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Abstract  23 

Saccades adapt to persistent natural or artificially imposed dysmetrias.  24 

The characteristics and circuitry of saccade adaptation have been revealed using 25 

a visually guided task (VGT) where the vectors of the target step and the 26 

intended saccade command are the same.  However, in real life, another 27 

saccade occasionally intervenes before the saccade to the target occurs.  This 28 

necessitates an updating of the intended saccade to account for the intervening 29 

saccadic displacement, which dissociates the visual target signal and the 30 

intended saccade command.  We determined whether the adaptation process is 31 

similar for VGT and updated saccades by studying the transfer of adaptation 32 

between them.  The ultimate visual target was dissociated from the intended 33 

saccade command with double-step saccade tasks (DSTs) in which two targets 34 

are flashed sequentially at different locations while the monkey maintains 35 

fixation.  The resulting saccades toward the first and second targets occur in the 36 

dark.  The transfer of visually guided saccade adaptation to the second saccades 37 

of a DST and vice versa depended on the eccentricity of the second visual target, 38 

and not the second saccade command.  If a target with the same eccentricity as 39 

the adapted target appears briefly during the intersaccadic interval of a DST, 40 

more adaptation transfers.  Because a brief appearance of the visual target either 41 

before the first saccade or during the intersaccadic interval influences how much 42 

adaptation transfer the second saccade will express, the processing of 43 

adaptation and DST updating may overlap. 44 

 45 
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New & Noteworthy:  46 

Adaptation and the spatial updating of saccades are thought to be independent 47 

processes.  When we dissociate the visual target and the intended saccade 48 

command, the transfer of visually guided saccade adaptation to the saccades of 49 

the DST and vice versa is driven by a visual not motor error.  The visual target 50 

has an effect until the second saccade of a DST occurs.  Therefore, the 51 

processing of adaptation and the spatial updating of saccades may overlap. 52 

 53 

  54 
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Introduction 55 

 The ability of saccades to recover following nerve palsy (Kommerell et al. 56 

1976) or injury to the extraocular muscles (Optican and Robinson 1980) suggests 57 

that the saccadic system has access to adaptation mechanisms that gradually 58 

repair persistent motor errors.  To elicit saccade adaptation in the laboratory, the 59 

oculomotor system is deceived into thinking it is in error by jumping the visual 60 

target during a saccade to a target so the eye either overshoots or undershoots 61 

(McLaughlin 1967).  After a delay, a backward or forward corrective saccade, 62 

respectively, eliminates the visual error created by the intrasaccadic target step 63 

(ISS).  After many such deceptions [~100 for human (Albano 1996; Deubel et al. 64 

1986; Frens and van Opstal 1994) and ~1000 for monkey (Straube et al. 1997)], 65 

the first saccade gradually becomes smaller or larger to reduce the visual error. 66 

Most studies suggest that adaptation modifies the motor command of 67 

saccades (Hopp and Fuchs 2004).  Indeed, saccade adaptation has been used 68 

in both behavioral and neurophysiological studies as a tool to dissociate the 69 

visual and motor aspects of saccade programming (Frens and Van Opstal 1997; 70 

Quaia et al. 2010; Quessy et al. 2010; Steenrod et al. 2013; Takeichi et al. 2007).  71 

However, recent evidence suggests that saccade adaptation also affects the 72 

perception of the location of targets (Awater et al. 2005; Bahcall and Kowler 73 

1999; Moidell and Bedell 1988; Zimmermann and Lappe 2009).  These studies 74 

suggest that adaptation may occur at the sensory level, at least partially.  The 75 

visually guided saccade task (VGT), which has been used to characterize 76 

saccade adaptation, cannot distinguish these two possibilities.  In the VGT, a 77 
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fixated spot jumps to a new location, and after a reaction time, the subject makes 78 

a saccade to foveate the target spot at its new location.  Therefore, the 79 

retinotopic vector of the visual target step and the vector of the desired saccade 80 

motor command (DSMC) for the saccade are the same.  In this situation, it is 81 

unclear whether adaptation operates on a signal related to the retinotopic target 82 

vector or the DSMC.  To understand the mechanisms underlying saccade 83 

adaptation, we must disambiguate these two signals. 84 

It is possible to dissociate a visual target signal from the saccadic motor 85 

command used to reach the target by employing a double step saccade task 86 

(DST, Fig. 1B-E).  In a DST, two target spot locations (T1 and T2) are flashed 87 

sequentially before the subject makes a saccade to T1 (Hallett and Lightstone 88 

1976a; b).  When the presentations of T1 and T2 are timed appropriately (Becker 89 

and Jurgens 1979), the subject makes two sequential saccades to T1 and T2 in 90 

the dark.  Before any saccade has occurred, the command for the second 91 

saccade would be the distance to T2 (T2-F).  After the first saccade, however, 92 

the motor command for the second saccade must be updated by subtracting the 93 

first saccade vector from T2 in order to take into account the eye position before 94 

the second saccade (Quaia et al. 2010; Tanaka 2003).  Now the vectors of the 95 

initial visual target T2 and the desired motor command for the second saccade 96 

have been dissociated. 97 

In this study, we employed various DSTs to dissociate the retinotopic 98 

target location from the desired motor command for the saccade, and 99 

manipulated these two signals independently to determine their relative 100 
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influences on the adaptation of saccades.  We adapted VGT saccades and 101 

determined the transfer of adaptation to the second saccades of a DST where 102 

the visual target signal and saccade command signals were different.  Also, we 103 

adapted the second saccades of a DST and assessed the transfer to VGT 104 

saccades. 105 

Our results suggest that the retinotopic target vector influences the 106 

transfer of saccade adaptation and that saccade motor command signals do not.  107 

Moreover, when a DST fully dissociates the retinotopic target and the saccade 108 

motor command signals, adaptation does not transfer between VGT saccades 109 

and the second saccades of a DST.  These observations allow us to speculate 110 

where and how the brain might use these signals to process saccade adaptation 111 

and to produce the second saccades of a DST. 112 

 113 

Figure 1 near here  114 

 115 

Methods 116 

All experiments were performed in accordance with the Guide for the Care 117 

and Use of Laboratory Animals and exceeded the minimum requirements 118 

recommended by the Institute of Laboratory Animal Resources and the 119 

Association for Assessment and Accreditation of Laboratory Animal Care 120 

International.  All the procedures were evaluated and approved by the local 121 

Animal Care and Use Committee of the University of Washington. 122 

 123 
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General procedures 124 

 The techniques that we use to monitor eye movements, and to train 125 

monkeys (Macaca mulatta) to follow small jumping targets with their eyes have 126 

been described in detail previously (Soetedjo et al. 2002).  Briefly, the eye 127 

position of a head fixed monkey was measured using a scleral search coil 128 

technique that was approximately linear within  20 horizontally and vertically 129 

and had a sensitivity of 15 min arc (Fuchs and Robinson 1966).  The target for a 130 

saccade was a red laser spot (~0.25 diameter) projected onto a tangent screen 131 

facing the monkey via an orthogonal set of computer controlled mirror 132 

galvanometers.  A homemade Spike2 program controlled a Power 1401 data 133 

acquisition system (Cambridge Electronics Design, Cambridge, UK).  This 134 

system controlled the laser power and the galvanometers as well as the reward 135 

to produce the tracking tasks.  It also digitized the vertical and horizontal eye and 136 

target positions as well as the laser on-off state at a 1kHz sampling rate. 137 

Two monkeys (L and M) were trained to track jumping target spots with 138 

their eyes (Fuchs 1967).  They were required to saccade to a new target location 139 

within 400ms of a target jump and then to keep their gaze within a 2.5 window 140 

surrounding the target location for at least 500ms. The next trial started 700-141 

1400ms later.  The monkeys were rewarded with a dollop of apple sauce every 142 

1200-1400ms as long as they maintained the accuracy and timing requirements.  143 

