 27 

type of eye movement should affect the kinematics of the other. In order to test this expectation, 28 

we subjected 2 monkeys to a standard saccadic adaption paradigm with SPEM test trials at the 29 

end and, alternatively, the same 2 monkeys plus a 3rd one to a random saccadic adaptation 30 

paradigm with interleaved trials of SPEM. In contrast to our expectation we observed at best 31 

marginal transfer which, moreover was little consistent across experiments and subjects. The 32 

lack of consistent transfer of saccadic adaptation decisively constrains models of the 33 

implementation of oculomotor learning in the OMV, suggesting an extensive separation of 34 

saccade and SPEM-related synapses on P-cell dendritic trees.  35 
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Introduction 36 

Human as well as nonhuman primates use saccades to shift their gaze to objects of interest and 37 

deploy smooth-pursuit eye movements (SPEM) to keep the object image within the confines of 38 

the fovea, should it be moving not too fast relative to the beholder. Accurate saccades require 39 

the conversion of the retinal vector pinpointing the target into an appropriate motor vector. The 40 

relationship between the two is not fixed. Rather matching the two requires the choice of 41 

appropriate parameters that will need updating in case the saccades generated may have failed 42 

to hit the target, for instance because the glasses worn by the beholder may change the metric 43 

of the retinal image. By the same token, the initial velocity of smooth-pursuit in its early, still 44 

open-loop phase requires the choice and eventually updating of the parameters mapping target 45 

velocity onto eye velocity (Rashbass, 1961). Both forms of parametric adjustment are short-46 

term as already the experience of only a few and at least in the case of saccades even only one 47 

exemplar of an inappropriate saccade or smooth-pursuit eye movement may induce changes 48 

visible in following manifestations of the same oculomotor behavior (Collins, 2014; 49 

Havermann & Lappe, 2010; Srimal, Diedrichsen, Ryklin, & Curtis, 2008). And both saccadic 50 

learning (Barash et al., 1999; Golla et al., 2008; Optican & Robinson, 1980; Straube, Deubel, 51 

Ditterich, & Eggert, 2001) and SPEM learning (Dash & Thier, 2013; Ohki et al., 2009; Takagi, 52 

Zee, & Tamargo, 2000) depend on the integrity of lobules VI and VII of the vermis (the 53 

“oculomotor vermis”=OMV) as lesions of these lobules leads to a severe - and most probably 54 

- irreversible loss of the ability to adjust the relevant parameters short term. The kinematics of 55 

saccades and smooth-pursuit eye movements are grossly different. Whereas saccades are high 56 

velocity, short duration movements in which the eyes reach peak velocities of up to 1000°/s, 57 

smooth pursuit eye movements are confined to a range of small velocities not exceeding a few 58 

10°/s  (de Brouwer, Yuksel, Blohm, Missal, & Lefevre, 2002; Fuchs, 1967; D. A. Robinson, 59 

1965; Westheimer, 1954), a range that is spared by even the slowest (=small amplitude)  60 

saccades (Martinez-Conde, Macknik, Troncoso, & Hubel, 2009). In view of the very different 61 

kinematic requirements of the two, one might expect that the cerebellar circuits for the control 62 

of saccade and SPEM kinematics are separate. Yet, contrary to this expectation, recordings 63 

from OMV output neurons, i.e. Purkinje cells (P-cells), in monkeys carrying out SPEM or 64 

saccades indicate that the OMV encodes the kinematics of both saccades and SPEM (Dash, 65 

Catz, Dicke, & Thier, 2012; Sun, Smilgin, Junker, Dicke, & Thier, 2017). As a matter of fact 66 

rather than deploying distinct sets of P-cells, one tuned to the parameter space of saccades, a 67 

second one to that of SPEM, practically all OMV P-cells with oculomotor sensitivity are tuned 68 
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to saccades as well as to SPEM (Sun et al., 2017). The OMV P-cell is the substrate of the short-69 

term learning based adjustment or adaptation of saccades (Catz, Dicke, & Thier, 2008) and of 70 

SPEM (Dash et al., 2013). Hence, one might expect that changes of a P-cell underlying short 71 

term saccadic adaptation should affect SPEM, supported by the same P-cell. In other words, 72 

saccadic learning should spill over to SPEM. We tested this prediction in behavioral 73 

experiments on 3 monkeys in which we explored if short-term saccadic adaptation induced by 74 

two different regimes was transferred to catch trials of linear smooth pursuit. We observed at 75 

best marginal transfer, not very consistent over experiments and subjects. As both the 76 

adjustment of saccades and of SPEM depend on synaptic adjustments at the level of cerebellar 77 

P-cells, the low degree of transfer suggests an extensive separation of saccade- and SPEM-78 

related synapses on P-cell dendritic trees.  79 
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Materials and methods 80 

Animals and surgical procedures  81 

Three rhesus monkeys (Macaca mulatta, males; M1-3) purchased from the German Primate 82 

Centre, Göttingen, Germany) participated in this study which tested for a transfer of short-term 83 

saccadic adaptation to SPEM-initiation. The experiments on these animals including the 84 

surgical and behavioural protocols were approved by the local animal care committee, 85 

conducted in accordance with the guidelines of the National Institutes of Health for Care and 86 

Use of Laboratory Animals and supervised by the veterinary administration 87 

(Regierungspräsidium Baden-Württemberg und Landratsamt Tübingen). M1 and M2 88 

participated in an experiment in which saccadic adaptation was induced by exposing the 89 

monkey observers to the same visual error over a longer series of trials (“consistent error” 90 

adaptation experiment). In a second experiment, which involved M1, M2 and M3, we deployed 91 

a random error paradigm in which adaptation of saccades in trial n was induced by presenting 92 

a visual error in the preceding trial n-1, whose direction flipped randomly.  93 

All monkeys underwent a surgical procedure needed to implant a titanium head post and scleral 94 

search coils. The head post was required to painlessly restrict the head movements during 95 

experiments. The search coil allowed the high-resolution measurement of instantaneous eye 96 

position by picking up a small, eye position dependent voltage induced by an alternating 97 

magnetic field around the monkey’s head (Fuchs & Robinson, 1966; D. A. Robinson, 1963). 98 

The surgical procedures used were identical as in previous studies (Sun et al., 2017) and 99 

described in more detail there. Briefly, monkeys were anaesthetized using a combination of 100 

isoflurane and remifentanyl while carefully monitoring all vital parameters (body temperature, 101 

carbon dioxide, oxygen, blood pressure, electrocardiography (ECG).  Animals were supplied 102 

with analgesics until any signs of pain disappeared and allowed to fully recover before 103 

conducting the experiments. Each monkey was trained to voluntarily come to his customized 104 

primate chair. During experiments they were seated in the chair at a distance of 40 cm in front 105 

of the CRT monitor in complete darkness. Each monkey was extensively trained to execute 106 

precise saccades and SPEM. The motivation to participate in the experiments was achieved by 107 

asking the monkeys to cover their daily fluid intake needs by complying with the behavioral 108 

demands. Specifically, each successful eye movement trial was rewarded with water. If needed, 109 

additional fluid and/or juicy fruits were provided after experiments to satisfy the daily fluid 110 

requirements. However, the monkeys did not get water in their home cages during periods of 111 
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work. Usually every fortnight, they were granted a 2 days’ vacation with free access to water 112 

and juicy fruits in their home cages. Each animal was regularly inspected by the university´s 113 

veterinarians to ensure that they were in good health.  114 

Behavioural tasks  115 

The visual stimuli were presented on a 22 inch diameter Cathode Ray Tube monitor (Ilyama 116 

MA203DT) operating at 88 Hz and at a resolution of 1600  1200 pixels. For the control of the 117 

experiments as well as data acquisition we deployed software developed in house freely 118 

available (nrec, http://nrec.neurologie.uni-tuebingen.de), running under Linux on a standard 119 

PC.   120 

Eye position calibration 121 

The eye movement signal delivered by the scleral search coil was sampled at 1 kHz. Prior to 122 

each experimental session it was calibrated using the know position of a white fixation target 123 

dots diameter: 0.4°) that appeared at random on the monitor in one out of nine positions defining 124 

a 30×30° grid centered on straight ahead.  Monkeys were asked to maintain fixation at each 125 

target for approximately 1 s in order to get a liquid reward and then to proceed to the next cued 126 

location. The data acquired was subjected to a regression analysis that considered linear, 127 

quadratic and mixed term dependencies in order to predict eye position based on the search coil 128 

voltage.  129 

Visually guided saccades and saccadic adaptation 130 

A visually guided saccade trial consisted of a fixation period of 500-1000 ms, after which the 131 

fixation target (white dot, diameter: 0.4°) was replaced by a target of the same appearance 132 

presented at 10° horizontal eccentricity, eliciting a visually guided saccade (Figure 1A top row).  133 

The monkey was rewarded if he was able to keep his eyes within the confines of an invisible 134 

squared fixation window of 1.5-3° side length. In order to prompt saccadic adaptation, the 135 

peripheral target originally presented at an eccentricity of 10°, jumped to a new position (an 136 

eccentricity of 7° or 13° depending on the direction of adaptation) during the execution of the 137 

visually guided saccade. In order to trigger the target jump we used an analogue saccade 138 

detector that determined the point in time, the eye velocity signal exceeded a preset velocity 139 

threshold, triggering a  target shift of either 3° outwards (saccade outward adaptation 140 

experiments) or 3° inwards (saccade inward adaptation experiments) at this point. These 141 
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intrasaccadic target shifts induced a secondary corrective saccade bringing the eyes closer to 142 

the final target location (Figure 1A middle row).   143 

 144 

Figure 1. Experimental paradigms. (A) Exemplary saccade trial, followed by a saccadic 145 

adaptation trial prompting gain decrease adaptation and a SPEM trial.  (B) Sequence of events 146 

in the consistent error experiment with errors causing saccadic inward adaptation. (C) Sequence 147 

of events in the consistent saccadic error experiment causing outward adaptation. (D) Sequence 148 

of events in the experiment on the transfer of random saccadic errors to SPEM showing. Five 149 

exemplary consecutive trials are shown. Note that the amplitude of the primary saccade in the 150 

second trial increased due to the preceding outward adapting saccade trial.  (E,F) Detection of 151 

saccades (left) and SPEM (right). The top panels show plots of eye position as function of time  152 

(bottom) for exemplary saccade and SPEM trials, the lower panels eye velocity. The vertical 153 

dashed lines indicate eye movement onset determined as described in Methods. The horizontal 154 

dashed lines in the velocity plots give the velocity thresholds used and the red lines in the SPEM 155 

velocity plot represent the two intersection regression lines pinpointing SPEM onset. The 156 

shaded area indicates the period of open-loop SPEM. 157 

 158 
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Smooth pursuit eye movements 159 

