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40 Abstract

41 We perceive a stable, continuous world despite drastic changes of retinal images across
42  saccades. However, while persistent objects in daily life appear stable across saccades,
43 stimuli flashed around saccades can be grossly mislocalized. We address this puzzle with
44 our recently proposed circuit model for perisaccadic receptive-field (RF) remapping in
45  LIP and FEF. The model uses center/surround connections to store a relevant stimulus’
46  retinal location in memory as a population activity. This activity profile is updated across
47  each saccade by directional connections gated by the corollary discharge (CD) of the

48  saccade command. The updating is a continuous backward (against the saccade) shift of
49  the population activity (equivalent to continuous forward remapping of the RFs), whose
50 cumulative effect across the saccade is a subtraction of the saccade vector. The model
51  explains forward and backward translational mislocalization for stimuli flashed around
52  the saccade onset and offset, respectively, as insufficient and unnecessary cumulative

53  updating after the saccade, caused by the sluggish CD time course and visual response
54  latency. We confirm the model prediction that for perisaccadic RFs measured with

55  flashes before the saccades, the final forward remapping magnitudes after the saccades
56  are smaller for later flashes. We discuss the possibility that compressive mislocalization
57  results from a brief reduction of attentional remapping and repulsion. Although many
58 models of RF remapping, transsaccadic updating, and perisaccadic mislocalization have
59  been proposed, our work unifies them into a single circuit mechanism and suggests that
60 the brain uses “unaware” decoders which do not distinguish between different origins of
61 neurons’ activities.

62
63
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65 Introduction

66  We make several saccades per second to foveate on different parts of a scene for high-

67  resolution processing. Across a saccade the retinal image changes drastically, yet the

68  world appears stable and continuous to us. Two main mechanisms have been proposed to
69  explain this phenomenon of transsaccadic visual stability (TSVS): (1) the brain combines
70  eye-position signals and retinotopic inputs to construct craniotopic (head-centered)

71 representations (Andersen et al., 1985; Zipser and Andersen, 1988; Duhamel et al., 1997;
72 Yangetal., 2024), and (2) the brain uses corollary discharges (CDs) of saccade

73 commands to “compensate” for saccade-induced retinal changes (von Helmholtz, 1928;
74  Duhamel et al., 1992; Wang et al., 2024). These mechanisms appear to contribute to

75  transsaccadic space perception at long- and short-time scales, respectively (Poletti et al.,
76 2013; Rutler et al., 2022). Here we focus on the CD mechanism because we would like to
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Fig. 1. Double-step memory saccade task:
the updating of the second target across
the first saccade. (a) Craniotopic (screen)
representation. After subjects fixate on the
cross, the cross disappears, and the square
and diamond are flashed successively.
Subjects then sequentially saccade to the
remembered square and diamond
positions. (b) Retinotopic representation
across the first saccade (back projected
from the retina to the screen for
comparison with a). The cross and square
are superimposed as they correspond to
the same retinal position, the fovea. The
magenta and green arrows indicate the
diamond’s retinotopic positions before and
after the first saccade (the rightward black
arrow in a), respectively. The leftward
black arrow indicates that the diamond’s
retinotopic position needs to be updated
backward by subtracting the saccade
vector.

link its detailed, transsaccadic operations to the
short-time-scale phenomenon of perisaccadic
perceptual mislocalization. We consider
saccades under the head-fixed condition so that
the display screen for stimuli is craniotopic.

The original proposal of the CD mechanism is
that the CD of a saccade cancels the retinal
image motion produced by the saccade (von
Helmholtz, 1928). A related observation is
saccadic suppression: during saccades, visual
perception (particularly of magnocellular stimuli
such as motion) is impaired (Burr et al., 1994),
and correspondingly, some visual neurons have
reduced responses or reversed directional tuning
(Richmond and Wurtz, 1980; Thiele et al.,
2002). There is evidence that CDs are
responsible for saccadic suppression (Richmond
and Wurtz, 1980). However, although
cancellation and/or suppression of saccade-
induced retinal motion may contribute to TSVS,
they are insufficient. Consider the double-step
memory saccade task, a standard demonstration
of TSVS, in which subjects sequentially saccade
to two successively flashed and disappeared
targets (Fig. 1). Since the first saccade (the
rightward black arrow) changes the retinal
position of the second target (from the magenta
to green arrow), the brain must update the retinal
position of the second target, by subtracting the
saccade vector, before making the second
saccade. Cancelling or suppressing the saccade-
induced retinal motion would not provide the
required updating. Moreover, the two saccades
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110  of this task can be made in total darkness; in this case there is no retinal motion to cancel
111 or suppress but to make the second saccade, the brain still must update the retinal location
112 of the second target.