If they did not, the reward was delayed for 2000-2500ms, and the reward 144 

schedule was resumed when they started working correctly again.  The timing 145 

requirements between trials were the same for the other tasks described below. 146 
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 Once the monkeys were trained to track a jumping target spot reliably for 147 

at least 2 hours, we switched to a visually guided saccade task with the target 148 

flashed for 40ms (VGT saccades, Fig. 1A) when we gathered data before and 149 

after adaptation.  We flashed the VGT target to match the condition of the 150 

flashing target presentation of the DST tasks. 151 

We also started training the monkeys on the DST tasks (Fig. 1B-E).  152 

Because saccade adaptation in monkeys appears to occur on the horizontal or 153 

vertical component of the eye movement independently, all tasks involved only 154 

horizontal saccades (Kojima et al. 2005).  We optimized the timing of T1 and T2 155 

for each monkey to produce the fewest number of cancelled first saccades 156 

(Becker 1989).  Typical T1 durations were 70-110ms.  If the number of 157 

cancellations of the first saccade increased during the experiment, we increased 158 

the duration of T1.  If the first saccades were hypometric by 1-2°, we increased 159 

the eccentricity of T1 by 1-2° to keep the amplitude of the first saccades 160 

constant.  This adjustment was usually needed for DSTs in which the first and 161 

second saccades were in opposite directions (see below).  The duration of T2 162 

was constant at 40ms.  During all DST data collections, we included ~33-50% 163 

VGT saccades to T1 as catch trials to help discourage the cancellation of the first 164 

saccades. 165 

 166 

Adaptation of VGT saccades.  The focus of this study is to examine the transfer 167 

of adaptation of VGT saccades to the second saccades of DSTs when the 168 

retinotopic target location and the DSMC of the second saccades are gradually 169 
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dissociated.  We used McLaughlin's adaptation paradigm (McLaughlin 1967) to 170 

decrease or increase the amplitude of 12 VGT saccades (Hopp and Fuchs 171 

2004).  Briefly, a custom behavioral control program running in Spike2 detected 172 

the occurrence of a saccade to a 12 target step (not flashed) based on a 75/s 173 

velocity criterion.  When a saccade was detected, the target jumped 4 either 174 

closer to or farther from the fixation location to gradually decrease or increase 175 

saccade amplitude, respectively.  In the middle of the adaptation, we increased 176 

this intrasaccadic target jump to 6 (50% of the size of the initial target step) in an 177 

attempt to obtain as much amplitude change as possible.  We performed this 178 

adaptation paradigm only in the same horizontal direction of the second 179 

saccades of DSTs. 180 

 181 

DST with first and second saccades in opposite directions.  In the first transfer 182 

test, we kept the DSMC of the second saccades constant, and varied the 183 

retinotopic position of the target.  If the transfer of adaptation from VGT saccades 184 

to the second saccades of a DST depends on the DSMC, we would expect a 185 

constant transfer of adaptation regardless of the retinotopic positions of the 186 

target.  In this task (Fig. 1B-D), the monkey started by fixating a target for 500-187 

1000ms.  The fixation spot (F) then disappeared and the laser spot was flashed 188 

at different eccentric locations in one visual hemifield (e.g., T1 at 3, 6, 9 or 12 to 189 

the right).  After a 5 ms delay, the laser spot was flashed at a second location in 190 

the opposite hemifield (T2 at either 9, 6, 3 and 0, respectively, to the left of F).  191 

Because the distance from T1 to T2 was always leftward 12°, the second 192 
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saccade was always ~12 leftward.  The 5 ms delay was added to prevent the 193 

monkey from seeing the movement of the laser spot when the extinguished 194 

target jumped from T1 to T2.  The monkey made sequential saccades to the 195 

location of the first and second target flashes in the dark.  We did not employ a 196 

delayed task, so the first saccades occurred within the normal VGT saccade 197 

reaction times of each monkey.  If the gaze landed and stayed for at least 500 198 

ms within the extinguished target T2 window (2.5), the monkey received a 199 

reward, and the target was turned on again.  If the monkey failed to execute 200 

these two saccades correctly, the trial was aborted and the target was turned off 201 

for 2000-2500 ms before the next trial started.  We call DSTs with T1 and T2 in 202 

opposite visual hemifields DST-crossovers.  The task in which the second 203 

saccade returned the gaze to the fixation location is called DST-refixation (Fig. 204 

1C).  In one type of experiment, we also relit T2 during the intersaccadic interval 205 

of 12 DST-refixation saccades (Fig. 1D). 206 

 207 

DST with first and second saccades in the same direction.  In this DST-forward 208 

task (Fig. 1E), both T1 and T2 appeared in the same visual hemifield, at 3 and 209 

6 eccentricities, respectively.  The size of both the first and second saccades 210 

was ~3.  Adaptation of 12° VGT saccades transferred very little, if at all, to 3° 211 

VGT saccades (Fig. 2A, 3A, and 8B), but significantly to 6° VGT saccades (Fig. 212 

2B, 3A, and 8B).  Therefore, if the vector of the DSMC determines the transfer of 213 

VGT saccade, we would expect no or little transfer to the second saccades of a 214 

DST-forward task whose DSMC is ~3°. 215 
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 216 

Adaptation of the second saccades of DST-refixation.  We adapted the amplitude 217 

of the second saccades of a DST-refixation using the same behavioral paradigm.  218 

The program waited for the occurrence of the second saccades and jumped the 219 

target closer to or farther from T1 to decrease or increase the amplitude of the 220 

second saccades, respectively (Fig. 1F).  We also performed 3, 6, 9, 15, 18 and 221 

21 DST-refixations (Fig. 1C) to test the transfer of this adaptation to other 222 

second saccades with different amplitudes.  We found that adaptation of VGT 223 

saccades did not transfer to the second saccades of a DST-refixation task.  224 

Different adaptation sites may underlie this lack of transfer.  Therefore, in this 225 

task we performed the opposite adaptation transfer test from the second 226 

saccades of the DST to VGT saccades.  Moreover, we also compared the 227 

characteristics of the adaptation field of the second saccades and VGT 228 

saccades. 229 

 230 

Conditions for all experiments. Before adaptation, we collected data from both 231 

VGT and DST saccades.  We turned off the target for 500ms at the end of the 232 

visually guided and second saccades to minimize the dissipation of adaptation 233 

(Shafer et al. 2000).  To eliminate the possible eye position effects in the transfer 234 

of adaptation (Tian and Zee 2010) between VGT and the second saccades of 235 

DSTs, we matched the starting positions of the two types of saccades.  After 236 

adaptation, the same set of data was collected. 237 
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The day after each experiment, we dissipated any remaining adaptation 238 

by having the monkey make saccades in the same task without an ISS for at 239 

least 2 hours with the same amplitude as the adapted saccades or until the 240 

saccade amplitude returned to pre-adaptation values.  Therefore, each 241 

experiment was not influenced by the previous one. 242 

 243 

Data analysis 244 

 Initial offline analysis was performed using a homemade program that ran 245 

in Spike2.  The program measured and calculated the position, amplitude, 246 

velocity and timing attributes of the target and eye position signals.  Saccade 247 

onset and end were marked when the eye velocity crossed a 15/s velocity 248 

threshold.  When a blink occurred during a saccade, we measured the end 249 

position after the blink eye movement settled to a 15/s velocity threshold.  We 250 

elected to retain data with blinks because monkey M blinked during most 251 

saccades (50-60%), and blinks should not change the end position of the gaze at 252 

the end of the saccades (Goossens and Van Opstal 2000).  Moreover, because 253 

we turned the target off before a pre- and post-adaptation saccade was executed 254 

in both VGT and DST tasks and kept it off for 500ms after the saccade, blinks 255 

should not induce changes of saccade metrics (Maus et al. 2017).  Further 256 

analyses, including statistics, were performed using programs running in Matlab 257 

(Mathworks, Natick, USA). 258 

 We characterize the adaptation of saccades by measuring their gains. 259 

 260 
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𝐺𝑎𝑖𝑛 = 𝑆𝑎𝑐𝑐𝑎𝑑𝑒 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑆𝑎𝑐𝑐𝑎𝑑𝑒 𝑀𝑜𝑡𝑜𝑟 𝐶𝑜𝑚𝑚𝑎𝑛𝑑 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒    (1) 261 

 262 

For VGT saccades, the desired saccade motor command (DSMC) amplitude for 263 

each trial was the distance between the target location (Fig. 1A, T) and the eye 264 

position at the beginning of the saccade.  For the second saccade of DST tasks, 265 