In SPEM trials, a white 0.4° target was presented in the center of the screen for 500-1000 ms 160 

and the monkey was required to maintain fixation. Then this central fixation target jumped to a 161 

new location 1.4-2.4° (chosen depending on the properties of a subject´s initial SPEM, see 162 

below) from the original straight ahead position on the horizontal and started to move in the 163 

opposite direction with a constant velocity of 12 °/s (Figure 1A bottom row).  The purpose of 164 

the initial target step was to ensure that the subsequent target ramp would have moved the target 165 

back to straight ahead at the time of SPEM onset, thus reducing the need to generate an early 166 

catch-up saccade (Rashbass, 1961). 167 

Transfer of saccadic adaptation with consistent target shifts to SPEM  168 

The experimental session started with 40 baseline SPEM trials as described before and ended 169 

with 40 test SPEM trials. The initial block of SPEM trials was followed by a block of trials in 170 

which the monkey was asked to carry out saccades towards an eccentric target, followed by a 171 

block of  500-1000 saccadic adaptation trials in which the target was shifted either consistently 172 

out- or inward by 3° thereby inducing outward or inward saccadic adaptation (McLaughlin, 173 

1967) (Figure 1B and C). The direction of the SPEM and saccades was consistent for a 174 

particular session either to the left or the right.  175 

Transfer of random saccadic adaptation to SPEM  176 

Visually guided saccades, saccadic out- and inward adaptation trials and SPEM were presented 177 

in random order in blocks of about 200 trials. In individual sessions the direction of SPEM and 178 

of primary saccades was consistent either to the left or to the right. In saccadic adaptation trials 179 

the target jumped from its initial location at 10° during the primary saccade to a new one at 7, 180 

8, 9, 11, 12 or 13°, each possible location chosen at random with equal probabilities. The 181 

probability of SPEM and saccade trials was 50% each (Figure 1D). 182 

Data analysis 183 

Data processing and statistical analysis was based on custom written routines in MATLAB (The 184 

MathsWorks Inc., Natick, MA).  185 

The onset and offset of a saccade were detected using an eye velocity threshold of 20°/s (see 186 

Fig. 1E). In the saccadic adaptation experiment with consistent error, the gain was calculated 187 

by dividing the mean saccade amplitude of the last 40 saccade trials by the mean amplitude of 188 

the first 40 saccade trials of the session. The saccadic adaptation gain in the random saccadic 189 
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adaptation experiment was calculated for each session by dividing the mean saccade amplitude 190 

for a particular class of target shifts (i.e. from 10 to 11, from 10 to 9 etc.) by the mean saccade 191 

amplitude of all trials without target shifts that preceded them.  192 

The saccadic visual error (SVE) in the random saccadic adaptation experiment was defined as 193 

the difference between the final target location and the saccadic end position of the first saccade 194 

after the first target shift.  195 

Each SPEM trial was visually inspected. The detection of the onset of SPEM required several 196 

steps. First, we determined the point in time at which the velocity exceeded the mean eye 197 

velocity in the first 80 ms after the target backshift by three standard deviations for 40 198 

consecutive ms. Then two regression lines were computed: one on the eye velocity during the 199 

200 ms before this time point and a second one on the following 15 ms (as shown in Fig. 1F). 200 

The interception of these two regression lines was then taken as the time of SPEM onset. Trials 201 

including saccades in the first 200 ms of the SPEM as well as trials in which the careful visual 202 

inspection suggested that the automatic onset detection had obviously failed to identify SPEM 203 

onset were excluded. In the saccadic adaptation experiment with consistent error, SPEM gain 204 

was taken as the ratio of the mean peak velocity in a period of 0-150 ms (open-loop SPEM, 205 

highlighted in Fig. 1F) after SPEM onset of the last 40 SPEM trials divided by the mean peak 206 

velocity of the first 40 SPEM trials. The SPEM gain in the random saccadic adaptation 207 

experiment was calculated in the following way:  the peak velocity of SPEM in trials following 208 

saccadic adaptation trials with target shifts from one of the 6 classes was divided by the mean 209 

peak velocity of all SPEM trials, which were preceded by saccade trials without target shift.  210 

  211 
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Results 212 

Effects of consistent visual errors on saccades 213 

We collected a total of 40 experimental sessions (20 with inward errors, 20 with outward errors, 214 

10 from each subject). Each session started with 40 baseline SPEM trials, followed by 40 215 

visually guided saccades and then either by consistent saccadic out- or inward trials. The session 216 

then ended with 40 test SPEM trials.  Figure 2 depicts exemplary sessions, one with an outward 217 

error (Fig. 2A) and one with an inward error (Fig. 2B), documenting the expected amplitude 218 

increase and decrease respectively with trial number.  Over all sessions, saccadic gain increased 219 

on average by 14 % in the case of outward adaptation and decreased by 19 % in the case of 220 

inward adaptation (Fig. 2D). As documented by the exemplary velocity traces in Fig. 2C and 221 

the group data in Fig. 2E, F, the gain changes were the result of a decline in peak velocity not 222 

compensated by changes in saccade duration in the case of inward adaptation (p=0.0004, 223 

Wilcoxon signed rank test) and by an increase of saccade duration associated with constant 224 

saccade peak velocity in the case of outward adaptation (p<0.01). The differential effects of 225 

inward and outward adaptation on saccade velocity and duration are in accordance with 226 

previous findings  (Prsa, Dicke, & Thier, 2010).   227 

 228 

Figure 2. Short-term saccadic adaptation prompted by consistent errors.  Exemplary 229 

adaptation sessions based on a consistent saccadic outward error (A) and inward error (B) 230 

embedded in two blocks of SPEM. The performance of SPEM is qualified by their peak velocity 231 

(orange) and saccades are characterized by their amplitudes (800 trials of outward saccades, 232 

violet and 600 trials of inward saccades, green). (C) Exemplary saccade velocity profiles 233 
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aligned to the onset of a visually guided saccade collected before adaptation onset (black) and 234 

at the end of an out- (blue) and inward (green) adaptation experiment. (D) Saccade gain, (E) 235 

normalized saccade velocity and (F) normalized saccade duration based on all 20 outward (left 236 

panel) and 20 inward (right panel) adaptation sessions of two subjects. Black open circles with 237 

error bars beside color symbols represent mean ± SD for each condition.   238 

We next asked whether the changes of saccade metrics due to inward or outward shifts of the 239 

target had any effect on the following SPEM tested in a block of trials (SPEM test block) 240 

following the adaptation block. To this end, we compared the mean peak velocity of SPEM in 241 

the block of trials before a saccadic adaptation block (SEPM baseline block) with the peak 242 

velocity of SPEM test trials (Figure 3). The comparison was based on a consideration of the 243 

first SPEM test trial, probably the one most affected by the preceding saccadic adaptation trials 244 

and a consideration of the mean performance in the test block, arguably better able to reveal 245 

subtle changes persisting longer than a few trials. The peak velocity of the first SPEM trial after 246 

a saccadic adaptation block did not change significantly, neither in the case of outward nor in 247 

the case of inward adaptation (Wilcoxon signed rank test outward: M1: p=0.32, median=0.92; 248 

M2: p=0.38, median=1.02, inward: M1: p=0.7, median=1.04; M2: p=0.92, median=1.02). In 249 

the case of saccadic outward adaptation the comparison of the mean peak velocity of all SPEM 250 

trials in one subject (M1) failed to reveal any transfer. The other subject (M2) exhibited a tiny, 251 

yet significant decrease in its mean SPEM peak velocity, i.e. a change that is opposite to a true 252 

learning transfer effect  (M1: p=0.11, median=1.03; M2: p=0.04, median=0.97, Wilcoxon 253 

signed rank test). In the case of saccadic inward adaptation, both subjects showed significant 254 

changes. Whereas subject M2 exhibited a decrease, consistent with a transfer of learning 255 

transfer, M1 showed an increase in average peak velocity SPEM, i.e. a change that is opposite 256 

to a transfer effect (M1: p= 0.02, median=1.04; M2: p=0.004, median=0.94, Wilcoxon signed 257 

rank test) (Fig. 3A). Hence, overall significant changes obtained were few and inconsistent and 258 

hardly supporting the notion that substantial saccadic learning would transfer to SPEM. We 259 

wondered if the significant changes observed might not actually have been artifacts of longer 260 

term behavioral trends. For instance a general decline in performance over time, due to 261 

cognitive fatigue might feign as transfer of gain-decrease adaptation. If performance had indeed 262 

changed continuously over time, one might expect to see changes in SPEM velocity also along 263 

the sequence of the 40 SPEM test trials. However, no significant differences in SPEM velocity 264 

were obtained when we compared the first half of SPEM test trials after saccadic adaptation 265 



12 

 

with the second half in any of the monkeys, neither for inward nor for outward adaptation 266 

experiments (p>0.05, Wilcoxon signed rank test). While this negative result does not support 267 

an influence of longer-term performance changes, it does not necessarily rule it out as changes 268 

within a block of only two times 20 trials may have been too subtle to stand out. Independent 269 

of the question as to the relevance of long-term behavioral trends, the suspicion that the small 270 

and somewhat inconsistent changes observed at the transition from saccadic adaptation to the 271 

SPEM test block may not necessarily reflect true learning transfer is also nourished by the fact 272 

that a direct comparison of test block SPEM velocity between outward and inward experiments 273 

revealed few differences. We considered both the first test block trials and the averages across 274 

the test blocks. The only significant difference was obtained for M2 who exhibited larger peak 275 

eye velocities in the test block after gain increase adaptation when considering the average 276 

across the test block trials (p=0.014, Wilcoxon signed rank test).  277 

 278 
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Figure 3. Effects of consistent error saccadic adaptation on SPEM initiation. (A) Mean 279 

normalized SPEM peak velocity of the all SPEM test block trials following saccadic adaptation 280 

for all 40 saccadic out- (left panel) and inward (right panel) adaptation sessions.  Black open 281 

circles with error bars beside color symbols represent mean ± SD for each condition. (B) 282 

Normalized SPEM peak acceleration of all SPEM test block trials following saccadic 283 

adaptation for all 40 saccadic out- (left panel) and inward (right panel) adaptation sessions. (C) 284 

