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CEREBELLAR STIMULATION has long been known to evoke eye movements (I 1, 20). Such evoked movements have been reinvestigated by many others (e.g., 8, 19, 21, 28) and most recently by Cohen et al. (5). There is not much agreement among the many studies concerning which areas of the cerebellum produce eye movements when stimulated and the nature and direction of those movements. The only agreement is that stimulation of the vermis, lobes VI and VII, evoke ipsilateral, horizontal eye movements (5, X7, 18, 20, 21). The most controversial results relate to stimulation of the hemispheres. A variety of eye movements have been reported that included ipsilateral, horizontal movements (20), nystagmus, contralateral or up movements (8), and rotatory up movements (11). Controversial results were also obtained from cerebellar nuclei stimulation. Stimulation of some areas of the cerebellum were considered to evoke eye movements without any apparent correlation between the site stimulated and the direction of the evoked movement (5, 8, 9, 18, 19). Often, the results from only one or two sites in a given cerebellar subdivision were reported rather than a thorough local exploration. The fact that there is not a single cerebellar structure from which stimulation by one or another investigator did not evoke eye movements would imply that they are represented everywhere in the cerebellum. Eye movements were not the primary interest of most investigators (11, 18, 19, 21, 25, 28); the eye movements were not studied in detail and descriptions of them were qualititative and subjective. Studies done on anesthetized animals are difficult to interReceived 1004
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pret because anesthesia is known to change the time course of the evoked movements, raise the stimulus threshold, or suppress the eye movement (34). Early studies seldom reported stimulus intensity or, if they did, reported electrode voltage rather than current in tensi ty, again making comparisons difficult. Most important, the time course of the movements were not recorded (except in one report by Cohen et al. (5)). Since saccades, pursuit movements, and nystagrnus are products of independent oculomotor control systems, it is quite important to note which type or types of eye movements are evoked by stimulation of particular cerebellar subdivisions. Consequently it was not clear from previous studies which parts of the cerebellum were involved in which types of oculomotor control. This project was undertaken to study quantitatively the direction and type of eye movements evoked by stimulation of each subdivision of the entire cerebellum in the alert, intact monkey. Each subdivision was systematically explored. Eye movements and stimulus current were accurately measured and recorded. The results present a fairly coherent picture of the types of eye movements that are associated with the various cerebellar subdivisions. Hopefully, it will clear the way for more complex experiments that will provide an understanding of the role of the cerebellum in the control of eye movements. METHODS



Three Macaca mulutta monkeys, eacEl weigh6-7 lb., were used as the experimental animals. Under general anesthesia and aseptic procedures, each monkey had chronically implanted in it a coil of wire on the eye to measure eye movements, a crown, and a chamber, ing
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When the monkey was placed in two alternating magnetic fields (horizontal and vertical), 90’ out of phase, a signal was induced in the implanted eye coil. Phase detection of this signal produced two voltages proportional to the horizontal and vertical positions of the eye. The instrument sensitivity was 15 min of arc, with a bandwidth of 1 kHz. Details of the eye coil and measuring technique have been described eleswhere (14, 30). A metal crown was bolted to the skull so that the animal’s head could be immobilized during recording sessions. The chamber was implanted over a trephined hole on the skull. It held the electrode holder during the experiments and enabled the closing of the exposed dura the rest of the time by replacing the electrode holder with a plug. The electrode was guided by two stainless steel guard tubes, one within the other; the electrode in the inner one. The outer tube was used to penetrate the dura and allow the inner tube and the electrode to penetrate the occipital cortex with minimal resistance until they reached the tentorium; a landmark used for depth reference. The inner guard tube eventually penetrated the tentorium. Both guard tubes were sharpened to allow easier penetration. The chamber was implanted above one-half of the occipital cortex, the outer circumference reaching the superior nuchal line posteriorly. The stereotaxic coordinates of this location were noted and subsequent chambers in the other monkeys were placed with the same coordinates. For practical purposes, the inner diameter of the chamber was much smaller than one-half of the cross-sectional area of the cerebellum so that parellel electrode tracks were not sufficient for a full exploration. Therefore, the electrode holder had to be constructed with sufficient degrees of freedom so that any desired site within the cerebellum could be reached with the electrode tip in a reproducible manner and a method of reconstructing the stimulated sites in the cerebellum had to be developed. At the end of the experiments, with the animal under deep anesthesia, the inner guard tube and the electrode were replaced by a colored thread (No. 50) supported by a stiff, thin wire. This thread was passed through the outer guard tube, which served as a support and guide, and was pushed all the way through the cerebellum along a stimulation track. The wire was carefully pulled back after the guard tube was taken out, leaving the thread in the brain to mark the track. Colored threads were passed in all the tracks. The animal was then sacrificed and sliced in thicknesses of 0.8-I mm in a horizontal plane; a total of 19-20 slices were typically obtained
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from one cerebellum. Since the threads tended to slip when the slices were cut, the section to be sliced was first frozen by a spray freezing material (Cyrokwik). A picture is thus obtained of a section of the cerebellum with different colored threads marking the location of the different tracks. In Fig. 1 a typical slice in seen with 55 tracks in six colors (not distinguishable in this black and white picture). The following method was used to reconstruct the location along each track of each site stimulated. The distance from the tentorium to each stimulated site was recorded during the experiments. However, the tracks were, in general, not perpendicular to the brain slices and a correction was made from the slant distance along the track to the equivalent perpendicular distance so that the depth of each stimulated site could be properly assigned to a given brain slice. A more detailed description has been given elsewhere (35). In each of the three monkes studied, 50-60 tracks were run. The stimulated sites along each track were between 0.5 and 1 mm apart. After a postoperative recovery period of sev-
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A typical horizontal slice of the cereshowing the trace of 55 electrode tracks by threads in six colors (not distinguishable black and white picture).
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days, experimental sessions lasting about 6 hr were held daily for a period of about 2 months. Before the monkey was returned to his cage after each experiment, the electrode holder was replaced with a stainless steel screw plug. All objects that came in contact with brain tissue, such as the electrode holder and plug, were sterilized. The monkey was supported by 200 mg/day chloramphenicol for 2 weeks and 200,000 units of penicillin twice a week for the remainder of the experiments. Monopolar electrodes of tungsten (0.125 mm diameter) coated with Teflon tubing (0.2 mm diameter) were used. The exposed metal tip (0.4 mm in length) was sharpened to a point. Bipolar tungsten electrodes were also used to compare the stimulus intensity required to evoke eye movements using monopolar and bipolar electrodes. As no difference in the stimulus intensity was found, the use of bipolar electrodes was discontinued. Trains of rectangular, cathodal pulses from a constantcurrent stimulator were used, Typical stimulus parameters were: pulse width, 0.5 msec; pulse and train length as rate, 500/set; intensity needed. These stimulus parameters may be assumed unless otherwise noted. Stimulus current was never permitted to exceed 1.0 ma. It can be roughly estimated that 1.0 ma excites cells from 1 mm (39) up to 6 mm (29) away from the era1