DSMC amplitude was defined as the distance between the T2 target location and 266 

the eye position at the end of the first saccade (Fig. 1B-F).  Because the amount 267 

of adaptation differed from experiment to experiment, we normalized the amount 268 

of adaptation by computing the percent gain change between trials before (pre) 269 

and after (post) adaptation as follows: 270 

 271 % 𝐺𝑎𝑖𝑛 𝐶ℎ𝑎𝑛𝑔𝑒 = 𝑀𝑒𝑎𝑛 𝐺𝑎𝑖𝑛𝑝𝑜𝑠𝑡−𝑀𝑒𝑎𝑛 𝐺𝑎𝑖𝑛𝑝𝑟𝑒𝑀𝑒𝑎𝑛 𝐺𝑎𝑖𝑛𝑝𝑟𝑒 × 100%   (2) 272 

 273 

To calculate the transfer of adaptation between different saccade tasks A and B, 274 

we use the percent gain change: 275 

 276 % 𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟 = % 𝐺𝑎𝑖𝑛 𝐶ℎ𝑎𝑛𝑔𝑒𝐴% 𝐺𝑎𝑖𝑛 𝐶ℎ𝑎𝑛𝑔𝑒𝐵 × 100%     (3) 277 

 278 

For example, to calculate percent transfer of adaptation from VGT saccades to 279 

the second saccades of a DST, the nominator was the percent gain change of 280 

the second saccades of a DST and the denominator was the percent gain 281 

change of VGT saccades.  Percent transfer can only be ≥0%.  If the sign of 282 
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percent transfer was negative (e.g., a positive gain change in amplitude decrease 283 

adaptation), we considered the percent transfer to be zero.  We used percent 284 

transfers for descriptive purposes.  Statistical analyses (see below) were 285 

performed on either the raw gain data or percent gain changes. 286 

 To calculate the transfer of adaptation between VGT saccades and the 287 

second saccade of a DST, we matched the DSMC amplitudes of the two 288 

saccade types.  Because the target step size of VGT saccades is fixed at 12°, 289 

their DSMC after consideration of the slight fixation error was ~12±0.5°.  On the 290 

other hand, the DSMC of the second saccades of a DST must take into account 291 

the variability of the first saccades.  Therefore, for 12° amplitudes, we accepted 292 

only second saccades whose DSMC amplitude was within 10-13°.  We also 293 

limited the direction of both VGT and the second saccades of a DST to within 294 

±15° of horizontal.  Overall, <15% of trials were eliminated by these constraints. 295 

 At least 10 selected trials in each group before and after adaptation were 296 

required for further analysis.  Across all experiments, the mean number of pre- or 297 

post-adaptation VGT saccades was 20.5±11.7 (mean ±SD, range: 10-65) and 298 

20.1±12 (range: 10-79), respectively.  The means of DST pre- or post-adaptation 299 

saccades were 25.2±13.7 (range: 10-67) and 31.1±28.2 (range: 10-150), 300 

respectively.  The post-adaptation data were collected in the same manner as 301 

the pre-adaptation data, except for experiments shown in Figure 7, where we 302 

gathered adaptation recovery data.  Here we considered the first 15 trials of 303 

adaptation recovery as post-adaptation data.  The statistical significance of the 304 

transfer was computed by comparing the pre- and post-adaptation gain data 305 
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using a two-tailed unequal variances Welch’s t-test (Welch 1947).  We 306 

considered P<0.05 to be significant. 307 

Figure 2 near here 308 

Results 309 

 We performed a total of 51 saccade adaptation experiments on two 310 

monkeys (L, 30 experiments; M, 21 experiments; Data from M are shown in red 311 

in the figures).  We will indicate the number of experiments in each condition 312 

below. 313 

 314 

The effects of varying T2 eccentricity, but keeping DSMC constant on the 315 

transfer of adaptation from VGT saccades to the second saccades of a DST. 316 

 In 8 experiments we adapted 12° VGT saccades and determined the 317 

transfer to the second saccades of a DST-crossover task.  The DSMC of the 318 

second saccades also was held fixed at ~12°, but the T2 locations varied in 319 

eccentricity (either 3, 6 and 9°) along the direction of the adapted VGT saccades.  320 

In each experiment, we first determined the transfer of adaptation of the 12° 321 

saccade to VGT saccades of 3, 6 and 9°. 322 

Figure 2 shows data from an exemplar experiment.  The transfer of 323 

adaptation of 12° VGT saccades (-17% gain reduction) to VGT saccades of other 324 

sizes increased with target step size (Fig. 2A-C, T, -3° to -9°).  The amount of 325 

gain reduction was not significant for 3° VGT saccades [t(22.16)= -0.63; P= 0.54], 326 

but showed a significant gain decrease for both 6 and 9° saccades (-8.7% and -327 
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16.8%, respectively).  These percent gain reductions corresponded to 0, 51.5 328 

and 99% transfer, respectively. 329 

A similar pattern of transfer and gain change was observed for the second 330 

saccades of a DST.  The transfer of adaptation of 12° VGT saccades to the 331 

second saccades of a DST (~12° DSMC) also increased as T2 eccentricity 332 

(relative to F) increased from 3 to 9° (Fig. 2D-F).  The percent gain changes were 333 

-3.6, -6.8 and -15.3% for T2 at 3, 6 and 9°, respectively (P<0.001 for all three 334 

groups).  These corresponded to 21.2, 40.3 and 90.5% transfers, respectively. 335 

 336 

Figure 3 near here 337 

 338 

Across eight 12° VGT saccade adaptation experiments, increasing the 339 

eccentricity of the retinotopic target to 3, 6 and 9° (T for VGT and T2 for DST) 340 

increased the amount of gain change and transfer to both VGT saccades (Fig. 341 

3A, C) and the second saccades of the DST (Fig. 3B, D).  In 3 experiments, the 342 

gain of the second saccades of the DST with T2 at 3° did not change significantly 343 

(P>0.07, Fig. 3B black symbols) even though their DSMC remained ~12°.  On 344 

average, transfers of 12° VGT saccade adaptation to 3, 6 and 9° VGT saccades 345 

were 6.8±13.6, 46.6±19.9 and 80.3±12.1% (mean ±SD), respectively.  In 346 

comparison, the average transfers to the second saccades of a DST with T2 at 3, 347 

6 and 9° were all significantly different with values of 12.9±11, 36.0±12.3 and 348 

69.4±20.3%, respectively.  Analysis using a two-way anova with main effects of 349 

retinotopic target (representing T and T2) and task (representing VGT and DST) 350 
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indicated that the effect of the retinotopic target was very significant [F(2)= 71.89; 351 

P= 2.75x10-14], but both task [F(1)= 1.34; P= 0.25] and interaction term [F(2)= 352 

1.6; P= 0.21] effects were not.  In summary, the retinotopic coordinate of the 353 

target of the saccade strongly influences the amount of adaptation transfer to 354 

both VGT saccades and the second saccades of a DST task.  The fact that the 355 

task differences did not affect the transfer suggests the DSMC had no influence 356 

on the transfer. 357 

 358 

Adaptation transfer from VGT saccades to the second saccades of a DST-359 

refixation task. 360 

 Figures 2 and 3 showed that as the eccentricity of T2 decreased, the 361 

transfer of adaptation of 12° VGT saccades to the second saccades of DST also 362 

decreased.  Because transfer to the T2 at 3° was the least, we expect minimal 363 

transfer when T2 is 0° (DST-refixation).  In those previous 8 adaptation 364 

experiments, we also tested the transfer to the second saccades of a DST-365 

refixation (T1 at 12° eccentricity and T2 at 0°).  In addition, we performed 3 366 

additional gain decrease adaptation experiments on 12° VGT saccades in which 367 

we randomly interleaved 12° DST-refixation saccades.  Figure 4A shows data 368 

from one of these three experiments.  Although the gain of VGT saccades 369 

decreased by 20.14%, the slope of the gain of the interleaved second saccades 370 

of the DST-refixation task as a function of trial number was not significantly 371 

different from zero [t(136)= -0.13; P= 0.9; Fig. 4C, B2].  The slopes of the second 372 

saccade’s gain vs. trial number in the other two experiments (B1 and B3) were 373 
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significantly positive (0.08 and 0.1 /1000 trials, P<0.01).  Therefore, there was no 374 

transfer of the gain reduction of VGT saccades to the interleaved second 375 

saccades of a DST-refixation task. 376 

 377 

Figure 4 near here 378 

 379 

In 5 experiments we performed gain increase adaptation of 12° VGT 380 

saccades, and randomly interleaved 12° DST-refixation trials.  In the 381 

representative experiment illustrated in Fig. 4B, the gain of VGT saccades 382 

increased by 20.01%, but the slope of the gain vs. trial number relation of the 383 

second saccades of the DST-refixation trials was actually negative (slope: -0.048 384 

/1000 trials, t(71)= -2.4; P= 0.019; Fig. 4C, F2).  In 3 other experiments, the gain 385 

of the adapted VGT saccade increased by 19.3, 13.9 and 19.2%, but the slopes 386 

of the gain vs. trial number relation of the second saccades of the interleaved 387 