Correlation of saccade gain and SPEM gain in all test block trials for all 40 sessions. (D) Plot 285 

of the number of saccadic adaptation trials as function of SPEM gain based on all test block 286 

trials. 287 

We also analyzed the influence of saccadic adaptation on the peak acceleration in the first 150 288 

ms of SPEM. Similar to our approach to peak velocity, we compared this kinematic measure in 289 

the first trial of SPEM after saccadic adaptation and its mean over all test block trials with mean 290 

peak SPEM acceleration in the baseline block. As summarized in Fig. 3B (First SPEM trial: 291 

Outward: M1: p= 0.92, median=0.97; M2: p= 0.19, median=0.85; Inward: M1: p= 0.19, 292 

median=0.82; M2: p= 0.38, median=1.11) (All SPEM trials: Outward: M1: p= 0.43, 293 

median=0.95; M2: p= 0.04, median=0.89; Inward, M1: p=0.32, median=1.04; M2: p= 0.13, 294 

median=0.95), neither saccadic gain decrease nor gain increase adaptation had a significant 295 

impact.  Last but not least, we asked if the saccadic gain resulting from saccadic adaptation had 296 

an influence on SPEM gain. Saccadic gain was taken as the ratio of the mean saccade amplitude 297 

of the last 40 trials at the end of the adaptation period and the mean saccade amplitude in the 298 

block of saccades before the onset of the target shifts. SPEM gain was given by dividing the 299 

peak velocity in the first trial of the test or, alternatively, the mean over all trials in this block 300 

by the mean peak velocity in the baseline period. We then pooled the data from saccadic gain 301 

decrease and increase experiments and subjected the plots of the two measures of SPEM gain 302 

as function of saccadic adaptation gain to a linear regression analysis (Fig. 3C shows the plot 303 

for all SPEM trials). Both failed to reveal a significant correlation (First SPEM trial: p=0.95, 304 

r=0.001; All SPEM trials: p=0.24, r=0.19). 305 

As individual sessions differed regarding the number of saccadic adaption trials, we checked if 306 

the number of saccadic adaption trials mattered for SPEM gain based on the average of all test 307 

block trials. As shown in Fig. 3 D the plot of  SPEM gain as a function of the number of saccadic 308 

trials did not reveal a significant relationship between the two (First SPEM trial: p=0.2, r=0.21; 309 

All SPEM trials: p=0.18, r=-0.22). 310 
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Effects of random visual error on ensuing saccade 311 

Just one or a few SPEM trials might suffice to largely reset the saccadic adaptation achieved. 312 

In this case measures of SPEM based on the mean performance in the first trial of the test blocks 313 

would hardly be able to reveal any transfer. The reason is that the number of experimental 314 

sessions and therefore the number of first trials is comparatively small which is why subtle 315 

remaining transfer effects may simply be hidden by noise. This consideration was the reason to 316 

embark on a second series of experiments, resorting to a random error design, allowing us to 317 

substantially increase the number of potential transfer trials. The approach chosen was guided 318 

by previous demonstrations of clear saccadic adaptation prompted by a visual error in the 319 

immediately preceding saccade trial (Collins, 2014; Havermann & Lappe, 2010; Srimal et al., 320 

2008). In order to verify the trial-by-trial effects of saccadic adaptation on the open-loop SPEM 321 

initiation, we collected a total of 25573 trials from three subjects.  322 

In order to assess the effect of a visual error in a saccade trial on the saccade amplitude in a 323 

subsequent saccade trial, we separated the saccade trials according to the target shift in the 324 

preceding trial into 3 groups: an adaptive outward target shift independent of its size, an 325 

adaptive inward target shift independent of its size and saccade trials preceded by SPEM. 326 

Saccades made in trials following trials without preceding target shifts were hypometric in all 327 

three subjects. The median visual errors of all sessions were -1.39°, -0.83° and -1.07° for M1, 328 

M2 and M3 respectively. In each session these saccades served as reference for the others, 329 

setting their amplitudes to 1 (Fig. 4A). All three subjects showed normalized saccade 330 

amplitudes significantly smaller than 1 for saccade trials preceded by trials with inward shifts 331 

of the saccade target (p<0.01, Mann-Whitney U-test). Accordingly, the normalized amplitude 332 

of saccades with preceding outward shifts of the saccade target was significantly larger than 1 333 

(p<0.01, Mann-Whitney U-test). Unexpectedly, also the saccade trials preceded by SPEM 334 

trials, exhibited a tiny, yet significant gain increase (p<0.01, Mann-Whitney U-test). 335 
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 336 

Figure 4. Effect of the random errors on saccadic adaptation. (A)  Mean saccade gain in 337 

trial n as a function of trial n-1 (either a no target shift trial, an in- or outward saccadic adaptation 338 

(short-term saccadic adaptation, STSA) or a SPEM trial) for the three subjects M1-3. (B) Plot 339 

of saccade gain in trial n as a function of the size of target shift in trial n-1 for the three monkeys.  340 

(C) Correlation of saccade gain in trial n with saccadic visual error in trial n-1 for the three 341 

monkeys. (D) Saccade peak velocity in trial n as a function of the type of trial n-1 (no target 342 

shift trial, in- or outward saccade adaptation or SPEM trial) for monkeys M1-3.  (E) Plot of 343 

saccade peak velocity in trial n as a function of size of target shift in trial n-1 for all monkeys. 344 

(F) Correlation of saccade peak velocity in trial n with saccadic visual error in trial n-1 for the 345 

three monkeys. (G) Saccade duration in trial n as a function of type of trial n-1 (no target shift 346 

trial, in- or outward saccade adaptation trial or SPEM trial) for the three subjects. (H) Plot of 347 

saccade duration in trial n as a function of size of target shift in trial n-1 for all monkeys.  (I) 348 

Correlation of saccade duration in trial n with saccadic visual error in trial n-1 for each monkey. 349 

Error bars indicate SEM. 350 

We next addressed the question if not only the direction of the target shift in a saccade trial but 351 

also its size mattered for the saccade made in a subsequent trial. As shown by Fig. 4B, which 352 

plots normalized saccade amplitude as a function of the size and direction of the target shift in 353 

the preceding trial, the modification of saccade amplitudes clearly scaled with target shift size 354 

in the preceding trial (p=0.0014, r=0.9689, slope=0.026). As a consequence of the variability 355 

of saccadic responses also the saccadic visual errors (SVEs) associated with trials in which the 356 
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target exhibited a particular shift behavior varied. It is the actual size of the SVE in a given 357 

saccade trial that determines the size and direction of adaptation in the ensuing saccade trial, 358 

which is indicated by the significant correlation between SVE in trial n-1 and saccade gain in 359 

trial n (p<0.01) (Fig. 4C). Not only the amplitude but also the peak velocity of saccades 360 

depended on the size and direction of the target shift (p=0.0043, r=0.9458, slope=0.022) (Fig. 361 

4D, E) and the size and direction of the SVE in preceding saccade trials (Fig. 4F). Finally, 362 

unlike saccade amplitude and peak velocity, saccade duration in a given trial was only 363 

marginally affected by the features of the preceding saccade trials (Fig. 4G) as indicated by the 364 

almost flat regression line fitted to the plot of saccade duration as function of target shift size 365 

and direction (p<0.01, r=0.978, slope=0.005) (Fig. 4 H) and SVE (Fig. 4I) respectively in trials 366 

n-1 and saccade duration in trials n. 367 

Effects of random saccade errors on ensuing SPEM 368 

To evaluate the trial-by-trial effects of saccade errors and saccadic adaptation on the gain of the 369 

open-loop SPEM response in interleaved trials of SPEM, we grouped SPEM trials based on the 370 

features of the one back and two back saccade trials. We distinguished four cases:   a given 371 

SPEM trial could have been preceded by either one saccadic out- or inward adaptation trial 372 

(trial n-1) or preceded by two sequential in- or two sequential out- or inward adaptation trials 373 

(n-1 and n-2). Fig. 5A compares the mean open-loop SPEM peak velocity for these four groups, 374 

separately for the three monkeys. Whereas monkeys M1 and M3 did not exhibit a significant 375 

effect of preceding saccadic adaptation trials on the velocity of the open-loop SPEM for any of 376 

the four cases distinguished (p>0.01, Mann-Whitney U-test), monkey M2 showed a small (3 377 

%), yet significant decrease of his open-loop SPEM peak velocity if the SPEM trial was 378 

preceded by two prior inward adaptation trials (p=0.0003, Mann-Whitney U-test). 379 

 380 

Figure 5. Effects of random saccadic adaptation on the open-loop SPEM gain. (A)  SPEM 381 

gain change after different types of preceding types of trials. (B) Correlation between 382 
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normalized SPEM peak velocity and the size of the saccadic visual error in the preceding trial 383 

n-1 for the three individual monkeys (red=M1, blue=M2, green=M3). 384 

In order to capture potential changes in open-loop SPEM peak velocity due to the size of the 385 

SVE in the immediately preceding saccade trial, we plotted SPEM velocity as a function of 386 

preceding SVE for each individual subject (Figure 5 B). We obtained significant linear 387 

regressions for 2 of the 3 monkeys (M1, M2). Yet, the slopes of the resulting linear regressions 388 

were without exception very close to 0, indicating that the effect of SVE on SPEM peak was in 389 

any case subliminal.  390 

Discussion 391 

In this study we addressed the question if saccadic adaptation prompted by a history of prior 392 

saccadic errors transfers to the open-loop segment of ensuing SPEM.  Saccadic adaptation was 393 

either induced by a sequence of consistent target shifts during saccades or, alternatively, by 394 

target shifts whose size and direction was chosen randomly from 6 classes. Both paradigms 395 

elicited clear saccadic adaptation with features in accordance with previous work (Noto & 396 

Robinson, 2001; F. R. Robinson, Noto, & Bevans, 2003; Srimal et al., 2008; Wallman & Fuchs, 397 

1998), such as the velocity decrease but no change of duration caused by inward adaptation, 398 

and prolongation of duration but no change of velocity in the case of outward adaptation. Yet, 399 

independent of the paradigm chosen, significant influences on test SPEM following saccadic 400 

adaptation were absent in most of the cases, if present often in a direction opposite to the 401 

direction of learning transfer and in any case tiny, reflecting only a very small fraction of the 402 

adaptation based changes of saccades. Most of the few cases of minimal change were obtained 403 

when running the consistent target shift paradigm. As any consistency in trial structure has the 404 

potential to cause long-term behavioral changes, e.g. due to cognitive fatigue and thereby 405 

changes in performance over time, we were concerned that the transition effects might have 406 

been confounded by such trends. While our control analysis could not support this concern, 407 

more subtle changes of performance over time in the first experiment, building on consistent 408 

shifts of the saccade target cannot be excluded. One of the virtues of the second experiment, 409 

characterized by a completely randomized trial structure, was that it was optimally suited to 410 

prevent the confounding influence of time dependent performance changes on potential 411 

learning transfer. Using this paradigm, we observed a significant decrease in open-loop SPEM 412 

peak velocity in one (M2) of the three monkeys in individual SPEM trials following saccadic 413 

adaptation trials if the SPEM trial was preceded by two trials of saccades with target shifts in 414 
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an inward direction. Yet, this transfer effect was tiny, amounting to a drop in peak velocity of 415 