113 The discovery of the CD-driven receptive-field (RF) remapping in LIP and FEF

114  (Duhamel et al., 1992; Umeno and Goldberg, 1997; Sommer and Wurtz, 2006; Wang et
115  al., 2016; So and Shadlen, 2022; Wang et al., 2024) has inspired new proposals on how
116  the CD mechanism enables TSVS. The remapping refers to the observation that around
117  the time of a saccade, cells’ RFs (perisaccadic RFs or pRFs) shift in the saccade

118  (forward) direction. Early remapping studies focused on the fact that some cells show
119  visual responses at their future (post-saccadic) RF (fRF) locations, accompanied by

120  reduced responses at the current (pre-saccadic) RF (cRF) locations, even before the

121 saccade onset. (A cell’s cRF and fRF are just its ordinary RF well before and well after
122 the saccade, respectively; for a retinotopic cell, its cRF and fRF are offset by the saccade
123 size on the display screen but superimpose on the retina. We use their screen

124  (craniotopic) positions unless noted otherwise.) This leads to the Preview Theory of

125  TSVS (Duhamel et al., 1992; Crapse and Sommer, 2012): On the screen, a cell’s fRF

126  before a saccade will become its actual RF after the saccade. The activation of a cell by a
127  stimulus in its fRF can thus be considered as giving the cell a preview of what will be in
128 its RF after the saccade. Then, a comparison between the preview response and the

129  postsaccadic (reafference) response can determine whether the world is stable or changed
130  across the saccade.

131 Although intuitively appealing, the Preview Theory has a few difficulties. First, it

132 requires cells whose pRFs remap completely to their fRFs without responses at their

133 cRFs (or any other positions) before saccades. Otherwise, the preview responses would
134  represent a mixture of stimuli in both the cRFs and fRFs, complicating the post-saccadic
135  comparison. Second, the theory requires a downstream stage that stores the preview

136  responses in memory and then compares them with the post-saccadic responses later.
137  This memory and comparison stages have not been identified (Wurtz et al., 2011).

138  Finally, for the double-step memory saccade task mentioned above, the flashed targets
139  disappear before the first saccade, and they do not reappear to generate post-saccadic
140  responses for comparison with the preview responses.

141  Later remapping studies revealed the details of the remapping time course in LIP and
142  FEF (Wang et al., 2016; Wang et al., 2024). Although some cells respond to stimuli in
143 their fRFs before the saccades, on average cells’ pRFs shift progressively from their cRF
144  locations to near their fRF locations over time (from about100 ms before the saccade to
145  about 100 ms after the saccade). The pRFs thus move through intermediate locations
146  instead of jumping from the cRFs to the fRFs directly, posing further difficulties for the
147  Preview Theory. There is, however, an alternative solution for TSVS (Wang et al., 2024).
148  The progressive forward shift of pRFs from the cRF to fRF locations is equivalent to a
149  progressive backward shift of the corresponding population response over the same time
150 and distance (the saccade size) if the response is always considered a function of each
151 cell’s cRF center position (i.e., the brain uses “unaware” positional decoders which

152 always interpret a cell’s response as evidence for a stimulus in its cRF regardless of

153  whether the response is indeed from the cRF stimulation or remapped from elsewhere
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Fig. 2. A circuit model for RF remapping and population-response updating across saccades. (a)
Recurrent connection strengths among model LIP/FEF cells as a function of the difference between
the cells’ preferred retinotopic positions (cRF centers). Symmetric, center/surround connections (red)
can be modulated by attention to produce convergent remapping and directional connections (blue,
for rightward saccades) are gated by CDs to produce forward remapping (Wang et al., 2024). (b)
Schematic of the backward updating of the second target (diamond) across the first saccade of the
double-step task of Fig. 1. Circles indicate a few cells’ cRF center locations in retinotopic
coordinates. The diamond is flashed at the cRF center of the magenta cell, evoking a population
response among nearby cells (red curve above the magenta cell) which is sustained by the symmetric
connections (not shown) as a memory. This population memory response is shifted backward (black
arrow) by the CD-gated connections (blue lines) across the saccade, updating the diamond’s
retinotopic position from the magenta arrow to the green arrow. Note that on the screen, the green
cell’s fRF is at the magenta cell’s cRF for the first saccade; the green cell will be activated by flashes
at positions from its cRF to fRF with progressively longer delays, as observed in the forward
remapping time course (Wang et al., 2016; Wang et al., 2024).

154  (Qian et al., 2023); see Discussion). This backward shift of the population response
155  effectively subtracts the saccade vector from a stimulus’ pre-saccadic retinal position to
156  produce its correct post-saccadic retinal position (Fig. 1b).

157  The entire remapping time course must be driven by CDs because the stimuli for

158  measuring the pRFs are flashed (and disappeared) before the saccade onset and there is
159  no additional reafferent contributions to the pRFs during or after the saccade (Wang et
160 al., 2024). This implies that the entire pRF remapping time course, including the portion
161  after the saccade, can be viewed as predictive, and that what is remapped is the memory
162  representations of the flashed stimuli. Then, to implement the above updating theory in a
163  circuit model, we need a set of connections to maintain in memory the population

164  response representing the retinotopic position of a flashed stimulus, and another set of
165  connections, gated by the CD of a saccade, to shift the population response, across the
166  saccade, to the updated position. We proposed the required connectivity patterns when
167  modeling RF remapping in LIP and FEF (Wang et al., 2024). There are actually two

168  types of RF remapping: the forward (or predictive) remapping discussed above and

169  attentional (or convergent/compressive) remapping which is RF shifts toward attentional
170  loci such as the saccade target (Connor et al., 1997; Zirnsak et al., 2014; Neupane et al.,
171 2016; Wang et al., 2024 ). Inspired by related models for orientation-tuning dynamics
172 (Teich and Qian, 2003; Teich and Qian, 2010), we explained attentional remapping with
173 symmetric, center/surround connections among cells tuned to different retinotopic
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174  locations (red curve of Fig. 2a). This so-called Mexican-hat connectivity pattern is