DST-refixation trials again were negative (-0.12, -0.047 and -0.042 /1000 trials, 388 

respectively; all slopes were significantly different from zero P<0.03).  In the 389 

remaining experiment, the VGT saccade gain increased by 21.3%, but the slope 390 

of gain vs. trial number for DST-refixation trials was zero [t(127)= -0.67; P= 0.5; 391 

Fig. 4C, F4]. 392 

 Figure 4C compares the gain changes of the adapted 12° VGT saccades 393 

and the second saccades of a DST-refixation across all gain decrease and 394 

increase experiments.  For gain decrease adaptation, the first 8 experiments 395 

were from data shown in Fig. 2 and 3 and experiments B1-3 for additional 396 
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experiments with interleaved DST trials.  Only 3 of these 11 experiments showed 397 

significant adaptation transfer from VGT saccades (P<0.04, *).  For gain increase 398 

adaptation, no experiments showed transfer of VGT adaptation to the second 399 

saccades of a DST-refixation.  Three experiments showed a slight, but significant 400 

gain decrease of the second saccades (-2.29, -2.35 and -7.47% gain change, 401 

P<0.02). 402 

The absence of or minimal transfer of adaptation from VGT saccades to 403 

the second saccades of a DST-refixation could be pre-programmed during the 404 

parallel programming of the first and second saccades of a DST (Becker and 405 

Jurgens 1979).  Alternatively, the computation of the second saccade motor 406 

command might continue during the intersaccadic interval (ISI) of a DST and 407 

therefore could still be influenced by a visual target.  If the latter were true, the 408 

transfer of VGT saccade adaptation to the second saccades would increase if the 409 

T2 target reappears during the ISI (Fig. 1D).  In 6 experiments, we performed 410 

gain decrease adaptation of 12° VGT saccades (Fig. 5) and tested the transfer of 411 

adaptation to the second saccades of 12° DST-refixation trials.  In half of the 412 

DST trials (circle data) we kept T2 off as in the experiments of Fig. 4.  In the 413 

other half (triangle data), we turned T2 on when the first saccades of the DST 414 

ended.  Before adaptation, the mean gains of the second saccades of a DST 415 

were not significantly different with T2 on or off (insets, P>0.072).  In three 416 

experiments (A, C and F), the variance of the gain was unaffected by whether T2 417 

was on or off (F-test, P>0.14); however, in the other three (B, D and E), the 418 

variance was significantly less when T2 was on (P<0.003). 419 
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 420 

Figure 5 near here 421 

 422 

Finally, we calculated the mean pre-adaptation gain of the second 423 

saccades (insets), and then the percent gain change of each post-adaptation 424 

second saccade of the DST relative to the mean pre-adaptation gain (calculation 425 

as in equation 2 of Methods, except trial by trial).  For each T2 condition, we 426 

performed a linear regression between percent gain change and the 427 

intersaccadic-interval (ISI) of the DST.  In all experiments, the percent gain 428 

changes of the second saccades of the DST were lower when T2 was on at the 429 

end of the first saccade (Fig.5, triangles) than when it remained off (circles).  The 430 

slopes of the linear regression for the T2-off condition were not significantly 431 

different from zero (P>0.13).  When we turned T2 on during the ISI, the slopes of 432 

the linear regressions were negative in 5 experiments (significantly different from 433 

zero, P<0.005), and the slope in one experiment (panel C) was not different from 434 

zero [t(61)= -1.72; P= 0.09].  As the ISI increased so T2 was visible longer, the 435 

percent gain decrease approached the average percent gain decrease of the 436 

adapted VGT saccades (dashed lines).  In summary, the negative slopes 437 

suggest that the processing of the retinotopic target is still underway between the 438 

end of the first saccade and the execution of the second saccades.  The longer 439 

the target T2 was visible, the more transfer of adaptation occurred. 440 

 441 
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Adaptation transfer from VGT saccades to the second saccades of a DST-442 

forward task. 443 

 Although the data shown in Figs. 2-5 indicate that the retinotopic target of 444 

a saccade influences the transfer of adaptation, a DSMC with an amplitude 445 

similar to the adapted saccades might still play a role in producing transfer.  To 446 

test this possibility, we created a DST with a second saccade DSMC that was so 447 

small that little transfer would be expected from VGT saccade adaptation (recall 448 

Fig. 3), but whose retinotopic target was close to the adapted amplitude.  We 449 

exploited the fact that adaptation of 12° VGT saccades transfers minimally to 3° 450 

VGT saccades (6.8% Fig. 3C), but substantially to 6° targeting saccades (46.6% 451 

Fig. 3C).  Therefore, in 8 experiments we adapted 12° VGT saccades, and 452 

measured the transfer to the second saccades of a DST-forward task that 453 

generated two consecutive saccades of ~3° with T1 and T2 flashed at 3° and 6°, 454 

respectively (see Fig. 6C), in the same direction as the 12° adapted VGT 455 

saccades.  We expect that if the optimum adaptation transfer requires that the 456 

DSMC amplitude be close to the amplitude of the target step of the adapted 457 

saccades, the amount of gain change of the second saccades of the DST-458 

forward would be comparable to that to 3° VGT saccades, i.e., there would be 459 

minimum transfer. 460 

 461 

Figure 6 near here 462 

 463 
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 In the representative experiment of Fig. 6, gain decrease adaptation of 12° 464 

VGT saccades (-23.3%) caused an average 3.1% gain reduction of 3° VGT 465 

saccades (Fig. 6A, P=0.13), but an 8.4% gain reduction of 6° VGT saccades 466 

(Fig. 6B, 36.1% transfer, P<10-8).  This adaptation transferred well to the overall 467 

amplitude produced by the sum of the two saccades of a DST-forward task.  The 468 

net gain of the DST-forward saccade sequence (measured at the end of the 2nd 469 

saccades relative to 6° [T2-F]) decreased significantly by 12.7% (Fig. 6C, 470 

P<10-4).  The first saccades did not contribute to the overall gain decrease 471 

because their gain did not change significantly [t(15.97)= 1.05; P= 0.31].  On the 472 

other hand, the gain of the second saccades decreased significantly by 24.1% 473 

(almost twice the 12.7% overall-gain decrease of the DST).  Therefore, the gain 474 

decrease of the second saccades of the DST-forward task accounted almost 475 

entirely for the overall gain decrease in this task. In this exemplar experiment, the 476 

amplitude decrease of 3° second saccades [≈0.72° = 0.241x3°] accounted 477 

almost entirely for the overall 6° amplitude decrease of the DST-forward [≈0.76° 478 

= 0.127x6°]. 479 

 In all eight experiments, the gain changes of the second saccades of a 480 

DST-forward task were larger than those of 3° VGT saccades (-32.6±9.3% vs. -481 

8.4±3.6%, respectively, Fig. 6D).  The average overall DST-forward gain change 482 

was not significantly different from that of 6° VGT saccades (-17±5.02% vs. -483 

12.8±4.9%, respectively, t(13.99)= 1.69; P= 0.11, Fig. 6E).  In all experiments, 484 

the percent gain reduction of the second saccades was larger than the percent 485 

reduction of the overall-gain (Fig 6F, all data points above unity slope line).  486 
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Moreover, these data points lay on or near a line with a slope of 0.5 in the plot 487 

that compares the percent gain change of the overall DST-forward sequence and 488 

the percent gain change of the second saccades (Fig. 6F).  A linear regression 489 

on those data yielded a slope of 0.54, which was not significantly different from 490 

0.5 [t(6)= 1.38; P= 0.22] and significantly different from unity [t(6)= -16.95; P= 491 

2.7x10-6].  Given that the double saccade sequence of this DST-forward task 492 

covers a 6° amplitude, the regression analysis suggests that the second 493 

saccade, which only covers half of the overall amplitude (~3°), contributes most 494 

of the overall gain reduction of the DST sequence.  In summary, these data 495 

further confirm that the transfer of adaptation of VGT saccades to the second 496 

saccades of a DST task depends on the retinotopic target, and not on the DSMC 497 

amplitude of the saccades. 498 

 499 

Adaptation of the second saccades of DST-refixation and the transfer to VGT 500 

saccades. 501 

 The absence or minimal transfer of adaptation of VGT saccades to the 502 

second saccades of a DST-refixation suggests that different neuronal sites might 503 

underlie adaptation in those two saccade tasks.  To examine this possibility 504 

further, we examined the reverse transfer of adaptation of the second saccades 505 

of a DST-refixation task to VGT saccades.  We decreased the gain of the second 506 

saccades of a DST-refixation (T2 at 12° eccentricity, see Fig. 1F) in 5 507 

experiments and increased it in 5, and then measured the transfer of the 508 

adaptation to VGT saccades elicited by a 12° target step (Fig. 1A). 509 
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 510 