3% only. This percentage must be compared to the 6 % decrease of the amplitude of saccades, 416 

preceded by only one trial of saccade with inward shift in the random saccadic adaptation 417 

experiment. That transfer effects – if detected at all - are indeed very small is also supported by 418 

the minimal slopes of regressions of the size of the visual error in saccade trial preceding SPEM 419 

trials in the random saccadic adaptation paradigm.  420 

Our finding that short-term saccadic adaptation has small, albeit quite inconsistent effects on 421 

the kinematics of the ensuing SPEM may support a role of small savings from learning. 422 

However, even if such small savings from saccadic learning existed, the need to perform SPEM 423 

as precisely as possible seems to easily overcome the savings, thereby concealing their 424 

influence. Crosstalk between saccades and SPEM is not confined to saccadic learning. Also 425 

catch-up saccades may affect the velocity of post-saccadic pursuit (Schutz & Souto, 2011). 426 

Actually, in this case the impact seems to be much stronger and more consistent than the small 427 

and somewhat inconsistent learning transfer seen in our experiments. This difference may be a 428 

consequence of the distinct requirements of catch-up saccades which have to take the velocity 429 

of moving target into account, which is different from normal visually guided saccades (de 430 

Brouwer, Missal, & Lefevre, 2001).  431 

Our study demonstrates some evidence for transfer of learning in short-term adaptation tasks, 432 

a form of adaptation that is based on adjustments at the level of individual Purkinje cells (Catz 433 

et al., 2008). Although minimal and not very consistent over experiments and subjects and 434 

therefore probably not to relevant in functional terms, the demonstration of occasional transfer 435 

is in line with the notion that the same OMV P-cells convey saccade- and SPEM information. 436 

It is commonly held that saccadic learning and other forms of cerebellum-dependent learning 437 

are based on changes of the strength of parallel fiber synapses (Albus, 1971; Marr, 1969). If 438 

OMV P-cells deployed largely congruent sets of parallel fiber synapses for the control of 439 

saccades and SPEM, we might have expected stronger and more consistent transfer effects. In 440 

other words the minor crosstalk observed argues for synaptic territories for saccade- and SPEM-441 

related parallel fiber input on P-cell dendritic trees that are largely separate. However, reserving 442 

distinct pools of synapses for saccades and for SPEM would only help if also the mossy fiber 443 

(MF)-PF signals for saccades and SPEM offered to OMV P-cells formed functionally distinct 444 

and anatomically segregated pools. The finding of unrelated preferred directions of P-cell 445 

simple spikes for saccades and SPEM would be compatible with this assumption (Sun et al., 446 

2017). However, it is questionable if and to what extent the requirement of segregation is really 447 
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met. Although for instance MF-PF input from the paramedian reticular formation (PPRF) 448 

(Gerrits & Voogd, 1986; Thielert & Thier, 1993) devoted to saccades (Hepp & Henn, 1983) 449 

complies with this requirement, a substantial fraction of eye movement-related neurons in the 450 

dorsal pontine nuclei (DPN), another source of MF-PF input to the OMV, are responding to 451 

saccades as well as to SPEM (Dicke, Barash, Ilg, & Thier, 2004). The latter might actually 452 

suggest that the duality of OMV P-cells is an inevitable consequence of the tight integration of  453 

information on saccades and SPEM on the input side as witnessed by the DPN but also other 454 

structures such as the reticular nucleus of the pontine tegmentum (NRTP) (Giolli et al., 2001) 455 

and superior colliculus (Krauzlis, 2003). We cannot say if the overlap between saccade and 456 

SPEM input to OMV P-cells is strong enough to override the impact of afferent fibers 457 

specifically devoted to the one or the other type of eye movement. In the case of dominating 458 

dual eye movement input, probably the only way to explain the observed small and inconsistent 459 

transfer would be to assume that the sensitivity of the behavioral tasks deployed may have been 460 

too poor to unravel larger savings of learning. Although this reservation has to be made, we 461 

think our demonstration of little transfer of saccadic adaptation SPEM, undoubtedly involving 462 

cerebellar P-cells, rather argues for distinct synaptic pools on P-cell dendritic trees, one reserved 463 

for saccades, the other for SPEM.  464 
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Abstract

Recent studies have suggested that microsaccades, the small amplitude saccades made during fixation, are precisely controlled.
Two lines of evidence suggest that the cerebellum plays a key role not only in improving the accuracy of macrosaccades but also
of microsaccades. First, lesions of the fastigial oculomotor regions (FOR) cause horizontal dysmetria of both micro- and
macrosaccades. Secondly, our previous work on Purkinje cell simple spikes in the oculomotor vermis (OV) has established quali-
tatively similar response preferences for these two groups of saccades. In this work, we investigated the control signals for micro-
and macrosaccades in the FOR, the target of OV Purkinje cell axons. We found that the same FOR neurons discharged for
micro- and macrosaccades. For both groups of saccades, FOR neurons exhibited very similar dependencies of their discharge
strength on direction and amplitude and very similar burst onset time differences for ipsi- and contraversive saccades and, in
both, response duration reflected saccade duration, at least at the population level. An intriguing characteristic of microsaccade-
related responses is that immediate pre-saccadic firing rates decreased with distance to the target center, a pattern that strikingly
parallels the eye position dependency of both microsaccade metrics and frequency, which may suggest a potential neural
mechanism underlying the role of FOR in fixation. Irrespective of this specific consideration, our study supports the view that
microsaccades and macrosaccades share the same cerebellar circuitry and, in general, further strengthens the notion of a
microsaccade–macrosaccade continuum.

Introduction

High-resolution vision in primates is limited to the foveal region,
which is why saccades are needed to shift the images of peripheral
targets requiring further analysis into the fovea. Microsaccades,
small saccades having an amplitude of < 1° down to a few minutes
of arc, seen during fixation (Martinez-Conde et al., 2004) had at
first been interpreted as oculomotor noise (Kowler & Steinman,
1980). However, the current consensus is that microsaccades serve
vision. Ditchburn and Ginsborg noted images tended to fade if
image shifts due to microsaccades were prevented by technical
means (Ditchburn & Ginsborg, 1952). In addition to preventing fad-
ing, recent work suggests that microsaccades are well-controlled
goal-directed movements (Winterson & Collewijn, 1976; Bridgeman
& Palca, 1980; Cui et al., 2009; Ko et al., 2010; McCamy et al.,

2013; Thaler et al., 2013), ensuring that the retinal image is moved
from the foveal periphery into its center, the rod-free foveola (Gass,
1999; Li et al., 2010). This allows vision to exploit the resolution
peak accommodated by this region (Putnam et al., 2005; Poletti
et al., 2013).
A mounting number of studies have indicated that micro- and

macrosaccades share most, if not all, of their kinematic properties
and may actually share a common generator (Zuber et al., 1965;
Van Gisbergen & Robinson, 1977; Van Gisbergen et al., 1981;
Engbert, 2006; Rolfs et al., 2006; Otero-Millan et al., 2008,
2011a,b).
It is well known that the cerebellum plays a crucial role in secur-

ing the precision and reliability of saccadic eye movements. Lesions
of the oculomotor vermis (OV), the major saccade-related region of
cerebellar cortex (Ritchie, 1976; Optican & Robinson, 1980; Takagi
et al., 1998; Barash et al., 1999; Golla et al., 2008; Ignashchenkova
et al., 2009), as well as lesions of its major target, the caudal
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fastigial nucleus (Vilis & Hore, 1981; Robinson et al., 1993;
Straube et al., 1994; Goffart et al., 2004), compromise the precise
control of saccades, leading to ‘saccadic’ dysmetria.
Arguably, the requirements for the precise control of microsac-

cades are even higher than for macrosaccades, assuming that their
metric should be precisely determined to shift an image feature
exactly into the foveola. Two findings live up to this expectation: (i)
Purkinje cells in the OV are tuned for both macro- and microsac-
cades (Arnstein et al., 2015). (ii) Unilateral inactivation of the cau-
dal fastigial nucleus, the fastigial oculomotor region (FOR), causes
dysmetria not only of macro- but also of microsaccades (Guerrasio
et al., 2010). However, there has so far been no attempt to identify
microsaccade-related activity in the FOR and to assess its features.
Furthermore, the mechanism underlying the fixation offset induced
by the dysfunction of FOR (Sato & Noda, 1992; Robinson et al.,
1993; Goffart et al., 2004; Guerrasio et al., 2010) is still vague.
Here, we report that neurons in the FOR of rhesus monkeys are
indeed tuned for both macro- and microsaccades, and we reveal an
activity change in FOR that may be related to the precise fixation.

Materials and methods

Animal preparation – behavioral tasks

Three rhesus macaques, purchased from the German Primate Centre,
G€ottingen, were used in these experiments. Before being trained on
the task, the monkeys underwent a surgery, in which a titanium
head post was mounted on the skull for head stabilization during the
experiments and magnetic scleral search coils were implanted into
the eyes to record the eye position. Moreover, a recording chamber,
whose position and orientation were carefully planned based on pre-
surgical MRI and confirmed by post-surgical MRI, was placed over
the midline of the cerebellum. Surgeries were carried out under
combination anesthesia with remifentanil and isoflurane under asep-
tic conditions (see Arnstein et al. (2015) for details). Post-operative
analgesia was continued until full recovery. All operations and
experiments were approved by the local animal care committee
(Regierungspr€asidium Baden-W€urttemberg) and conducted in accor-
dance with German and European law and the guidelines of the
National Institutes of Health for Care and Use of Laboratory Ani-
mals.
After recovery, each monkey was trained to enter the primate

chair voluntarily. During the experiments, they were seated in their
primate chairs with their head restrained within the center of the
magnetic field driving the eye search coils. To calibrate the search
coil signal, a monkey had to fixate a red spot of light (diameter
0.4°) presented on a dark CRT monitor 37 cm in front. On each
trial the spot appeared in a new position, randomly chosen from a
set of nine positions, forming a 30 9 30° grid with a spacing of
15°. Proper fixation, allowing the alignment of the known position
and the search coil output voltages, was rewarded by units of juice,
delivered through a mouth tube and manually controlled by the
experimenter. The actual experiments required monkeys to perform
visually guided saccades to peripheral targets (in most cases, ampli-
tude: 10°) in eight random directions (horizontal, vertical, and the
four diagonal directions). The animal was asked to make a saccade
to the new target location starting from a central fixation target. This
central target had the same features (red dot, diameter 0.2–0.3°) as
the peripheral target and was on for an unpredictable period of 500–
1500 ms. This was accomplished by choosing a period of 500–
1300 ms for a particular recording session and adding randomly a
time increment of 0–200 ms in each trial. The disappearance of the

central target served as go signal to make a saccade to the peripheral
target that appeared at the same time. Fixation of both the central
and the peripheral target required that eye gaze stayed inside an eye
position window of 2°–4° square centered on the target. A trial was
aborted if the monkey broke fixation or the monkey did not initiate
a saccade within 400 ms after the target shift and did not stay for a
minimum time of 300 ms on the peripheral target. In case the
behavior did not meet the requirements the fluid reward which
would have been delivered for correct performance was withheld.
The motivation to work on the fixation and saccade task was pro-
moted by restricting fluid provisions outside the experiment (see
Arnstein et al. (2015) for details on the protocol).