175  consistent with interactions among cells in LIP (Falkner et al., 2010) and FEF (Schall et
176  al., 1995), and is also known to provide attractor dynamics for maintaining responses in
177 memory (Cueva et al., 2021). We explained forward remapping with CD-gated

178  directional connections (blue curve of Fig. 2a) that propagate responses backward from
179  cells’ fRFs to their cRFs (Wang et al., 2016; Wang et al., 2024). These two sets of

180  connections form a complete circuit for transsaccadic space updating to achieve TSVS
181  (Zhang, 1996; Wang et al., 2024). Fig. 2b illustrates the updating of the second target
182  across the first saccade of the double-step task (Fig. 1). The circles represent different
183  cells’ cRF centers (in retinotopic coordinates). The second target (diamond) was flashed
184  at the magenta cell’s CRF center, evoking a population response among the nearby cells
185  (the red curve above the magenta cell) which is sustained by the center/surround

186  connections (not shown in Fig. 2b) as a memory. Across the first saccade, this response
187  profile is continuously shifted backward by the CD-gated connections (blue lines in Fig.
188  2b) to become a population response among the cells around the green cell (the red curve
189  above the green cell), representing the updated retinotopic position of the second target.
190  The total shift accumulated over time is equivalent to a subtraction of the saccade vector.

191  We also showed that the same circuit can update retinotpic positions of persistent stimuli
192  across saccades (Wang et al., 2024). Although persistent objects in daily life appear

193  stable across saccades, we mislocalize brief stimuli flashed around saccades, relative to
194  those flashed well before or after the saccades, a phenomenon known as perisaccadic
195  perceptual mislocalization (Matin and Pearce, 1965; Honda, 1991; Schlag and Schlag-
196  Rey, 2002). The errors can be as large as many degrees of visual angle. If such errors
197  occurred in daily life, our perception would be disturbingly unstable as objects would
198  appear displaced after each saccade and then return to their correct positions when

199  reafferent retinal inputs reach perception. Perisaccadic mislocalization has two

200 components, a translational (or shift) component along the saccade axis and a convergent
201 (or compressive) component toward the saccade target (Honda, 1991; Ross et al., 1997).
202  The convergent component is smaller and larger, respectively, in the absence and

203  presence of a postsaccadic visual reference, such as a ruler (Lappe et al., 2000). The

204 translational mislocalization is in the saccade direction (forward) around the saccade

205  onset, and disappears, or sometimes reverses the direction (backward), around the

206  saccade offset (Honda, 1991; Lappe et al., 2000; Schlag and Schlag-Rey, 2002).

207  We argued previously that RF remapping alone cannot explain the observed

208  mislocalization (Qian et al., 2023). We now demonstrate that under additional and

209  reasonable assumptions, our circuit model of RF remapping that correctly updates

210  persistent stimuli (and similarly, stimuli flashed well before or after saccades) for TSVS
211 will produce the observed translational mislocalization for stimuli flashed around

212 saccades. We focus on translational mislocalization because we interpret convergent
213 mislocalization as reduced attentional repulsion relative to the baseline, a process distinct
214  from transsaccadic updating and TSVS (see Discussion). The model makes testable

215  predictions, and we confirmed one of them by reanalyzing our previous single-unit data
216  from LIP and FEF (Wang et al., 2024). Our work clarifies, at the circuit level, the

217  relationships between the physiological properties of RF remapping, the functional

218  requirement of transsaccadic space updating, and the psychophysical observations of
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Fig. 3. The circuit model explanation of translational mislocalization of stimuli flashed around saccades.
The saccades are 12° rightward from -6° to +6° and the flashes are at 0° relative to the screen center. The
gray shades indicate the 50-ms saccade duration. The three columns are the simulation results for the
flash at (a) 295 ms before saccade onset, (b) saccade onset, and (c) saccade offset, respectively. The top
row shows the temporal profiles of the flash on the retina (red), the input of the flash to the LIP/FEF
units (blue), and the CD signal (black), with the peaks normalized to 1. The delay from the retinal flash
to the peak of LIP/FEF input is 40 ms. The spatial profile of the input is a Gaussian (not shown). The
bottom row shows the eye position (black) in the craniotopic coordinate (relative to the screen center),
and the ideal (purple) and actual (green) updating of the flash’s position in the retinotopic coordinate
(relative to the fovea/fixation). The ideal updating is simply the inversion of the eye position trace. The
final differences (vertical arrows) between the cumulative actual and ideal updating after the saccade
(any time after about 200 ms) is the mislocalization. The upward and downward arrows indicate forward
and backward mislocalization for flashes at the saccade onset and offset, respectively.

219  perisaccadic mislocalization, with implications on the nature of positional decoders used
220 in the brain. The work suggests that translational mislocalization is really postsaccadic
221 memory mislocalization of perisaccadically flashed stimuli.(Qian et al., 2023)

222  Results

223 We consider a typical paradigm for perisaccadic perceptional mislocalization: A

224 horizontal 12° saccade is made from an initial fixation point to a target (-6° and +6°

225  relative to the screen center, respectively) while a probe stimulus is flashed at various
226 times relative to the saccade onset; the location of the flashed stimulus is determined after
227  the saccade. Fig. 1la can be reinterpreted as a configuration for measuring mislocalization,
228  with the cross and square representing the initial fixation and target positions,

229  respectively, and the diamond representing the flashed probe stimulus. For translational
230  mislocalization the location of the flash does not matter; we assume the flash is at the

231  screen center (0°) and its retinotopic position changes with the eye position at the time of
232 the flash. For horizontal saccades, we need to consider only the horizontal spatial

233 dimension in our simulations.