Figure 7 near here 511 

 512 

 Figure 7 shows representative experiments for gain decrease (A) and 513 

increase (B) adaptation.  When a backward ISS occurred during the second 514 

saccade of a DST-refixation, the gain of the second saccades decreased 515 

gradually from 0.96 before adaptation to 0.58 after with a rate constant of 296 516 

trials (Fig. 7A, first panel, filled circles and fit curve at bottom). The gain of the 517 

randomly interleaved VGT saccades decreased more slowly with a linear rate of 518 

0.14 /1000 saccades (open circles and fit line at top).  Gain reduction computed 519 

before (PRE) and after (POST, the first 15 saccades of the recovery trials) 520 

adaptation showed a reduction of 26.9% for the second saccades, but the gain 521 

change for the interleaved VGT saccades was not significant (-1.51%, t(63.98)= 522 

1.04; P= 0.3).  When the backward ISSs were discontinued, the gain of the 523 

second saccades recovered with a rate constant of 184 trials (Fig. 7A, second 524 

panel at bottom). 525 

 Forward ISSs gradually increased the gain of the second saccades of a 526 

DST-refixation task from 1.13 before the adaptation to 1.53 with a rate constant 527 

of 352 trials (Fig. 7B, first panel, filled circles and fit curves at bottom).  On the 528 

other hand, the slope of the gain change of the randomly interleaved VGT 529 

saccades was not significant (open circles and fit line at top, t(127)= -1.13; P= 530 

0.26).  Although the amount of gain increase after adaptation (POST, the first 15 531 

saccades of the recovery trials) was 26.6% for the second saccades, VGT 532 
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saccades showed no significant gain change (0.63%, t(43.37)= -0.51; P= 0.61).  533 

When forward ISSs were discontinued, the gain of the second saccades 534 

decreased to PRE levels with a rate constant of 230 (Fig. 7B second panel at 535 

bottom). 536 

 Across 5 gain decrease experiments (Fig.7C), the average gain of the 537 

second saccades of the DST-refixation task decreased by 27±6.1%, and the 538 

average gain of VGT saccades decreased by only 2.6±2.5% (average: 9.6% 539 

transfer); the decrease was significant (P<0.001, *) in only two experiments.  On 540 

average, the rate constant of the adaptation was 238±131 trials.  The average 541 

slope for the interleaved 12° VGT saccades was -0.0082±0.13 /1000 saccades (3 542 

slopes were negative, -0.051, -0.14 and -0.1, P<0.001, and two were positive, 543 

0.11 and 0.14, P<0.03).  In 4 experiments we recovered the second saccade 544 

gain and their average rate constant was 101±57 trials.  In summary, there was 545 

little, if any transfer, of adaptation from gain decrease adaptation of the second 546 

saccades of a DST-refixation task to VGT saccades. 547 

Across the five gain increase experiments (Fig. 7D), the average gain of 548 

the second saccades of a DST-refixation task increased by 28.1±7.9%, and the 549 

average gain of VGT saccades increased by only 2.9±2.8% (average: 10.3% 550 

transfer).  Three experiments showed a very small, but significant transfer 551 

(P<0.002).  Three adaptations (B2-4) could be fit well with exponential functions 552 

with rate constants of 111, 352 and 194 trials.  The rate constants for recovery 553 

were 82, 230 and 132 trials, respectively.  Adaptations B1 and B5 were fit with 554 

linear functions with slopes of 0.56 and 0.76 /1000 saccades, respectively.  The 555 
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recovery of B5 adaptation had a rate constant of 95 trials.  The average slope for 556 

the interleaved 12° VGT saccades was 0.071±0.08 /1000 saccades.  In 557 

summary, there was minimal transfer from gain increase adaptation of the 558 

second saccades of a DST-refixation task to VGT saccades. 559 

 560 

Difference of amplitude transfer fields after adaptations of the second saccades 561 

of DST-refixation and VGT saccades. 562 

 The minimal transfer of adaptation between the second saccades of a 563 

DST-refixation task and VGT saccades supports the idea that they might have 564 

different adaptation sites or pathways.  If this is true, their adaptation fields also 565 

are likely to be different.  The amount of transfer of adaptation of VGT saccades 566 

decreases as the amplitude of the target that elicits the saccade deviates from 567 

that used to produce the adaptation.  This so-called adaptation field exhibits a 568 

sharp decline of transfer for saccades to smaller target steps, and a more 569 

gradual decline for saccades to larger target steps (Frens and van Opstal 1994; 570 

Noto et al. 1999).   571 

 572 

Figure 8 near here 573 

 574 

We confirmed these previous studies in five 12° VGT saccade adaptation 575 

experiments (Fig. 8A-B).  For large target step sizes of 9, 12, 15, 18 and 21°, the 576 

percent gain changes were not significantly different (one-way anova, F(4)= 1.58; 577 

P= 0.22).  The percent gain change for a 3° target step was significantly less 578 
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than those produced by the 9-21° steps, and the percent gain change for a 6° 579 

target step was significantly less than those produced by 9-18° steps (P<10-5, 580 

multiple comparison with Bonferroni correction).  On average the transfers for 581 

target step sizes of 9, 15, 18 and 21° were >70%, but <40% for target amplitudes 582 

of 3 and 6°. 583 

In contrast, after adaptation of the second saccades (DSMC ~12°) of a 584 

DST-refixation task, the amplitude adaptation field of the second saccades (6 585 

experiments) usually did not exhibit a declining transfer for smaller DSMC 586 

amplitudes.  For example, the average gain change for a 3° DSMC amplitude still 587 

was significant (Fig. 8C, -17.9±11.6% on average, one-sample t-test: t(5)= -3.77; 588 

P= 0.013); however, in two individual experiments, it was not.  The average 589 

transfer for 3° was 80.2±51.1% (Fig. 8D).  The average transfers to a 6° DSMC 590 

were >100% (Fig. 8D, filled black circles), whereas VGT saccade adaptation 591 

transfer to 6° was only 38.1±12.3% (open circles).  Across all 7 DSMC 592 

amplitudes, the gain changes were not significantly different (one-way anova, 593 

F(6)= 1.21; P= 0.33) and averaged >75% transfer.  Analysis using two-way 594 

anova with main effects of retinotopic target size (representing T and T2) and 595 

task (representing VGT and DST) for trials in the 3, 6, 9 and 12° groups indicated 596 

that the effects of the retinotopic target (F(3)= 5.85; P= 0.0023), task (F(1)= 597 

36.92; P= 5.5x10-7) and interaction term (F(3)= 2.96; P= 0.045) were significant.  598 

For trials in 12, 15, 18 and 21° groups, only the main effect of task was significant 599 

(F(1)= 8.07; P= 0.0073), and both retinotopic target (F(3)= 1.3; P= 0.29) and the 600 

interaction term (F(3)= 0.11; P= 0.95) were not.  In summary, adaptation of the 601 
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second saccades of a DST-refixation task generalizes over wider range of 602 

second saccade amplitudes, and its transfer pattern to the smaller second 603 

saccades is different from that of VGT saccades. 604 

 605 

Discussion 606 

  Our primary goal was to determine whether a visual retinotopic target 607 

signal or a signal related to the motor command to acquire the target (DSMC) is 608 

the dominant contributor to saccade adaptation.  We performed several 609 

experiments to dissociate these signals, and measured the effects of the 610 

dissociation on adaptation transfer. 611 

 612 

Adaptation transfer depends on the visual target not the saccade command 613 

First, we decreased the gain of VGT saccades and determined the 614 

transfer to the second saccade of a double step task in which the saccade 615 

crossed the midline.  The DST-crossover task enabled us to hold the DSMC of 616 

the second saccade fixed at ~12°, but to vary the eccentricity of T2 (either 3, 6 617 

and 9°).  If adaptation transfer depends on T2, it should increase with T2 618 

eccentricity.  On the other hand, if the DSMC determines the transfer, the 619 

transfer should be high and constant regardless of T2 eccentricity.  The DST-620 

crossover tasks produced a partial transfer to the second saccades, which 621 

depended on the eccentricity of target T2 even though the DSMC was constant 622 

(Fig. 3).  The percent transfer was lowest for a 3° T2 and highest for a 9° T2 623 