Electrophysiological recordings

Post-surgical MRI scans were used to reassess the chamber orienta-
tion and select the chamber positions suitable for the electrode
approach to the FOR. Neuronal activity recorded from physiological
landmarks such as the brainstem oculomotor nuclei helped to double
check the orientation of the recording chamber relative to the FOR,
allowing us to optimize the approach of the glass-coated tungsten
microelectrodes (impedances 1–2 MΩ; Alpha Omega Engineering,
Nazareth, Israel) to the FOR. A successful electrode approach to the
FOR was characterized by a characteristic sequence of background
activity along a tract: first, the appearance of the hallmarks of cere-
bellar grey matter activity like the dense granule cell background
activity and the occurrence of complex spikes; then a longer stretch
of a silent background reflecting the passage through white matter
separating cerebellar cortex and the fastigial nucleus; and finally,
when entering the fastigial nucleus, again relatively dense back-
ground activity along with the occurrence of characteristic saccade-
related burst firing in its caudal part and the absence of complex
spikes.

Data analysis

All analyses were performed offline with self-written MATLAB
programs (The MathsWorks Inc., Natick, MA). We sampled the
eye movement records at a rate of 1000 Hz. Microsaccades were
detected in a similar way as described before (Arnstein et al.,
2015): First, the eye trace was smoothed using a Savitzky-
Golay filter (second order with 20 ms width) and then eye veloc-
ity was derived from the eye position records. We employed a
velocity threshold (7°/s) to identify saccades. If eye velocity
exceeded this threshold, we searched the velocity record back for
the moment, the velocity record first crossed a 4°/s threshold and
forward to identify the moment, it fell back below this value,
taking the two moments as saccade onset and offset times,
respectively.
Saccades that were initiated within the fixation window centered

on the straight ahead fixation target and whose amplitudes were
smaller than 1° were classified as microsaccades (Martinez-Conde
et al., 2004). Correspondingly any saccades larger than that were
classified as macrosaccades. The macrosaccade class includes
macrosaccades detected during fixation, violating task requirements,
as well as the saccades made to the eccentric targets. The median
microsaccade amplitude was 0.59°. Neurons were recorded from
both sides, but for statistical analysis, FOR neurons recorded from
the right FOR were added to the pool of neurons recorded from the
left FOR by flipping the horizontal component of the associated eye
movement, while leaving the vertical component unaltered. This
procedure assumes that the representation of the vertical direction is
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the same in the left and the right FOR. This assumption is supported
by the fact that the most direction-dependent parameter – onset
latency – showed the same dependence on the vertical for neurons
recorded from the left and the right FOR (see Fig. 3E). Hence, in
the pooled data, the direction right corresponds to contralateral rela-
tive to the recorded (left) side. Both micro- and macrosaccades were
binned into eight direction classes (0°/right, 45°, 90°/upward, 135°,
180°/leftward, 215°, 270°/down, and 315°; bin size 45°). Macro-
and microsaccades falling in one of these bins that were centered on
the eight directions were associated with the respective direction.
Each direction class had to contain at least five saccades, otherwise
this direction was not considered. The means and SD of the number
of micro- and macrosaccades per neuron were 135 � 72 (range
from 28 to 410) and 378 � 187 (range from 154 to 1151), respec-
tively. For the calculation of the baseline firing rate, we used an
interval from �200 to �100 ms relative to saccade onset. To calcu-
late the baseline firing rate, we considered all saccades independent
of direction.

The instantaneous firing rate was estimated by convolving
each spike train with a Gaussian kernel having a width of
r = 10 ms. Simple spike times were aligned with respect to saccade
onset. FOR neurons were tested for saccade-related activity by com-
paring the mean firing rate between saccade onset and offset with
the mean baseline firing rate during the period from �200 to
�100 ms relative to saccade onset (Wilcoxon signed-rank test,
P < 0.05). A Poisson spike train analysis was applied to detect the
onset and the offset of burst activity of FOR neurons in single trials
(Hanes et al., 1995). The Poisson spike train analysis determines the
probability of the occurrence of a certain number of spikes within a
given interval of time based on the assumption of Poisson dis-
tributed spikes with the distribution parameters determined from the
baseline firing rate. The measurement of the burst onset times was
confined to a time window of �60 to 60 ms relative to saccade
onset to avoid the detection of spurious saccade-related bursts. By
the same token, burst offset latencies were confined to a time win-
dow of 0 to 200 ms relative to saccade onset. To investigate
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direction-dependent differences in the timing of microsaccade-related
bursts, we in addition considered the time of peak firing.
Directional preference of timing parameters or mean discharge

rates was assumed if a non-parametric Kruskal–Wallis test of the
respective parameter as function of saccade direction revealed signif-
icant (P < 0.05) differences between directions. The preferred direc-
tion was estimated by fitting sine functions to the mean firing rate
and burst onset latency, respectively, as function of direction. Only
neurons that contained adequate data in at least six direction bins
and for which the fit led to coefficients of determination bigger than
0.5 were considered. A circular statistical analysis of angular dis-
tances was carried out using the circ_stat toolbox for MATLAB
(Berens, 2009). To compare the neural activity associated with sac-
cades of different amplitudes, we pooled saccades made in any of
the eight directions and divided them into eight bins according to
saccade amplitude: 0–0.4°, 0.4–0.7°, 0.7–1°, 1–2°, 2–3°, 3–8°, 8–
10°, and 10–15°. The resulting plot of discharge rate as function of
amplitude was normalized relative to the bin with the highest dis-
charge rate set to 1. Next, the resulting normalized amplitude tuning
curves of individual FOR neurons were aligned relative to the bin
that exhibited the highest mean firing rate to calculate a normalized
average amplitude tuning curve. Furthermore, we calculated popula-
tion averages of individual instantaneous firing rates as function of
time relative to saccade onset for each amplitude bin. Burst onset
and offset in the resulting population average were taken as the
points in time at which the firing rate went above and below,
respectively, a level corresponding to 30% of the distance between
the baseline firing rate and the burst peak. For the baseline firing
rate and saccade amplitude analysis as a function of eye starting
position, all micro- and macrosaccades made during fixation were
included.

Anatomy and histology

At the end of the recording sessions, 0.5–1.5 lL of a concentrated
solution of rhodamine-labeled latex beads dissolved in saline was
injected into 1–2 locations, each in the vicinity of the recording sites
in each of the fastigial nuclei explored, serving as reference points
in the later reconstructions of recording sites. Several days or a few
weeks after the injections, the monkeys were deeply anesthetized
and perfused with 4% paraformaldehyde. The fixed brain was cut
into 60-lm serial sagittal sections. Alternative sections were Nissl
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stained or mounted unstained for the detection of the rhodamine flu-
orescence. The reconstruction of the recording sites based on the
microdrive readings, the localization of the rhodamine injections,
and occasional subtle histological alterations due to electrode pene-
trations in the sections allowed us to confirm that all neurons
reported here were recorded from the FOR (Fig. 1).

Results

We recorded 74 saccade-related FOR neurons from three rhesus
monkeys. Their locations were confirmed by a careful reconstruction
of individual electrode tracks (see Methods). Of these, six neurons
were only macrosaccade but not microsaccade related. Another neu-
ron was excluded because the records did not contain a sufficient
number of microsaccades. Hence, for the detailed comparison of
macrosaccades and microsaccades, 67 neurons could be considered
(M1: 3, M2: 30, M3: 34). Fifty-seven of 67 neurons were recorded
from the left and 10 from the right FOR. In accordance with previ-
ous reports, most macrosaccade-related discharges were character-
ized by a conspicuous burst component (Ohtsuka & Noda, 1990,
1991; Robinson et al., 1993; Helmchen et al., 1994; Scudder &
McGee, 2003). The same held for responses to microsaccades (see
Fig. 2 for a representative example of a neuron located in the left
FOR tested for saccades in eight directions).