234  The circuit model consists of a one-dimensional array of LIP/FEF units representing the
235  horizontal retinotopic space (Wang et al., 2024). The units receive feedforward inputs
236  originated from the retina and are recurrently connected to receive lateral input from each
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Fig. 4. Post-saccadic cumulative updating and mislocalization for stimuli flashed at different times
relative to the saccade onset. The three columns show results obtained with (a) the same parameters as
in Fig. 3, (b) the delay from the retinal flash to the peak of LIP/FEF input increased by 20 ms (to 60
ms), and (c) the CD profile delayed by 20 ms. The top row shows the actual (green) and ideal (purple)
cumulative updating of the flash’s retinotopic position after the saccade, and the bottom row shows
their difference, the post-saccadic memory mislocalization. The ideal cumulative updating is the
negative of the eye-position change from the time of the flash to the end of the saccade.

237  other. A flashed spot on the retina can be viewed as a delta function in space and time.
238  When this input reaches the recurrent, LIP/FEF units, we represented it as a Gaussian

239  function in space and a gamma function in time to account for the intervening low-pass
240  spatiotemporal filtering which produces spatial smear and temporal delay. The recurrent
241  connections among the units are translationally invariant (Qian and Sejnowski, 1989) and
242  can be divided into two sets. The first set follows a symmetric, center-

243 excitation/surround-inhibition pattern among units tuned to different retinotopic positions
244 (Fig. 2a, red curve). The second set is antisymmetric, directional connections gated by the
245  CD of the saccade command with excitation and inhibition in the backward and forward
246  directions, respectively (Fig. 2a, blue curve for rightward saccades). Since the

247  physiological data show that forward RF remapping starts about 100 ms before the

248  saccade onset and continues up to 100 ms after the saccade offset, we chose a similarly
249  broad CD time course (Fig. 3, top row). The details of the model and its parameterization
250  can be found in Methods; the model works with many different parameter combinations
251 (Wang et al., 2024).

252 We first considered the case when the stimulus is flashed 295 ms before the saccade
253  onset (Fig. 3a). Despite the delay from the retina to LIP/FEF, the input (blue curve, top
254  panel) reaches the LIP/FEF units before the start of the CD signal (black curve, top

255  panel). This input is processed by the symmetric recurrent connections to produce a
256  population response profile that stores the stimulus retinotopic position as a memory
257  (Wang et al., 2024). We used the center-of-mass location of the response profile at a
258  given time as the decoded retinotopic position of the stimulus at that time (green curve,
259  top panel). When the saccade CD emerges, the memory response profile, and thus the
260  decoded position, is updated backward by the CD-gated directional connections. We
261  chose the CD strength such that the final, cumulative updating after the saccade is equal
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to the saccade size. Although the sluggish CD
— neut o e time course creates a mismatch between the

—

ideal and the actual updating time courses, the
finally updated retinotopic position, which
stabilizes about 150 ms after the saccade offset
(or 200 ms after the saccade onset), is accurate.

Normalized
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We next simulated how the same model
responds to the stimulus flashed at the saccade
o ios 100 100 200 30 onset (Fig. ?_)b). Because of the response _delay

Time from saccade onset (ms) from the retina to LIP/FEF and the CD signal
starts before the saccade onset, by the time the
input reaches the LIP/FEF units, it has missed
much of the CD time course. Consequently, the
cumulative backward updating of the memory
response profile after the saccade is far short of
the saccade size, resulting in a positional error
in the forward direction (Fig. 3b).

Position (deg)

Fig. 5. Transsaccadic updating of a
persistent stimulus by the circuit model. The
model parameters and the presentation
format are the same as those for Fig. 3a
except that the stimulus is always on at the
screen center. The cumulative updating of
the stimulus’ retinotopic position after the

saccade (e.g., after 200 ms) is accurate. ) ;
€9 ) We then considered the case when the stimulus

is flashed at the saccade offset (Fig. 3c).
281  Because the flash occurs when the eye has almost stopped moving, ideally there should
282  De little updating of the retinotopic position of the stimulus. However, despite the
283  response latency, the input to the LIP/FEF units still catches a tail part of the CD time
284  course, and consequently the memory response profile is shifted backward slightly,
285  producing a small positional error in the backward direction (Fig. 3c)

286  Fig. 4a summarizes the cumulative backward updating of the flash’s retinotopic position
287  after the saccade as a function of the flash time relative to the saccade onset (green curve,
288  top panel). Its difference from the ideal cumulative updating (black curve, top panel) is
289  the mislocalization (black curve, bottom panel), which explains the translational

290  component of the observed perisaccadic mislocalization. To explore the effect of the

291  response latency from the retina to LIP/FEF, we shifted the gamma temporal response
292  profile rightward by 20 ms so that the delay from retinal flash to the peak LIP/FEF input
293  increases to 60 ms. As can be seen from the results in Fig. 4b, the forward and backward
294  mislocalization of the flashes around saccade onset and offset becomes larger and

295  smaller, respectively, with the longer input delay. This is expected because a longer input
296  delay increases the missed portion of the CD time course which makes the backward

297  updating of the flash around the saccade onset even more insufficient (i.e., larger forward
298  mislocalization) and the unnecessary updating for the flash around the saccade offset