(Fig.3D).  A statistically similar dependence on target eccentricity (T) occurs for 624 
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smaller VGT saccades themselves after a larger VGT saccade has been adapted 625 

(Fig. 3C). 626 

This finding, that the visual target not the DSMC drove transfer, was 627 

further supported by the results of a DST-refixation task in which the second 628 

saccade always returned to the initial fixation location (F).  After VGT saccades 629 

underwent either gain decrease or increase adaptation (Fig. 4A, B, respectively, 630 

lower open circles and fits), there was essentially no gain transfer to the second 631 

saccades of the DST-refixation where T2 was constant at zero (Fig. 4A, B, upper 632 

filled circles; 4C).  For VGT amplitude decrease adaptation, the second saccades 633 

of 8 of 11 experiments did not exhibit a significant gain decrease.  For VGT 634 

amplitude increase adaptation, the second saccades of none of the experiments 635 

exhibited a significant transfer of gain increase.  This finding supports the 636 

importance of the eccentricity of T2 for adaptation transfer. 637 

VGT saccade adaptation also does not transfer to the second saccades of 638 

a DST-refixation task in humans.  Pélisson et al. (2010) reported that after gain 639 

adaptation of VGT saccades, the second saccades of a DST-refixation task 640 

exhibited either no significant gain change after amplitude increase adaptation 641 

(their Fig. 4C, forward column) or a very little, but significant, gain change after 642 

amplitude decrease adaptation (their Fig. 4C, backward column).  Based on the 643 

different results of transfer between gain increase and decrease adaptations, 644 

they suggested that the two adaptations might not involve a common pathway.  645 

On the other hand, our results show that essentially neither gain increase nor 646 

decrease VGT saccade adaptation transfer to the second saccades.  Moreover, 647 
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we showed that there was a dependence of transfer on target eccentricity that 648 

was similar to that for the adaptation transfer to VGT saccades of other sizes.  649 

Finally, we added the observation that re-illumination of T2 between the first and 650 

second saccade also influences saccade adaptation transfer.  Indeed, the longer 651 

T2 is illuminated during the ISI, the greater the adaptation transfer to DST 652 

second saccades (Fig. 5).  Therefore, in contrast the previous study on humans, 653 

our data provide a more comprehensive description of the relation of adaptation 654 

transfer for a variety of target eccentricities and add the fact that T2 is influential 655 

throughout the entire course of double step paradigm. 656 

In our gain decreasing paradigms, the DSMC of the second saccades of 657 

the DST was the same as that of the adapted VGT saccades.  To disambiguate 658 

the possible effect on adaptation transfer of the DSMC for the second saccades 659 

and that for VGT saccades, we used a DST-forward task that required a second 660 

saccade that was so small that little transfer would be expected from VGT 661 

saccade adaptation (recall Fig. 3), but whose retinotopic target was close to the 662 

adapted amplitude (Fig. 6A-C).  The gain reduction of the second saccades of 663 

the DST-forward task accounted for almost the entire reduction of the overall 664 

DST-forward displacement (Fig. 6F), a further confirmation that the visual target 665 

and not the DSMC drives saccade adaptation. 666 

 667 

The characteristics of adaptation of the second saccades of a DST 668 

The lack of transfer of VGT saccade adaptation to the second saccades of 669 

a DST task when T2 is completely dissociated from the DSMC as in DST-670 
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refixation task suggests that adaptation of the second saccades of a DST-671 

refixation task would also not transfer to VGT saccades.  An ISS backward or 672 

forward step of the target during the second saccade of a DST-refixation task 673 

produced gradual robust decreases and increase of gain, respectively (Fig. 7A, 674 

B, filled circles).  However, interleaved VGT saccades exhibited only modest 675 

changes, if any (Fig. 7A, B, open circles).  Pre- and post-adaptation comparisons 676 

also indicated minimal transfers to VGT saccades (Fig. 7C & D). 677 

We and others (Levy-Bencheton et al. 2016) showed that an ISS delivered 678 

during the second saccades of a DST task gradually changed the amplitude of 679 

the second saccades.  These gradual amplitude changes likely were due to 680 

adaptation mechanisms rather than strategy because elimination of the ISS 681 

caused a gradual return of the amplitude to the pre-adaptation state (Fig. 7A,B, 682 

right panels).  Taken together, our experiments suggest that the modifiable 683 

neuronal pathways underlying the adaptation of VGT saccades and the 684 

adaptation of the second saccades of a DST-refixation task are independent. 685 

This suggestion is further supported by the fact that the adaptation fields 686 

of VGT saccades and the second saccades of a DST-refixation have different 687 

shapes.  The transfer of adaptation of VGT saccades to smaller VGT saccades 688 

decreased with smaller amplitude target steps (Fig. 8A and B).  On the other 689 

hand, adaptation of the second saccades of a DST-refixation transferred 690 

uniformly to a broad range of saccades with larger and smaller amplitude motor 691 

commands (Fig. 8C and D). 692 

 693 
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Comparison with previous studies that dissociated the visual target and DSMC 694 

using DSTs with two target steps but at different angles 695 

The transfer characteristics of VGT saccade adaptation to the second 696 

saccades of a DST have also been examined in 3 other studies with a different 697 

target configuration.  In those studies, the positions of the fixation point, and the 698 

locations of T1 and T2 were at the points of a triangle rather than co-linear.  Two 699 

studies concluded that saccade adaptation occurred at the motor level because 700 

they observed significant transfer to the second saccades of a DST after they 701 

dissociated the retinotopic target T2 from its DSMC vector (Frens and van Opstal 702 

1994; Wallman and Fuchs 1998).  However, the observed transfer could have 703 

been due to the adaptation field, which can extend more than ±45° (Soetedjo et 704 

al. 2009), because the directional angle dissociation of their T2 and DSMC 705 

vectors was <60° and 37°, respectively.  In the third study (Quaia et al. 2010), the 706 

angle between T2 and the second saccade vectors was close to 90°; therefore, 707 

the two vectors lay outside the adaptation field and the second saccades directed 708 

toward the T2 target with its vector aligned with the adapted saccades still 709 

showed significant transfer.  This condition was similar to our DST-forward 710 

experiments.  On the other hand, when the vectors of T2 and the second 711 

saccades were reversed, there was no adaptation transfer.  This condition was 712 

similar to our DST-refixation experiments.  In conclusion, the results of our study 713 

using a co-linear target configuration agree with those using the triangular 714 

configuration when its vector separation of T2 and DSMC was wider than the 715 

directional adaptation field.  The steep decline of VGT adaptation transfer to 716 
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smaller saccades (see Fig. 8A and B) allows the co-linear configuration to titrate 717 

the contribution of T2 eccentricity to the transfer and to dissociate easily the 718 

influence of T2 and the DSMC. 719 

 720 

How does the visual target T2 affect adaptation transfer to the second saccades 721 

of a DST? 722 

The results in Figs. 2-6 suggest that VGT saccade adaptation modifies 723 

either the representation of the visual target or the interpretation of the visual 724 

target to be incorporated into the programming of the second saccades of a DST.  725 

The expression of this modification on behavior is not limited to saccades, but 726 

also extends to visual perception.  After a VGT saccade adaptation, monkeys 727 

exhibited a shift of object localization when they touched it on a screen while 728 

maintaining fixation (Gremmler et al. 2014).  The direction of the shifts 729 

corresponded to whether the adaptation was an amplitude decrease or increase.  730 

Similar shifts of visual object localization after saccade adaptation occur in 731 

humans using a computer mouse pointer while maintaining fixation 732 

(Zimmermann and Lappe 2010); however, the effects seem to occur only for 733 

amplitude increase adaptation.  The shape of the mis-localization field was 734 

similar to that of the adaptation field (Awater et al. 2005; Collins et al. 2007). 735 

Our results cannot distinguish whether VGT saccade adaptation modifies 736 

the representation or the interpretation of the visual target.  If the visual 737 

representation of the target were modified by saccade adaptation, visual activity 738 

of neurons in the saccade-related areas should change during adaptation.  As far 739 
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as we are aware, only one study (Steenrod et al. 2013) examined this possibility 740 

and reported that both visual and saccade-related activity of neurons in the 741 

lateral intraparietal area did not change during either memory guided or VGT 742 

saccade adaptations.  Moreover, the three studies (Frens and Van Opstal 1997; 743 