Timing of saccade-related bursts

Previous studies have shown that the burst for contraversive
macrosaccades starts earlier than the one for ipsiversive saccades
(Ohtsuka & Noda, 1990, 1991; Robinson et al., 1993). To study the
burst onset and offset quantitatively, we relied on a Poisson spike
train analysis to detect the two in individual trials. As exemplified
in Fig. 3A, this method worked quite well for both onset and offset.
This neuron also documents that, in general, offset latency measure-
ments were characterized by a much higher trial-by-trial variability,
arguably the consequence of the fact that the decline in the dis-
charge back to baseline levels was in general more gradual than the
initial build-up, rendering the latency detection more susceptible to
noise. In our sample, 41 of the 67 neurons tested exhibited a signifi-
cant lead of bursts associated with contraversive macrosaccades
(two-sample t test comparison of burst onset latencies in the two
bins representing ipsi- and contraversive saccades, respectively,
P < 0.05). To investigate the influence of saccade direction on burst
timing of both macrosaccade- and microsaccade-related bursts in
more detail, we ran two-way ANOVAs with the factors ‘direction’ and
‘saccade class’. In general, independent of direction, microsaccade-
related bursts started about 9 ms earlier than macrosaccade-related
bursts (Fig. 3B,C) (main effect of saccade class, P = 2 9 10�11;
main effect of direction, P = 7 9 10�6; no significant interaction
between factors, P = 0.19). The fact that burst onsets for macrosac-
cades are in general later than for microsaccades is illustrated in
Fig. 3B, which plots mean burst onset latency as a function of
direction separately for microsaccades and macrosaccades. The posi-
tive correlation between burst onset latencies of macrosaccades and
microsaccades (Fig. 3C) indicates that neurons with earlier burst
onset for macrosaccades also started to fire earlier for microsaccades
and vice versa. And independent of saccade class, bursts for the
direction with the earliest burst onset started about 8 ms earlier than
those for direction with the latest burst onset (t test comparing the
earliest with the latest onset latencies, data collapsed across macro-
and microsaccades, P = 5 9 10�5; same test for macrosaccades
only, P = 5 9 10�7; microsaccades only, P = 0.4878). As can be
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seen in Fig. 3B, the direction giving the shortest burst latencies
deviated from the contraversive horizontal in an upward direction
for both micro- and macrosaccades. To characterize this deviation
quantitatively, we determined the direction giving the shortest
latency response by fitting sine functions to individual plots of burst
onset latency as a function of direction for neurons with a significant
direction dependency of macrosaccade-related burst onset (Kruskall–
Wallis test, P < 0.05), separately for micro- and for macrosaccades
and pinpointed the direction giving the minimal functional value.
The resulting circular distribution is centered at about 60–70°
(Fig. 3D), with no significant difference between the two saccade
classes (two-sample t test, P = 0.62). The conclusion that the direc-
tions giving the shortest latency responses are the same for micro-
and macrosaccades is also supported by an analysis of the angular
distance between the directions with minimal latency for micro- and
macrosaccades for individual neurons. The resulting distribution is
significantly different from a uniform circular distribution (Rayleigh
test, P = 5 9 10�4) and centered on 0°. Finally, the analysis of the
dependence of latencies of peak firing on saccade direction was able
to reveal similar effects of saccade direction on the time of peak fir-
ing as the one for burst onset (two-way ANOVA of the effects of sac-
cade class and direction, significant effects of saccade class and
direction, P = 3 9 10�11 and 3 9 10�8) (Fig. 3E). We finally
asked how the offset of the burst would change for different direc-
tions. Burst offset times for microsaccades and macrosaccades,
respectively, were plotted as a function of direction (Fig. 3F). We
found a pattern that was very similar to that of the burst onset:
microsaccade-related bursts not only started earlier than macrosc-
cade-related bursts but also generally ended earlier (two-way ANOVA

with the factors saccade class and direction, significant effect of
direction, P = 0.0005) and the directions yielding the shortest burst
offset latencies were shifted upward by 50–70° counterclockwise
relative to the horizontal axis, with no significant difference between
the two (two-sample t test, P = 0.63).

Direction tuning of response strength

Saccade direction also influenced the number of action potentials
from burst onset to offset. Figure 4A presents the polar plots of the
mean firing rate of the burst as a function of direction for an exem-
plary neuron, separately for micro- and macrosaccades. This neuron
had been recorded from the left FOR. For macrosaccades, it exhib-
ited a broad, albeit clear directional tuning with stronger responses
to contraversive saccades. However, the microsaccade-related
responses showed directional preference for ipsiversive saccades.

Figure 4B depicts another neuron that, unlike the preceding one,
demonstrated very similar preferences for macro- and microsaccades
made to the ipsiversive side. Whereas 93% (62 of 67) of the units
exhibited a significant direction dependence of their discharge for
macrosaccades (Kruskal–Wallis test, P < 0.05), this percentage
amounted to only 66% (44 out of 67) for microsaccades.
For those neurons for which the Kruskall–Wallis test had estab-

lished a significant direction dependence at least for one of the two
saccade classes, we estimated the preferred direction by fitting a sine
function to the mean firing rate as a function of direction (see Meth-
ods) for each saccade class. Figure 4C depicts the circular distribu-
tion of the preferred directions obtained for both classes of saccades.
It clearly shows that independent of saccade class, more neurons
preferred ipsiversive directions (macrosaccades: 21 of 40, microsac-
cade: 33 of 35). Although as mentioned before, individual neurons
could exhibit clear differences between their direction preferences
for micro- and macrosaccades, in most cases these differences were
very small. This is indicated by the distribution of differences
between preferred directions for micro- and macrosaccades (Fig. 4D)
which peaks at 0°.
Microsaccade- and macrosaccade-related responses were also very

similar in terms of the modulation depth and width of their direction
tuning functions. This becomes apparent when plotting the mean
direction tuning curves relative to their respective preferred direction
(Fig. 4E). The conspicuous congruency is documented by the high
similarity between the two tuning curves. In short, direction tuning
curves were very similar for micro- and macrosaccades, although
individual preferred directions could occasionally show very little
correspondence.

Amplitude tuning

To investigate the influence of saccade amplitude on the discharge
we grouped saccades, independent of direction, into eight amplitude
bins (0–0.4°, 0.4–0.7°, 0.7–1°, 1–2°, 2–3°, 3–8°, 8–10°, and 10–
15°). Figure 5A,B depicts the resulting amplitude tuning curves for
two exemplary neurons, exhibiting clear dependencies of their
respective firing rates on amplitude. Whereas the neuron shown in
Fig. 5A was characterized by a monotonic increase in firing rate
with amplitude, the one shown in Fig. 5B displayed the highest fir-
ing rate for the microsaccade bins 1–3, from where the response
declined monotonically with increasing amplitude. Other neurons
(not shown) had their strongest response in particular amplitude bins
other than the extreme ones. For most neurons, the amplitude bin
yielding the largest response was one of the three largest ones. In
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other words, the distribution of amplitude preferences was pro-
foundly skewed toward larger amplitudes (Fig. 5C). After aligning
each individual tuning curve to the preferred amplitude, an almost
symmetric average tuning curve was obtained. In other words, the
firing rate decreased in a similar way to either side of the preferred
amplitude bin, independent of the location of that bin (Fig. 5D). To
study the influence of saccade amplitude on the timing of saccade-
related bursts, we determined the latencies of burst onset and offset
of individual neurons for each amplitude bin and plotted them as
well as burst duration as a function of the amplitude bin (Fig. 6).
As can be seen there, the latency of burst onset increased with sac-
cade amplitude in a linear fashion (Fig. 6A). A dependency of the
offset latency on amplitude was limited to larger amplitude saccades
but not exhibited by smaller amplitude saccades whose offset laten-
cies fluctuated around a latency of 64 ms independent of amplitude
bin, arguably a reflection of a statistical plateau effect without bio-
logical relevance (Fig. 6B). This view is supported by the analysis
of the population response, following below, which did not yield a
plateau. Finally, burst duration reached a minimum in amplitude bin
5 (Fig. 6C), the necessary resultant of the amplitude dependencies
of burst onset and offset.
The influence of saccade amplitude on the discharge rate can also

be seen in the plot obtained by averaging the collective instanta-
neous discharge rates of all 67 neurons in our sample as a function
of time relative to saccade onset for the same distinct saccade ampli-
tude bins also underlying Figs 5 and 6. We either lumped all eight
directions tested (Fig. 7A) or pooled ipsi- and contraversive sac-
cades separately (Fig. 7B,C). Instantaneous discharge rate was
approximated by calculating the mean collective discharge rate in
time bins of 10 ms, aligned with saccade onset. The analysis of the
plots clearly demonstrated that the duration of the population burst
increased smoothly with saccade size from the first bin to the last
one (correlation between duration of the population burst and sac-
cade duration: r = 0.95, P = 0.0003). Surprisingly, the population
burst onset did not exhibit differences in onset times for ipsi- versus
contraversive saccades (t test, P = 0.17) (Fig. 7B,C), a finding that
contrasts with the direction dependency of saccade-related bursts of
individual neurons discussed earlier. Furthermore, the population fir-
ing rate for ipsiversive microsaccades was higher than the one for
contraversive microsaccade, in accordance with the aforementioned
preponderance of neurons preferring ipsiversive microsaccades (t
test, P = 4 9 10�5). Finally, the population activity for ipsiversive
saccades exhibited a weak pause preceding the saccade-related
bursts before ipsiversive large amplitude (> 8°) saccades only (see
inset in Fig. 7B). This pre-burst pause was largely confined to
ipsiversive saccades, an observation which is consistent with previ-
ous findings (Ohtsuka & Noda, 1990; Robinson et al., 1993).

Baseline firing rate

The microsaccades used in this study were collected during the time
in which the monkey was supposed to stay within the fixation win-
dow, waiting for the go signal to make a saccade to the new target.
Hence, microsaccades and other small amplitude saccades not break-
ing the fixation window could be started from any position within
the fixation window. Plots of the vectors of all saccades made dur-
ing fixation of the target as a function of the starting position (see
Fig. 8A for an exemplary session and Fig. 8B for a plot based on
all sessions) clearly indicate that saccades tried to drive the eyes to
the center of the fixation window, arguably corresponding to the
highest acuity region of the fovea: saccades were not only directed
toward the center but also their amplitudes got smaller the closer the

starting point was relative to the center (Cornsweet, 1956; Engbert
& Kliegl, 2004; Guerrasio et al., 2010; Arnstein et al., 2015). Actu-
ally, a two-dimensional locally weighted scatterplot smoothing
(LOWESS) model of saccade amplitude as a function of the starting
position based on the data shown in Fig. 8C predicts the smallest
amplitude saccades to be generated for starting positions very close
to the center of the fixation window (coordinates: x = �0.06°,
y = �0.15°; R2 = 0.81), arguably coinciding with the foveola. If the
goal of the oculomotor system was to stabilize the target image on
the foveola, one might expect that the model would have predicted
zero-degree saccade amplitudes at this point. However, the predicted
amplitude for this position was actually 0.58° and not zero. We
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think that this may be a consequence of the fixation point having a
finite diameter (0.2–0.3°) and therefore offering varying anchor
points for the foveola. Surprisingly, also the frequency of saccades
depended on the starting position (Fig. 8D–F). This is clearly exhib-
ited by the plots shown in Fig. 8D–F that show that the frequency
of saccades gets the higher, the closer the eyes get to the target.
We wondered if the subtle changes in eye position during fixation

of the target, as discussed before relevant for the metrics of
microsaccades, also had an effect on the fixation-related discharge.
To address this question we plotted the mean discharge rate within
a 100-ms period before the onset of the next saccade (‘presaccadic’
discharge rate) as a function of eye position in the fixation plane.
The resulting plot (see Fig. 9A) is characterized by a decrease in the
pre-saccadic firing rate toward the center, giving it an appearance
that is strikingly similar to the plot of saccade amplitude as a
function of eye starting position shown in Fig. 8B. The mean
saccade-related discharge rate was relatively independent of the
starting position (Fig. 9B), whereas the discharge contrast, the dif-
ference between the mean saccade-related discharge rate and the
pre-saccadic discharge rate, exhibited an increase around the center
(Fig. 9C). As the number of microsaccades associated with the short
fixation of the peripheral target was very small, we were unable to
address the interesting question if the patterns discussed before are
independent of the eccentricity of the fixation target relative to
straight ahead.