299  smaller (i.e., smaller backward mislocalization). Conversely, if we reduce the response
300 latency, or equivalently, if the CD profile is later than what we assumed in Fig. 3a, then
301 the forward and backward mislocalization for the flashes around the saccade onset and
302  offset will become smaller and larger, respectively (Fig. 3c). One way to manipulate the
303  response latency is to change the stimulus contrast or size (see Discussion). Overall, the
304  simulations are consistent with the observation that the forward mislocalization around
305 the saccade onset is usually larger in magnitude, and more robust across studies,

9
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Fig. 6. Testing the model prediction that for pRFs measured
with flashes before the saccades, the final forward remapping
magnitudes after the saccades are smaller for later flashes. (a-
b) The time courses of the mean forward remapping
magnitudes in LIP and FEF for the early (red) and late(blue)
trials. The remapping magnitude is normalized by the
corresponding saccade size before averaging over the cells.
The horizontal line at 1 indicates a remapping magnitude
equal to the saccade size. The shaded region around each
mean curve indicates 1SEM. (c) The final mean forward
remapping magnitudes from 160 to 260 ms after the saccade
onset (highlighted portion in panels a and b) for the early (red)
and late (blue) trials in LIP and FEF. The error bars indicate
1SEMs. (d) The distribution of the flash onset time relative to
the saccade onset for the LIP and FEF cells. The numbers of
the cells are n = 104 and 113 for LIP and FEF, respectively.

compared with the backward
mislocalization around the
saccade offset (Matin and
Pearce, 1965; Lappe et al.,
2000; Schlag and Schlag-Rey,
2002).

We finally apply the same
model to a persistent stimulus
and the result is shown in Fig. 5.
The final, cumulative updating
of its retinotopic position after
the saccade is accurate, similar
to the updating of the flash well
before the saccade in Fig. 3a.

Our model makes a few
predictions (Discussion), one of
which is the cumulative
updating curves (green) in the
top row of Fig. 4. They show
that the later the flash, the
smaller is the magnitude of the
cumulative backward updating
of the population response to the
flash. It is particularly
interesting to focus on flashes
before the saccades because
their retinotopic positions
should all be updated backward
by the saccade size (purple
curves at -12° before 0 time) but
the actual updating magnitude

gets smaller as the flash gets closer to the saccade onset. This is equivalent to the
prediction that for perisaccadic RFs measured with flashes before the saccades, the final
remapping magnitudes after the saccades are smaller for later flashes. We reanalyzed our
previously published single-unit data from LIP and FEF (Wang et al., 2024) to test this
prediction. We first compiled the distributions of the perisaccadic flash time relative to
the saccade onset for the LIP cells and FEF cells (Fig. 6d). For each brain area, we then
divided a given cell’s trials into early and late groups according to the median time of the
flash distributions (-100 ms and -113 ms relative to the saccade onset for LIP and FEF,
respectively). Finally, we applied the same procedure as in (Wang et al., 2024) to
determine the time course of the pRF remapping but for the early and late trials
separately. Fig. 6a shows that the time courses of the forward remapping magnitudes in
LIP and FEF; the mean remapping magnitudes are indeed greater for the early-flash
trials (red) than for the late-flash trials (blue) in both LIP and FEF most of the time. Fig.
6b shows the mean remapping magnitudes from 160 to 260 ms after the saccade onset (or
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351  about 110 to 210 after the saccade offset). Although the differences between the early and
352 late trials are small, they are significant (paired two-sided t-test, t;o3 = 2.39 and t;;, =
353  2.30, and p = 0.019 and 0.023, for LIP and FEF, respectively). The small differences are
354  expected because there were not many trials with the flashes close to the saccade onset
355  (Fig. 6d). The physiological experiment was not designed for this test but we still find the
356  predicted effect.

357
358  Discussions

359  We argued previously that RF remapping alone cannot explain the observed perisaccadic
360  perceptional mislocalization (Qian et al., 2023; Wang et al., 2024). First, when converting
361  RF remapping into the corresponding population response for positional decoding, it is
362  unclear whether the population response should be considered as a function of each cell’s
363  remapped RF position (pRF center) or the original RF position before the remapping

364  (CRF center). These choices imply that positional decoders are “aware” of and “unaware”
365  of the remapping, respectively, and predict that the forward RF shift produces no shift
366  and backward shift of the population response, respectively. Second, there is a mismatch
367  between remapping studies and mislocalization studies: the former present perisaccadic
368  stimuli before the saccade onset and measure RF shifts at different times across the

369  saccade whereas the latter present a stimulus at different times across the saccade and
370  measure its perceived position after the saccade. In this paper, we demonstrate that under
371 some additional assumptions, which address the above two issues, the circuit model that
372 uses CD-driven remapping/updating to achieve TSVS can explain the translational

373 component of the observed mislocalization.

374  Our first assumption is that the forward remapping of retinotopic RFs is the sole

375  mechanism for transsaccadic space representation over a few hundred ms around a

376  saccade. This assumption is used in our simulations above as we decoded stimulus

377  position solely from the updated retinotopic responses without considering craniotopic
378  contributions. The assumption is consistent with the evidence that the CD-based

379  remapping/updating mechanism and the eye-position-based craniotopic mechanism

380  appear to operate at short (single saccades) and long (multiple saccades) time scales,

381  respectively (Poletti et al., 2013; Rutler et al., 2022). The assumption also implies that the
382  brain must use unaware positional decoders with which the forward RF remapping is

383  equivalent to the backward shift (updating) of the corresponding population response to
384  achieve TSVS (Qian et al., 2023). In contrast, with aware decoders, forward RF

385  remapping is not equivalent to a backward shift of the population response and cannot be
386  the mechanism for transsaccadic space updating.