Quessy et al. 2010; Takeichi et al. 2007) that examined possible changes in SC 744 

neuron saccadic burst activity during saccade adaptation did not mention any 745 

changes of visual activity related to target steps. 746 

We feel that modification of the interpretation of the visual target signal is 747 

more likely to underlie the mechanisms of VGT saccade adaptation.  The circuitry 748 

and mechanisms underlying VGT saccade adaptation is rather well understood.  749 

Briefly, the brainstem saccade burst generator (Scudder et al. 2002) delivers a 750 

burst of neuronal activity to the extraocular muscles.  The SC sends a command 751 

signal related to the target step both directly to this brainstem burst generator 752 

(BG) and indirectly to the BG through the oculomotor cerebellum (vermis lobules 753 

VIc and VII [OMV] and the caudal fastigial nucleus [cFN] to which they project).  754 

After gain reduction adaptation of VGT saccades, electrical stimulation of the SC 755 

site serving the adapted target vector elicits saccades of reduced size (Edelman 756 

and Goldberg 2002).  During VGT saccade adaptation, the saccade-related 757 

activity of visuomotor and saccade-related burst neurons in the SC does not 758 

change (Frens and Van Opstal 1997; Quessy et al. 2010; Takeichi et al. 2007).  759 

These studies indicate that the SC saccade-related discharge is better correlated 760 

with the vector of the target step than the vector of the adapted saccades; i.e., 761 
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the SC always sends a constant saccade command signal to the burst generator.  762 

Therefore, adaptation is mediated downstream by another structure. 763 

In contrast to the unchanging burst activity in the SC during saccade 764 

adaptation, simple spike (SS) activity of Purkinje cells (PCs) in the OMV 765 

gradually changes with adaptation (Catz et al. 2008; Kojima et al. 2010).  This 766 

change in SS activity is routed to the BG through cerebellar output cells in the 767 

cFN (Inaba et al. 2003; Scudder and McGee 2003).  The changing SS activity is 768 

the result of the error signal between the target and the saccade end position that 769 

modulates the PC complex spike activity (Soetedjo and Fuchs 2006).  Finally, 770 

several studies (Kaku et al. 2009; Soetedjo et al. 2009) identified that this error 771 

signal originates in the rostral SC where neurons change their visual activity 772 

during adaptation (Kojima and Soetedjo 2017). 773 

 Because the OMV mediates the adaptation, the command signal from the 774 

SC likely determines the transfer of adaptation to the second saccades of a DST 775 

(Edelman and Goldberg 2002; Fujita 2013).  The similarity of VGT saccade 776 

adaptation fields (Fig. 8A and B) to the movement fields of SC neurons supports 777 

this idea (Noto et al. 1999; Ottes et al. 1986). 778 

Does the SC send the same command signal for saccades of similar 779 

vectors whether they are VGT saccades or the second saccades of a DST?  780 

Remapping of the T2 visual target (Duhamel et al. 1992) could allow the SC to 781 

send a command signal appropriate for the vector of the second saccade of a 782 

DST (Sommer and Wurtz 2008).  The remapping process could then shift the 783 

neuronal activity related to the T2 target to become relative to the end of the first 784 
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saccade.  In this scenario, the SC would send the same command signal 785 

(DSMC) for both VGT saccades and the second saccades of a DST.  If such a 786 

remapping process of T2 had played a role in producing the second saccades of 787 

a DST, we would have observed full transfer of adaptation of VGT saccades in 788 

both DST-crossover and -refixation tasks and no transfer in a DST-forward task 789 

because the vector of T2 would have been the same as the vector of the target of 790 

VGT saccades.  In contrast, our data are more consistent with processing the T2 791 

signal by the adaptation mechanisms as it was presented before the first 792 

saccades, i.e., relative to the fixation location.  This suggests that the SC could 793 

send a command signal related to the vector of T2 during the second saccades 794 

of a DST. 795 

As far as we are aware, only one study has examined SC activity during a 796 

DST task.  During the second saccades of a DST that was similar to our DST-797 

refixation task, the saccadic bursts of SC neurons discharged at much lower 798 

rates than for VGT saccades of the same vector (Sparks and Porter 1983).  799 

Some stopped discharging for saccades all together.  The decrease in rate for 800 

second saccades would be a problem if the SC used a rate code for saccade 801 

metrics.  Sparks and Porter suggested that the SC output was based on its 802 

spatial map (Lee et al. 1988; Ottes et al. 1986) and therefore it would still send 803 

the appropriate DSMC vector to elicit the second saccades.  However, this 804 

suggestion that the SC still retains its spatial map during the second saccades of 805 

a DST-refixation has never been tested directly.  Moreover, Sparks and Porter 806 

(1983) never measured SC activity using other types of DST so they could not 807 
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titrate the dissociation between the visual target T2 and the DSMC.  Therefore, it 808 

is an open question whether the magnitude of the SC saccadic burst would 809 

increase if the T2 of the DST were placed in more eccentric positions in the 810 

contralateral visual hemifield while keeping the DSMC constant as for a DST-811 

crossover task (Fig. 2-3). 812 

Recordings during a DST-crossover paradigm might reveal whether SC 813 

activity encodes the retinotopic target T2 when the neurons burst for the second 814 

saccades.  The T2 visual target can be thought of as the movement goal of the 815 

second saccades of a DST.  For a different oculomotor behavior, i.e., smooth 816 

pursuit, the activity of neurons in the rostral SC is correlated with the movement 817 

goal (Krauzlis et al. 2000), which need not necessarily be visual (Hafed and 818 

Krauzlis 2008).  Therefore, it is possible that the movement goal of the second 819 

saccades of a DST might be encoded by saccade-related activity of the more 820 

caudal SC neurons, where larger saccades and target eccentricities are 821 

represented.  Indeed, our pilot data (Soetedjo 2016) suggest that the saccadic 822 

burst of SC neurons appears to be better correlated with T2 eccentricity than 823 

saccade amplitude.  These pilot data are consistent with the observed SC 824 

saccade-related activity for saccades made to a moving target (Goffart et al. 825 

2017; Keller et al. 1996), and supported by recent theoretical work (Optican and 826 

Pretegiani 2017). 827 

If the SC output for the second saccades of a DST encodes the T2 visual 828 

target, a structure downstream of the SC must combine the SC T2 signal and the 829 

corollary discharge of the first saccade to produce an accurate motor command 830 
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for second saccades.  We think the cerebellar OMV and the cFN could perform 831 

this processing.  Our pilot data show that cFN neurons discharge differently for 832 

VGT saccades and the second saccades of a DST, and the discharges during 833 

the second saccades appear to be appropriate for adjusting the SC visual target 834 

T2 signal (Soetedjo 2016). 835 

The scenario of neuronal mechanisms that we proposed above would 836 

explain our adaptation transfer data.  The SC would provide a saccadic burst that 837 

is a spatially encoded target-related signal.  For example, a site in the left SC 838 

produces a saccadic burst for a rightward saccade to a 12° target step.  This 12° 839 

spatial target signal will also activate a population of neurons in the nucleus 840 

reticularis tegmenti pontis (NRTP) that encodes a 12° step (Crandall and Keller 841 

1985).  The NRTP, in turn, would deliver a signal related to the 12° rightward 842 

step to the OMV via mossy fibers.  This set of mossy fibers would activate 843 

specific sets of OMV granule cells, which send their parallel fibers to synapse 844 

with PCs.  During adaptation of 12° VGT saccades, this particular set of parallel 845 

fiber synapses would undergo plastic changes (Fujita 2013; Ito 2000) that 846 

gradually would alter the simple spike activity.  Finally, the changes in PC 847 

activity, mediated through the cFN, would adjust the activity of burst neurons in 848 

the brainstem burst generator to produce the adapted saccades. 849 

The plastic changes that occur in the specific set of parallel fiber synapses 850 

would explain why the adaptation field of VGT saccades (Fig. 8A, B) resembles 851 

SC visuomotor fields (Noto et al. 1999; Ottes et al. 1986).  Only the set of parallel 852 

fibers that originates from the SC neuron population that encodes 12° is adapted 853 
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the most.  For other target step vectors that activate adjacent sites in the SC, the 854 

activated parallel fibers would overlap less with the adapted 12° parallel fiber set.  855 

This would result in less adaptation transfer to saccades that are smaller or 856 

larger than 12°. 857 

Using similar reasoning, if the SC encodes the visual target T2 for the 858 

second saccades of a DST-crossover, the active site, which depends on T2, 859 

would determine the amount of adaptation transfer to the second saccades (Fig. 860 