electrode tip and current spread in excess of this would seriously distort anatomical Iocalization. We felt that if an eye movement did not occur at 1.0 ma, that region of the cerebellum was not related to the oculomotor system. Stimulus current and both components of eye position were recorded on analog tape and later reproduced for analysis with an overall bandwidth of I kHz, RESULTS



Figure 2 summarizes the findings. Stimuof much of the cerebellum, such as lobes I-IV, the paramedian lobes, and the paraflocculus, produced no eye movements. Only three regions did; saccades were evoked from the vermis, lobes V-VII; saccadesand smooth movements from the hemispheres, crus I and II and Iobulus simplex; and nystagmus from the AoccuIus, nodulus, and uvula. Before describing these regions in detail, many common properties of the eye movements themselves will be described. An example of each evoked eye movement type is shown in Fig. 3. They were all conj ugate. Two evoked saccadesand one spontaneous one are shown in Fig. 3A. The durations of such evoked movements of many different amplitudes were measured for each lation
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Time msec FIG. 2. Summary of results of cerebellar stimulation, Arrows indicate lobes where stimulation elicited saccades. The angle of the saccade above or below the horizontal is shown by the tilt of the arrow; 0 indicates lobes where stimulation evoked smooth movements. A dot and an arrow represent a structure where stimuIation evoked both saccades and smooth movements. The direction of the smooth movements was the same as that of the evoked saccades (the direction of the arrow); A indicates lobes where stimulation evoked nystagmus; shaded areas indicate structures where stimulation did not evoke eye movements.
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FIG. 3, A : examples of saccades, B: smooth movements mixed with saccades; and C: nystagmus evoked by cerebellar stimulation. Only the horizontal component of eye movements is shown. I-Iorizontal bars indicate periods of stimulation.
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to the amplitude-



duration relationship of that monkey’s spontaneous saccades. They were the same and the evoked quick eye movements were classified as saccades (12). Evoked saccades only occurred above a certain current intensity (typically 0.5 ma) called the threshold. At threshold, the saccade amplitude could be large (25”) or small (2”) depending on the site stimulated. The latency between the start of stimufation and the beginning of the saccade was typically 35 msec. Saccade amplitude and direction were indeDendent of ;he width of the pulses in the pulse train (0.2-2 msec) and the rate (200-1,000 Hz). Saccade amplitude increased with current intensity at most sites. This is quite unusual because saccades evoked from stimulation of other brain structures such as the frontal eye fields (34) and superior colliculi (32) are aII-or-nothing responses, their amplitudes being independent of stimulus intensity. To differentiate the two response patterns, the former are called graded saccades. A typical example of graded saccades is shown in Fig. 4. The amplitude of saccades in the text following refers to the amplitude at threshold. Figure 4 also shows that in a typical response the increase in amplitude was greater in the horizontal direction than in the verticaI direction, In the exampIe in Fig. 4B, when the stimulus was doubIed, the amplitude more than doubled for the horizontal component but increased by only one-half for the vertical component. The rate of amplitude increase with current increase varied greatly from site to site. Saccades were usually evoked with a pulse train length of IO0 msec. Longer trains (e.g., I set) evoked a sequence or staircase of saccades. For 50 sites where this was studied, the intersaccadic interval in these sequences ranged from 220 to 110 msec at threshold (depending on stimulus site) and decreased to 80-100 msec at a stimulus intensity of 3 times threshold. If the train length became too short (e.g., 40 msec) the amplitude of the saccade began to drop and for shorter trains (e.g., 20 msec), no saccades were evoked. With the exception of initial-position dependency (see below) the properties of evoked saccades did not depend on the animal’s visual state; that is, a normal visual
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