387  To see the difference between aware and unaware decoders intuitively, consider the green
388  cell in Fig. 2b which can be activated by either (1) the stimulation of its cRF or (2) the
389  stimulation of the magenta cell’s cRF and then the lateral propagation of the activity from
390 the magenta cell to the green cell via the CD-gated directional connections. For unaware
391  decoders, the green cell’s activity is always evidence for a stimulus positioned at its cRF
392  regardless of where that activity originates. For aware decoders, however, the green cell’s
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393  activity is evidence for a stimulus positioned at the green and magenta locations for the
394  two cases, respectively. In other words, unaware decoders treat a cell as a fixed, labeled
395 line whereas aware decoders “know” the origin of a cell’s activity and interpret it

396  accordingly. Obviously, it would be much easier for the brain to implement unaware

397  decoders than aware decoders but ultimately, this is an empirical issue to be settled by
398  future experiments. Adaptation aftereffects provide indirect evidence for unaware

399  decoders because aware decoders would “know” the adaptation-induced change of

400  population responses and could null the aftereffects in principle (Xu et al., 2008; Series et
401 al., 2009; Xu et al., 2012). Similarly, experiments showing perceptual effects of other
402  types of RF dynamics support the use of unaware decoders in the brain (Gilbert, 1998; Fu
403  etal., 2004).

404  Our second assumption is that in perceptual mislocalization experiments, the reported
405  position of a flash is not decoded from the responses when they first reach LIP/FEF, but
406  rather from the responses after the saccade, i.e., at the time of the report. For example,
407  Fig. 3a shows that when a stimulus is flashed well before a saccade, the decoded position
408  before the saccade onset would predict a backward mislocalization, but the decoded

409  position after the saccade shows no mislocalization. Again, future studies are needed to
410 evaluate this assumption. Our work suggests that perisaccadic perceptual mislocalization
411 s actually postsaccadic memory mislocalization of perisaccadically flashed stimuli,

412  lending further support to the notion that perceptual decoding often occurs in working
413 memory (Ding et al., 2017; Luu et al., 2022).

414  Our final assumption is that persistent stimuli (and similarly, brief stimuli flashed well
415  before saccades) are updated correctly across saccades without mislocalization (Teichert
416  etal., 2010; Qian et al., 2023). This can be viewed as a definition of TSVS. Subjects may
417  have individual biases in positional judgments unrelated to saccades, but those biases

418  simply set the baseline against which perisaccadic mislocalization is determined. We thus
419  did not consider such biases in our model.

420 In addition to the above assumptions, we also incorporated the following two facts into
421  the model. First, the forward remapping in LIP and FEF has a sluggish time course that
422  starts a little before the saccade onset and ends a little after the saccade offset (Wang et
423 al., 2024). We assumed a correspondingly sluggish CD signal to drive the

424  remapping/updating in the model. Second, there is a response latency from the retina to
425  the remapping/updating stages such as LIP/FEF (Wang et al., 2016). We implemented the
426  delay via low-pass temporal filtering and/or a hard time shift (Qian and Andersen, 1997).
427  Because of the sluggish CD signal and the visual response latency, stimuli flashed at the
428  saccade onset, whose retinotopic position should be updated backward by the saccade
429  size after the saccade, would miss part of the CD time course, leading to insufficient

430  backward updating and hence forward mislocalization. Stimuli flashed at the saccade
431  offset, whose retinotopic position should not be updated, might still catch the tail of the
432 CD time course, producing an unnecessary backward updating or backward

433 mislocalization.

434  As we already noted, our model predicts that for pRFs measured with flashes before the
435  saccade, the total forward remapping magnitudes after the saccade are larger for earlier

12


https://doi.org/10.1101/2024.10.27.620527
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.27.620527; this version posted October 28, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

436  flashes. We reanalyzed our previous single-unit data from LIP and FEF and confirmed
437  this prediction (Fig. 6). This result also partially explains the observation that the final
438  forward remapping magnitude after the saccade is a little smaller than the saccade size
439  (Wang et al., 2024) as some of the flashes for measuring pRFs must have missed part of
440  the CD time course. Another prediction of the model is that when the response delay

441  from the retina to the stages of updating (LIP/FEF) is increased, the forward and

442  backward translational mislocalization of flashes around the saccade onset and offset will
443  become larger and smaller, respectively (Fig. 4). This could be tested by varying stimuli’s
444  contrast and size: stimuli with greater contrast and size should have shorter response

445  latency and therefore produce larger forward and smaller backward translational

446  mislocalization of flashes around the saccade onset and offset, respectively. There is also
447  acorresponding physiological prediction: for stimuli flashed at the same time right before
448  the saccade, those with greater contrast and size should have larger final forward

449  remapping magnitude after the saccade. Although our circuit model is one-dimensional
450  and one directional, which is sufficient for simulating mislocalization during rightward
451  saccades, it can easily be expanded to two spatial dimensions with different saccade

452  directions (Wang et al., 2024).