2 and 3).  As T2 eccentricity decreases (moves closer to the fixation location F), 861 

the active SC site would move more rostrally and be further away from the 12° 862 

site.  Therefore, the transfer of adaptation decreases. 863 

When the visual target T2 never appears in the contralateral visual 864 

hemifield as in a DST-refixation task, it is more difficult to speculate on what 865 

happens in the SC during the second saccades.  The different shape of the 866 

adaptation fields of VGT saccades and the second saccades of a DST-refixation 867 

(Fig. 8) suggests that during the execution of the second saccades, the active SC 868 

population might be much broader, possibly to compensate for the low saccadic 869 

burst activity (Sparks and Porter 1983).  The increase in the active population 870 

might also explain the minimal transfer of adaptation between VGT and second 871 

saccades.  Further study on the SC is needed to understand the encoding of the 872 

command signal during the second saccades of a DST-refixation task. 873 

In summary, we think that during saccade adaptation, the OMV modifies 874 

the interpretation of the visual target signal.  Based on this new interpretation of 875 

the visual target, the cFN sends a corrective signal to the brainstem burst 876 
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generator to change the metrics of the ongoing saccade.  In addition, fastigio-877 

thalamic-cortical projections could underlie the shift in target localization after a 878 

saccade adaptation (Baumann et al. 2015; Kyuhou and Kawaguchi 1987). 879 

 880 

Conclusions 881 

Before this report, it was thought that adaptation of VGT saccades 882 

transferred to any other saccades with a similar vector and, therefore, with a 883 

similar desired saccade motor command (DSMC).  It did not matter which target 884 

configuration elicited them.  This leads to the idea that adaptation of saccades is 885 

a motor event.  In contrast, our data show that the adaptation of saccades 886 

depends on the visual goal of the movement.  When the goals of two different 887 

saccade tasks are dissociated from their motor commands, generalization of 888 

adaptation between the two tasks suffers even though the intended saccades of 889 

both tasks have the same motor command.  Neurophysiological studies are 890 

needed to understand the neural origin of the visual goal signal for saccade eye 891 

movements, and how it could be used in the processing of double-step saccade 892 

tasks and their adaptation. 893 

  894 
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Figure Legends 1072 

 1073 

Figure 1.  Schematic illustration of the various saccade tasks.  A: Visually guided 1074 

task (VGT).  Thick horizontal bars indicate when the target is ON (bar) or OFF 1075 

(no bar).  Black and grey lines indicate the position of the target spot and eye, 1076 

respectively.  Abbreviations: F, fixation position; T, target position; M, desired 1077 

saccade motor command (DSMC).  B: Double-saccade crossover task (DST-1078 

crossover).  Abbreviations: T1, position of the first brief target; T2, position of the 1079 

second brief target. T1 and T2 appear in opposite visual hemifields.  C: Double-1080 

saccade refixation task (DST-refixation). F and T2 appear at the same positions. 1081 

D: The same as C (DST-refixation) except T2 is turned ON again at the end of 1082 

the first saccade and then turned OFF at the beginning of the second. E: Double-1083 

saccade forward task (DST-forward).  T1 and T2 appear in the same hemifield. 1084 

F: Task to elicit adaptation of the second saccades of a DST-refixation task. 1085 

When the second saccade occurs, the target jumps closer to T1 and is turned 1086 

ON. 1087 

 1088 

Figure 2.  A representative experiment of the transfer of gain decrease 1089 

adaptation of 12° VGT saccades to the second saccades of a DST-crossover 1090 

task. A-C: Horizontal eye position traces of 3° (A), 6° (B) and 9° (C) VGT 1091 

saccades before (black) and after (grey) adaptation. D-F: Horizontal eye position 1092 

traces of 3 different DST-crossover tasks with T2 at -3° (D), -6°(E) and -9°(F).  T1 1093 

was positioned so that DSMC was constant ~12°. 1094 
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 1095 

Figure 3.  The transfer of adaptation of VGT saccades to VGT saccades with 1096 

different target eccentricities (A and C) and to the second saccades of DST-1097 

crossover tasks with different T2 eccentricities (B and D).  A and B: % gain 1098 

change vs. VGT target eccentricity (T-F) and DST T2 eccentricity (T2-F), 1099 

respectively.  C and D: % transfer vs. VGT target eccentricity (T-F) and DST T2 1100 

eccentricity (T2-F), respectively.  Each symbol identifies data from one of eight 1101 

experiments. Data in red were from monkey M. 1102 

 1103 

Figure 4.  Transfer of adaptation of VGT saccades to the second saccades of a 1104 

DST-refixation task. A and B: Data from two representative experiments. 1105 

Horizontal gain of VGT saccades (open circles) is shown below for gain decrease 1106 

and increase adaptation, respectively; the gain of randomly interleaved second 1107 

saccades of a DST-refixation task (filled circles) is shown above.  Fits are 1108 

exponential for VGT saccades and linear for the second saccades.  C: 1109 

Comparison of % gain changes of adapted 12° VGT saccades (open bars) with 1110 

the associated gain changes of the second saccades of a DST-refixation task 1111 

(filled bars, ~12° DSMC).  The first 8 symbols represent data from the 1112 

experiments in Fig. 3. B1-B3 are additional gain decrease experiments with 1113 

interleaved DST trials.  F1-F5 are gain increase experiments. * indicates a 1114 

significant gain change, P<0.05, for the DST data.  Data in red were from 1115 

monkey M. 1116 

 1117 
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Figure 5.  Comparison of the % gain change of the second saccades of a DST-1118 

refixation task during adaptation with T2 either OFF (circles) or ON (triangles) 1119 

during the intersaccade interval (ISI).  A-F: data from 6 experiments. Insets: 1120 

average horizontal gains (±SD) before adaptation.  Fits of percent gain change 1121 

vs. ISI are linear.  Dashed thick lines at bottom of each data set show the % gain 1122 

change of 12° VGT saccades.  Data in red were from monkey M. 1123 

 1124 

Figure 6.  Transfer of VGT saccade adaptation to the second saccades of a DST-1125 

forward task. A-C: an exemplar experiment. Comparison of VGT saccades of 1126 

3°(A) and 6°(B) before (black) and after (grey) adaptation of 12° VGT saccades.  1127 

C: comparison of DST-forward saccades before (black) and after (grey) VGT 1128 

saccade adaptation (T1 and T2 eccentricities are 3° and 6°, respectively).  D-F: 1129 

summary of 8 experiments.  D: comparison of % gain change of the second 1130 

saccades of a DST-forward task and 3° VGT saccades.  E: comparison of % gain 1131 

change of the overall DST-forward amplitude and 6° VGT saccades.  F: 1132 

comparison of the % gain change of the overall DST-forward amplitude and that 1133 

of the second saccades.  E-F: solid diagonal lines of slope=1.0; F: dashed line of 1134 

slope=0.5.  Data in red were from monkey M. 1135 

 1136 

Figure 7.  Transfer of adaptation of the second saccades of a DST-refixation task 1137 

to VGT saccades.  Effect of a horizontal gain decrease (A) or increase (B) 1138 

adaptation of the second saccades of a DST-refixation task (filled circles below) 1139 

on the gain of randomly interleaved VGT saccades (open circles above).  Fits are 1140 
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exponential for the second saccades and linear for VGT saccades. “Post” panels 1141 

show recovery from adaptation.  Comparison of % gain change  of decrease (C, 1142 

A1-A5) or increase (D, B1-B5) adaptation of the second saccades of a DST-1143 

refixation task (filled bars, ~12° DSMC) with the % gain change of 12° VGT 1144 

saccades (open bars).  * indicates a significant gain change, P<0.05, for VGT 1145 

data.  Data in red were from monkey M. 1146 

 1147 

Figure 8.  Comparison of the amplitude transfer characteristics (adaptation fields) 1148 

between VGT saccade adaptation and adaptation of the second saccades of a 1149 

DST-refixation task.  Percent gain change (A) and % transfer (B) of VGT saccade 1150 

adaptation to VGT saccades elicited by different target step amplitudes.  Black 1151 

circles (dashed lines) are averages.  Percent gain change (C) and % transfer (D) 1152 

of adaptation of the second saccades of a DST-refixation task to other second 1153 

saccades with different amplitudes of saccade motor command.  Black filled 1154 

circles (solid line) are averages.  Open circles and dashed lines are averages 1155 

from A and B for comparison.  Data in red were from monkey M. 1156 

 1157 
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