Discussion

This study shows that individual FOR neurons respond to micro- as
well as to macrosaccades. In agreement with previous observations
on macrosaccades (Ohtsuka & Noda, 1990, 1991; Robinson et al.,

1993; Helmchen et al., 1994; Scudder & McGee, 2003), we found
that FOR neurons exhibited saccade-related bursts earlier for con-
traversive saccades than for ipsiversive saccades, yet for both macro-
and microsaccades. In general, the burst for macrosaccades started
later compared to the one for microsaccades. These qualitative simi-
larities suggest in principle similar contributions to the control of
saccades of very different amplitudes.
Previous studies of macrosaccades have suggested that the early

burst associated with contraversive saccades might help to initiate
contraversive saccades. On the other hand, the late burst for
ipsiversive saccades is thought to contribute to terminating them
(Ohtsuka & Noda, 1991; Robinson et al., 1993). This control con-
cept (referred to here as the ‘timing concept’) that emphasizes a
role of the FOR in saccade timing was based on experiments in
which only horizontal (macro) saccades were considered, which is
why it ignores the requirements of saccades made in other direc-
tions. In this study, we extended the analysis of the dependence
of burst onset latencies on direction to other directions in the
frontoparallel plane. Burst onset latencies exhibited a gradual
dependence on direction. Moreover, we did not observe the short-
est and longest burst onset latencies, respectively, for saccades
made along the horizontal axis but for saccades made along an
axis rotated by 60° counterclockwise relative to the horizontal
with gradual deviation of burst onset for directions deviating from
this axis. This pattern was the same for microsaccades and for
macrosaccades. Although we cannot offer an explanation of the
rotation of the non-preferred axis relative to the horizontal axis,
we may conclude that this deviation and, in general, the gradual
burst onset tuning clearly indicate that FOR neurons are hardly
committed to horizontal saccades as tacitly assumed by the origi-
nal timing concept.
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Actually, the similarities between micro- and macrosaccade tim-
ing are not confined to the influence of direction but involve the
influence of saccade amplitude on saccade duration. Previous work
on macrosaccades had shown that burst duration is correlated with
the duration of macrosaccades (Ohtsuka & Noda, 1991; Robinson
et al., 1993; Helmchen et al., 1994). Our study clearly shows that
this correlation extends to microsaccades, at least when considering
the population responses, once again arguing for a control princi-
ple conveyed by the FOR which is shared by the two saccade
classes.

Fastigial oculomotor region neurons also exhibited a clear direc-
tion tuning of the number of spikes in a burst for both macro- and
microsaccades. Like the directional dependence of burst timing, it
turned out to be gradual for both groups of saccades. Surprisingly,
the direction preferences for micro- and macrosaccades could differ
in individual cases. However, in general, neurons preferring macro-
as well as microsaccades into the ipsiversive hemifield dominated
our sample. This contrasts with the only study we are aware of, a
study by Helmchen et al. (1994) which mentioned that 55% of neu-
rons exhibited stronger saccade-related bursts for contra- than for
ipsiversive (macro) saccades. In any case, the laterality bias was not
strong neither in our sample nor in the one of Helmchen et al. The
timing concept posits a directional dependence of burst timing but
not of burst strength. This is why it does not offer a functional
explanation of the observation of the latter and in particular no
explanation of the difference between micro- and macrosaccade pre-
ferred directions in some of the neurons. One possible explanation
of the occasionally deviating directional preferences of microsac-
cade-related responses may be the confounding influence of eye
position relative to the fixation spot. Microsaccades made into a par-
ticular direction started from different positions relative to target.
Further below we will come back to the profound impact of eye
starting position on the discharge.
Inactivation studies of the FOR have demonstrated the occurrence

of eye position-dependent saccadic dysmetria (Vilis & Hore, 1981;
Robinson et al., 1993), suggesting that saccade-related activity in the
FOR might depend on eye position. However, previous work is incon-
clusive as to the influence of eye position on the discharge of individ-
ual FOR neurons. Whereas Ohtsuka & Noda (1991) did not report
changes in saccade-related bursts of FOR neurons or tonic firing rates
during stationary fixation by eye positions, Kleine et al. (2003)
seemed to suggest such an influence. They compared centripetal and
centrifugal saccades of the same amplitude and direction. Some neu-
rons tested exhibited higher peak discharge rates for centripetal sac-
cades than for centrifugal saccades, a difference that might have been
due to the difference in starting positions, associated with opposite
directions of elastic forces impinging on the eyeballs. As the
macrosaccades made in our study always started from straight ahead,
we cannot contribute to the discussion of the question if larger devia-
tions in eye position from straight ahead modulate the baseline firing
rate of FOR neurons before a macrosaccade or the size of a macrosac-
cade-related burst. However, the variability in fixation positions
within the small fixation window allowed us to address the question if
the baseline firing rate before microsaccades made to new fixation
positions within the straight ahead fixation window would be influ-
enced by eye position. This turned out to be the case. Baseline firing
rate was the smaller the closer the pre-microsaccadic eye position was
to the center of the fixation window. Interestingly, it exhibited full
radial symmetry relative to the target; in other words, it did not matter
to which side the eyes deviated before a microsaccade. In accordance
with previous reports (Cornsweet, 1956; Guerrasio et al., 2010), we
found that microsaccade direction – and the ones of slightly larger sac-
cades with amplitudes not satisfying the arbitrary 1° criterion – is
always such as to move the eyes to the target, arguably aligning the
target image with the foveola. Moreover, the closer the eyes are rela-
tive to the target, the smaller microsaccades get. Actually, the depen-
dence predicts a virtual absence of measurable microsaccades, once
the foveola is aligned with the target. This is a pattern that is in full
accordance with the notion that microsaccades are precisely controlled
eye movements ensuring that the high-resolution center of the fovea is
used for the visual scrutiny of tiny objects. We found that the depen-
dence of the pre-saccadic firing rate on eye position paralleled the
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Fig. 9. Analysis of dependency of pre-saccadic discharge on the starting
position of the eyes for periods in which the eyes stayed within the confines
of the fixation window. (A) Mean pre-saccadic discharge (color coded)
pooled across all fastigial oculomotor region (FOR) neurons as function of
binned horizontal and vertical eye positions relative to the target (bin size
0.1° 9 0.1°). Each spatial bin had to contain at least five baseline samples
preceding insipient saccades. (B) Mean saccade-related discharge rate during
saccade (color coded) pooled across all FOR neurons as function of binned
horizontal and vertical eye positions relative to the target (bin size
0.1° 9 0.1°). Minimum of five samples per bin. (C) Contrast map obtained
by subtracting the mean baseline map depicted in (A) from the mean firing
map shown in (B).
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dependence of microsaccade metrics on the starting position of the
eyes. This intriguing similarity suggests a causal relationship between
the baseline firing rate and microsaccade metrics. For instance, one
might speculate that microsaccade-related bursts may be constrained
to directions that promise the steepest decline in fixation-related tonic
activity.
Our demonstration of microsaccade-related control signals in the

FOR may be considered not surprising in view of the fact that FOR
lesions affect not only macrosaccades but also microsaccades (Goffart
et al., 2004). Hence, the interesting aspect is not so much their exis-
tence but the fact that they are continuous with those for macrosac-
cades at the level of single neurons. FOR neurons offer control signals
for saccades which have qualitatively very similar features, indepen-
dent of saccade size. This similarity is in line with comparable proper-
ties of saccade-related OV Purkinje cell simple spikes (Arnstein et al.,
2015), a major, although not sole source of input to the FOR (Yamada
& Noda, 1987; Noda et al., 1990). At first glance, it seems to support
the general notion that there is no principle difference between the
cerebellar control of microsaccades and macrosaccades. However, this
conclusion is only warranted if we restrict our view to the properties
of saccade-related bursts. A unique feature of FOR neurons is the
aforementioned conspicuous radially symmetric dependence of their
baseline firing rate on eye position relative to the target as soon as the
target image is positioned within the confines of the fovea and the
intriguing correlation of this baseline firing rate with the metrics of the
next microsaccade. As the microsaccades issued tend to move the tar-
get image closer to the foveola, the possibility of a specific contribu-
tion to the optimization of fixation arises. Indeed previous studies
have demonstrated that lesions of the FOR result not only in saccadic
dysmetria but also fixation offsets (Sato & Noda, 1992; Robinson
et al., 1993; Goffart et al., 2004; Guerrasio et al., 2010). Arguably,
also the fact that the FOR projection to the representation of the visual
field center in the SC (May et al., 1990) may fit into the picture of a
prominent role of the FOR – and the cerebellum at large – in the opti-
mization of visual fixation.

Acknowledgments

The work was supported by a Marie Curie Initial Training Network (PITN-
GA-2009-238214; to P.T.), the German Ministry of Education, Science,
Research, and Technology through the Bernstein Center for Computational
Neuroscience (FKZ 01GQ1002), and a grant from the Deutsche Forschungs-
gemeinschaft (FOR 1847-A3 TH425/13-1; to P.T).

Abbreviations

FOR, fastigial oculomotor regions; OV, oculomotor vermis; LOWESS, lo-
cally weighted scatterplot smoothing.

Conflict of interest

The authors declare no competing financial interests.

Author contributions statement

Z.S. and P.T. conceived and designed the experiments. Z.S. and
P.W.D. performed the experiments. Z.S. and M.J. analyzed the data.
Z.S. and P.T. wrote this article. All authors reviewed the manuscript.

References

Arnstein, D., Junker, M., Smilgin, A., Dicke, P.W. & Thier, P. (2015)
Microsaccade control signals in the cerebellum. J. Neurosci., 35, 3403–
3411.

Barash, S., Melikyan, A., Sivakov, A., Zhang, M., Glickstein, M. & Thier,
P. (1999) Saccadic dysmetria and adaptation after lesions of the cerebellar
cortex. J. Neurosci., 19, 10931–10939.

Berens, P. (2009) CircStats: a MATLAB toolbox for circular statistics. J.
Stat. Softw., 31, 1–21.