453 Many ingredients of our model have been proposed previously but to our knowledge,
454  they have never been integrated into a circuit model of RF remapping and TSVS to

455  explain perisaccadic mislocalization. For example, early studies posit that during a

456  saccade, the brain has a sluggish estimate of the eye position that first leads but then lags
457  the actual eye position, producing forward and backward mislocalization around the

458  saccade onset and offset, respectively (Matin and Pearce, 1965; Honda, 1991). Pola

459  (2004) shows that when latency and persistence of visual responses to flashed stimuli are
460  considered, a delayed but otherwise veridical eye-position estimate can account for the
461  translational mislocalization. Teichert et al (2010) demonstrate that with physiological
462  temporal filtering of visual inputs, the eye-position estimate that eliminates

463  mislocalization for persistent stimuli produces translational mislocalization for flashed
464  stimuli. Although we also include a sluggish signal (CD) and temporal filtering/delay, our
465  model does not estimate the eye position but instead, updates stimuli’s retinotopic

466  position, across saccades. More importantly, our model and the previous models assume
467  that mislocalization arises from the stimulus memory after the saccade and the eye-

468  position estimation during the saccade, respectively. Berreby and Krishna (2023) argue
469 that anticipatory RF remapping can explain translational mislocalization. If their

470  “Magnitude of forward remapping of the population response profile” (their Fig. 2AB)
471 actually means our cumulative backward updating of the population response after the
472  saccade, then their proposal and ours are conceptually similar. However, they directly
473 drew the “remapping” curves in their Fig. 2AB whereas we mechanistically simulated the
474  cumulative updating curves with our circuit model of TSVS. Our results cannot be

475  derived from the forward RF remapping alone (Qian et al., 2023) but depend on the

476  assumptions and facts discussed above.

477  While most studies found forward mislocalization for stimuli flashed around the saccade
478  onset, two studies reported backward mislocalization instead (Jeffries et al., 2007; Weng
479  etal., 2024). A key difference between the two studies and the rest is that the former

480  provided veridical feedback of the flash position at the end of each trial whereas the latter
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481  did not. Why the feedback does not just eliminate or reduce the forward mislocalization
482  but somehow overcompensates to produce the backward mislocalization is an open

483  question. One possibility is that subjects might exaggerate the difference between the
484  perceived stimulus position and the feedback position, as in many perceptual repulsion
485  phenomena (Meng and Qian, 2005; Ding et al., 2017), which could lead to

486  overcompensation through the feedback-driven learning.

487  We focused on the translational component of perisaccadic mislocalization. How, then,
488  can the convergent or compressive component of the mislocalization be explained? We
489  previously analyzed how various factors may affect convergent/divergent mislocalization
490 (Qian et al., 2023), but if we assume that the brain uses unaware decoders, as we argued
491  above, then we only need to consider attentional enhancement of responses around the
492  saccade target, which produces attentional (convergent) RF remapping toward the target
493  via the center/surround connections (Wang et al., 2024). [The notion that attentional

494  remapping increases the cell density covering the attentional locus is only true under the
495  aware-decoder assumption (Qian et al., 2023).] The attentional enhancement of responses
496  alone “pulls” stimulus-evoked population responses toward the target whereas the

497  attentional RF remapping alone “pushes” the population responses away from the target.
498  Under physiologically reasonable parameters, the net prediction is a divergent

499  mislocalization away from the target (Qian et al., 2023), consistent with the observed
500 repulsion away from the attentional loci (Suzuki and Cavanagh, 1997; Pratt and Turk-
501  Browne, 2003) and the enlargement of attended patterns (Anton-Erxleben et al., 2007).
502  To explain convergent mislocalization of stimuli flashed around the saccade, which after
503 adelay, activate LIP/FEF during and right after the saccade, we note that the attentional
504  RF remapping toward the target in LIP and FEF starts to decrease about 50 ms before the
505  saccade onset and is diminished during and right after the saccade (Wang et al., 2024),
506  presumably because of reduced attention to the target over that period. Therefore,

507  convergent mislocalization of stimuli flashed around a saccade might result from the

508  diminished attentional remapping, and consequently diminished attentional repulsion,
509  compared with the baseline before and after the saccade. Postsaccadic visual references
510 increase convergent mislocalization (Lappe et al., 2000) perhaps by improving the

511  perceived spatial relationship between the flashes and the target at the report time to

512  reduce the smearing of the convergent pattern. Such smearing could affect convergent
513  mislocalization more than translational mislocalization because the latter does not have
514  the target as a convergent point.

515  Mislocalization of flashed stimuli similar to perisaccadic mislocalization has been

516  produced by simulating saccade-like retinal motion but without the actual saccade

517  (Ostendorf et al., 2006; Shim and Cavanagh, 2006). Such motion induced mislocalization
518  of flashed stimuli in the absence of eye movements is known as the flash-lag effect

519  (Brenner et al., 2006; Watanabe and Yokoi, 2006). This raises the possibility that

520  perisaccadic mislocalization and the flash-lag effect might share similar underlying

521  mechanisms (Teichert et al., 2010; Qian et al., 2023). Interestingly, motion can enhance
522 lateral connections, in the motion direction, among cells tuned to different positions via
523  spike timing dependent plasticity (Fu et al., 2004), similar to the CD gated lateral

524  connections in our model. If the motion-enhanced connections are the mechanism for
525  predictively updating the retinotopic positions of moving stimuli, then a circuit model
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526  similar to ours might explain the flash-lag effect. Future studies will hopefully clarify the
527  relationships between different mislocalization phenomena and improve our
528 understanding of neural mechanisms of space perception.

529
530 Methods
531  Circuit Model

532  We simulated a one-dimensional array of 360 LIP/FEF units covering 180° of horizontal
533  retionotopic space, each unit governed by the equations:

oul(x, t)

534 T
Jt

= —u(x,t) + Z W(x, x")r(x',t)dx" +1(x,t),

xl

535 r(x,t) = max(u(x, t),0)

536  where u(x, t) and r(x, t) represent, respectively, the membrane potential and firing rate of
537 the unit at location and time (x, t), t is the membrane time constant, W (x, x") is the recurrent
538  connection strength from neuron at x’ to neuron at x and depends on (x — x") only, and I is the
539  feedforward inputs to LIP/FEF which originate from the retina. W (x, x") is a sum of two parts: :
540 (1) symmetric, center-surround connections modeled as a weighted difference between

"2
541 two Gaussians: Jo G (x, X', 6oxc) — Jinn G (x, X', cing) where G (x,x’,0) = exp (— %) and

2

542  (2) directional connections gated by the saccade CD, with the excitation and inhibition in
543  the backward and forward directions of the saccade, respectively. For the simulations in this
544  paper, we let /.. = 0.165, 0pye = 6°, Jinn = 0.1, 01 = 9.6°. For rightward saccades, we
545 modeled the CD-gated connections as the antisymmetric, spatial derivative of the first

i 1 0Jexc ’ ’, exc
546  Gaussian part of the center-surround connections: jcd(t)w

0x
2

547  factor J.4(t) = Jeamexp [—%( o ) ] and t,,, is the mid time of the saccade duration assumed to
548  be 50 ms. For the simulations in Fig. 4c, we shifted J.;(¢) to the right by 20 ms. We let .4 =
549 60 ms, J.qm = 0.97. The blue curve of Fig. 2a show the maximum directional connections when
550  t = t,.
551
552  We considered both flashed and persistent visual inputs. A spot flashed on retina is filtered both

553  spatially and temporally when it reaches LIP/FEF so we modeled its input to LIP/FEF units as a
554  spatial Gaussian function and a temporal gamma function:

where the CD gating

t—to,

555 I(‘x} t) = ]inG(x' xOl Gin)f(t; a, b)
556 f(t’ a, b) = ta—le—t/b

baT(a)

557  where x, is the retinotopic position of the flash, and a and b are the shape and scale parameters,
558  respectively. Translational mislocalization does not depend on the flash position. For the plots,
559  we arbitrarily assumed a flash position of 0 in the screen coordinate; its retinotopic position varies
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560  with the eye position and is +6° and -6° before and after the 12 ° saccade, respectively. We let
561 o0, =4°Jin = 2,a = 6,b = 8 ms so the delay from the retinal flash to the peak of the LIP/FEF
562  inputis (a-1)b = 40 ms. For the simulations in Fig. 4b, we added an additional delay of 20 ms by
563  shifting the gamma function to the right by 20 ms so the total delay is 60 ms. We also considered
564  a persistent stimulus turned on long before the the saccade onset and stayed on the screen center
565  throughout. During the saccade, the Gaussian spatial profile of this input to the LIP/FEF units
566  changes its retinotopic position according to the eye position and in the simulation (Fig. 5), this
567  change is delayed by 40 ms to account for the visual response latency.

568  Analysis of LIP and FEF single-unit data

569  We reanalyzed our LIP and FEF single-unit data in a published study (Wang et al., 2024)
570  to test the prediction that for pRFs measured with flashes before the saccades, the final
571  forward remapping magnitudes after the saccades are smaller for later flashes. The details
572  of the experimental design and data collection and analysis can be found in that

573  publication. Briefly, we recorded single units from monkeys’ LIP and FEF while they
574  performed a delayed saccade task. For each unit, we measured its RFs from four different
575  time periods (current, delay, perisaccadic, and future) by flashing a probe stimulus at one
576  of the array locations in each period of each trial. For the current purpose, we focused on
577  the cells” RFs measured from the perisaccadic period (pRFs) and compared the

578  remapping of the pRFs derived from the trials with early and late flashes. Specifically, we
579  used the same 104 LIP cells and 113 FEF cells that passed our screening procedure under
580 the saccade-onset alignment of repeated trials (Wang et al., 2024). We first compiled the
581  distributions of the perisaccadic flash onset time relative to the saccade onset for all the
582  LIP cells and all the FEF cells separately. Fig. 6d shows the results by dividing the time
583  range of each brain area into 40 bins. For each area, we divided a given cell’s trials into
584  early and late groups according to the median time of the flash distribution (-100 ms and -
585 113 ms relative to the saccade onset for LIP and FEF, respectively). Because of the

586 relatively small number of trials at each flash location, the trials for some locations of

587  some cells may all be placed in the early or late group. We used Matlab’s

588  scatteredInterpolant function with the “natural” method to fill in the missing mean

589  responses at those locations. We then applied the same procedure as in (Wang et al.,

590 2024) to determine the time course of the pRF remapping but for the early and late halves
591  of the trials separately (Fig. 6, a and b). We started the time-course plots at the saccade
592  onset time (0) because that was when the pRF remapping directions in both LIP and FEF
593  were mostly in the forward direction (Wang et al., 2024). Finally, we compared the final
594  remapping magnitudes in the time window of 160 to 260 ms after the saccade onset

595  (about 110 to 210 ms after the saccade offset) between the early-flash and late-flash pRFs
506 (Fig. 6¢).
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