Bridgeman, B. & Palca, J. (1980) The role of microsaccades in high acuity
observational tasks. Vision. Res., 20, 813–817.

Cornsweet, T.N. (1956) Determination of the stimuli for involuntary drifts
and saccadic eye movements. J. Opt. Soc. Am., 46, 987–993.

Cui, J., Wilke, M., Logothetis, N.K., Leopold, D.A. & Liang, H. (2009) Vis-
ibility states modulate microsaccade rate and direction. Vision. Res., 49,
228–236.

Ditchburn, R.W. & Ginsborg, B.L. (1952) Vision with a stabilized retinal
image. Nature, 170, 36–37.

Engbert, R. (2006) Microsaccades: a microcosm for research on oculomotor
control, attention, and visual perception. Prog. Brain Res., 154, 177–192.

Engbert, R. & Kliegl, R. (2004) Microsaccades keep the eyes’ balance during
fixation. Psychol. Sci., 15, 431–436.

Gass, J.D. (1999) Muller cell cone, an overlooked part of the anatomy of the
fovea centralis: hypotheses concerning its role in the pathogenesis of mac-
ular hole and foveomacualr retinoschisis. Arch. Ophthalmol., 117, 821–
823.

Goffart, L., Chen, L.L. & Sparks, D.L. (2004) Deficits in saccades and fixa-
tion during muscimol inactivation of the caudal fastigial nucleus in the
rhesus monkey. J. Neurophysiol., 92, 3351–3367.

Golla, H., Tziridis, K., Haarmeier, T., Catz, N., Barash, S. & Thier, P.
(2008) Reduced saccadic resilience and impaired saccadic adaptation due
to cerebellar disease. Eur. J. Neurosci., 27, 132–144.

Guerrasio, L., Quinet, J., Buttner, U. & Goffart, L. (2010) Fastigial oculomo-
tor region and the control of foveation during fixation. J. Neurophysiol.,
103, 1988–2001.

Hanes, D.P., Thompson, K.G. & Schall, J.D. (1995) Relationship of presac-
cadic activity in frontal eye field and supplementary eye field to saccade
initiation in macaque: poisson spike train analysis. Exp. Brain Res., 103,
85–96.

Helmchen, C., Straube, A. & Buttner, U. (1994) Saccade-related activity in
the fastigial oculomotor region of the macaque monkey during sponta-
neous eye movements in light and darkness. Exp. Brain Res., 98, 474–
482.

Ignashchenkova, A., Dash, S., Dicke, P.W., Haarmeier, T., Glickstein, M. &
Thier, P. (2009) Normal spatial attention but impaired saccades and visual
motion perception after lesions of the monkey cerebellum. J. Neurophys-
iol., 102, 3156–3168.

Kleine, J.F., Guan, Y. & Büttner, U. (2003) Saccade-related neurons in the
primate fastigial nucleus: what do they encode? J. Neurophysiol., 90,
3137–3154.

Ko, H.K., Poletti, M. & Rucci, M. (2010) Microsaccades precisely relocate
gaze in a high visual acuity task. Nat. Neurosci., 13, 1549–1553.

Kowler, E. & Steinman, R.M. (1980) Small saccades serve no useful pur-
pose: reply to a letter by R. W. Ditchburn. Vision. Res., 20, 273–276.

Li, K.Y., Tiruveedhula, P. & Roorda, A. (2010) Intersubject variability of
foveal cone photoreceptor density in relation to eye length. Invest. Oph-
thalmol. Vis. Sci., 51, 6858–6867.

Martinez-Conde, S., Macknik, S.L. & Hubel, D.H. (2004) The role of fixa-
tional eye movements in visual perception. Nat. Rev. Neurosci., 5, 229–240.

May, P.J., Hartwich-Young, R., Nelson, J., Sparks, D.L. & Porter, J.D.
(1990) Cerebellotectal pathways in the macaque: implications for collicular
generation of saccades. Neuroscience, 36, 305–324.

McCamy, M.B., Najafian Jazi, A., Otero-Millan, J., Macknik, S.L. & Marti-
nez-Conde, S. (2013) The effects of fixation target size and luminance on
microsaccades and square-wave jerks. PeerJ, 1, e9.

Noda, H., Sugita, S. & Ikeda, Y. (1990) Afferent and efferent connections of
the oculomotor region of the fastigial nucleus in the macaque monkey. J.
Comp. Neurol., 302, 330–348.

Ohtsuka, K. & Noda, H. (1990) Direction-selective saccadic-burst neurons in the
fastigial oculomotor region of the macaque. Exp. Brain Res., 81, 659–662.

Ohtsuka, K. & Noda, H. (1991) Saccadic burst neurons in the oculomotor
region of the fastigial nucleus of macaque monkeys. J. Neurophysiol., 65,
1422–1434.

Optican, L.M. & Robinson, D.A. (1980) Cerebellar-dependent adaptive con-
trol of primate saccadic system. J. Neurophysiol., 44, 1058–1076.

Otero-Millan, J., Troncoso, X.G., Macknik, S.L., Serrano-Pedraza, I. & Mar-
tinez-Conde, S. (2008) Saccades and microsaccades during visual fixation,
exploration, and search: foundations for a common saccadic generator. J.
Vis., 8, 21.1–18.

© 2016 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 44, 2531–2542

FOR activity during macro- and microsaccades 2541



Otero-Millan, J., Macknik, S.L., Serra, A., Leigh, R.J. & Martinez-Conde, S.
(2011a) Triggering mechanisms in microsaccade and saccade generation: a
novel proposal. Ann. NY Acad. Sci., 1233, 107–116.

Otero-Millan, J., Serra, A., Leigh, R.J., Troncoso, X.G., Macknik, S.L. &
Martinez-Conde, S. (2011b) Distinctive features of saccadic intrusions and
microsaccades in progressive supranuclear palsy. J. Neurosci., 31, 4379–
4387.

Poletti, M., Listorti, C. & Rucci, M. (2013) Microscopic eye movements
compensate for nonhomogeneous vision within the fovea. Curr. Biol., 23,
1691–1695.

Putnam, N.M., Hofer, H.J., Doble, N., Chen, L., Carroll, J. & Williams,
D.R. (2005) The locus of fixation and the foveal cone mosaic. J. Vis., 5,
632–639.

Ritchie, L. (1976) Effects of cerebellar lesions on saccadic eye movements.
J. Neurophysiol., 39, 1246–1256.

Robinson, F.R., Straube, A. & Fuchs, A.F. (1993) Role of the caudal fasti-
gial nucleus in saccade generation. II. Effects of muscimol inactivation. J.
Neurophysiol., 70, 1741–1758.

Rolfs, M., Laubrock, J. & Kliegl, R. (2006) Shortening and prolongation
of saccade latencies following microsaccades. Exp. Brain Res., 169,
369–376.

Sato, H. & Noda, H. (1992) Saccadic dysmetria induced by transient func-
tional decortication of the cerebellar vermis [corrected]. Exp. Brain Res.,
88, 455–458.

Scudder, C.A. & McGee, D.M. (2003) Adaptive modification of saccade size
produces correlated changes in the discharges of fastigial nucleus neurons.
J. Neurophysiol., 90, 1011–1026.

Straube, A., Helmchen, C., Robinson, F., Fuchs, A. & Buttner, U. (1994)
Saccadic dysmetria is similar in patients with a lateral medullary lesion
and in monkeys with a lesion of the deep cerebellar nucleus. J. Vestibul.
Res., 4, 327–333.

Takagi, M., Zee, D.S. & Tamargo, R.J. (1998) Effects of lesions of the ocu-
lomotor vermis on eye movements in primate: saccades. J. Neurophysiol.,
80, 1911–1931.

Thaler, L., Schutz, A.C., Goodale, M.A. & Gegenfurtner, K.R. (2013) What
is the best fixation target? The effect of target shape on stability of fixa-
tional eye movements. Vision. Res., 76, 31–42.

Van Gisbergen, J.A.M. & Robinson, D.A. (1977) Generation of micro and
macrosaccades by burst neurons in the monkey. In Baker, R. & Berthoz,
A. (Eds), Control of Gaze by Brain Stem Neurons. Elsevier/North-Holland,
Amsterdam, pp. 301–308.

Van Gisbergen, J.A., Robinson, D.A. & Gielen, S. (1981) A quantitative
analysis of generation of saccadic eye movements by burst neurons. J.
Neurophysiol., 45, 417–442.

Vilis, T. & Hore, J. (1981) Characteristics of saccadic dysmetria in monkeys
during reversible lesions of medial cerebellar nuclei. J. Neurophysiol., 46,
828–838.

Winterson, B.J. & Collewijn, H. (1976) Microsaccades during finely guided
visuomotor tasks. Vision. Res., 16, 1387–1390.

Yamada, J. & Noda, H. (1987) Afferent and efferent connections of the ocu-
lomotor cerebellar vermis in the macaque monkey. J. Comp. Neurol., 265,
224–241.

Zuber, B.L., Stark, L. & Cook, G. (1965) Microsaccades and the velocity-ampli-
tude relationship for saccadic eye movements. Science, 150, 1459–1460.

© 2016 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 44, 2531–2542

2542 Z. Sun et al.


	The same oculomotor vermal Purkinje cells encode the different kinematics of saccades and of smooth pursuit eye movements
	Materials and Methods
	Animals and surgical procedures. 
	Behavioural tasks. 
	Visually guided saccades. 
	Smooth pursuit eye movements (SPEM). 

	Electrophysiological procedures. 
	Data analysis. 

	Results
	Sample of OMV PCs. 
	PC SS encode eye movement kinematics. 
	Comparison of directional preferences of eye movement-related PC SS units for saccades and SPEM. 

	Discussion
	Acknowledgements
	Author Contributions
	Figure 1.  Breakdown of eye movement-related OMV PC SS units studied.
	Figure 2.  (A–C) Responses of three exemplary OMV PC SS units to saccades of different amplitudes and to SPEM in the same direction (A.
	Figure 3.  (A–D) Distribution of coefficients of determination (CDs) obtained by fitting discharge rates of individual OMV PC SS as function of the kinematic variables eye position, velocity and acceleration and different versions of slimmed down mo
	Figure 4.  Responses of exemplary OMV PC SS to saccades (A) and SPEM (B) made in 8 directions in the frontoparallel plane.
	Figure 5.  Polar distribution of the eye movement directions exhibiting the most vigorous firing for each neuron.
	Figure 6.  Distribution of coefficients of determination (CDs) obtained by fitting the population discharge as a function of the kinematic variables eye position, velocity and acceleration and different versions of slimmed down models for the 8 dire


