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Neuronal switching of sensorimotor
transformations for antisaccades
Mingsha Zhang & Shabtai Barash

Department of Neurobiology, Weizmann Institute of Science, Rehovot, Israel

The influence of cognitive context on orienting behaviour can
be explored using the mixed memory-prosaccade, memory-anti-
saccade task. A symbolic cue, such as the colour of a visual
stimulus, instructs the subject to make a brief, rapid eye move-
ment (a saccade) either towards the stimulus (prosaccade) or in
the opposite direction (antisaccade)'™. Thus, the appropriate
sensorimotor transformation must be switched on to execute
the instructed task. Despite advances in our understanding of the
neuronal processing of antisaccades*™, it remains unclear how the
brain selects and computes the sensorimotor transformation
leading to an antisaccade. Here we show that area LIP of the
posterior parietal cortex is involved in these processes. LIP’s
population activity turns from the visual direction to the motor
direction during memory-antisaccade trials. About one-third of
the visual neurons in LIP produce a brisk, transient discharge in
certain memory-antisaccade trials. We call this discharge ‘para-
doxical’ because its timing is visual-like but its direction is motor.
The paradoxical discharge shows, first, that switching occurs
already at the level of visual cells, as previously proposed by
Schlag-Rey and colleagues’; and second, that this switching is
accomplished very rapidly, within 50 ms from the arrival of the
visual signals in LIP.

Figure la illustrates the problem raised in ref. 5. At the core of the
sensorimotor transformation guiding antisaccades lies vector inver-
sion. How does the brain compute this inversion? Figure 1b sketches
relevant processing at the single-cell level. Figure 1b refers to visual
and motor activity; a standard criterion for distinguishing between
visual and motor activity is by timing the activity in memory-
saccades’™'®, as shown below. For brevity, we call cells with visual
activity ‘visual cells, and cells with motor activity ‘motor cells’
Although Fig. 1b is simplistic, it provides a framework for the two
hypotheses we will consider for task switching. Both hypotheses
propose that prosaccades and antisaccades involve alternative sets of
functional connections between cells. A standard set of connections
leads to prosaccades. A different set of connections, that emerges
during training, leads to antisaccades. An instruction to perform an
antisaccade switches the set of active connections from one config-
uration to the other.

According to the “visual switching hypothesis” (proposed in
ref. 5), the switched connections are between visual cells. The
process of switching connections would be reflected in a critical
set of visual cells, each having two alternative receptive fields, a
standard receptive field for ordinary prosaccades and another
receptive field in the opposite direction specifically for antisaccades.
Activation of the new receptive field, through the new connections,
would instigate vector inversion. Thus, vector inversion would be
accomplished by receptive field remapping'®. The “visuomotor
switching hypothesis” proposes that switching acts on connections
between visual and motor cells. The two hypotheses lead to con-
trasting experimental predictions with regard to each cell’s visual
receptive field (mapped relative to the visual vector) and motor field
(mapped relative to the motor vector) in prosaccades and anti-
saccades. The visuomotor switching hypothesis predicts that both
visual and motor fields remain unchanged, in all cells. Although a
critical set of cells with motor activity would fire in trials with
opposite visual vectors in prosaccades and antisaccades, the motor
fields of these cells would not change. In contrast, the visual
switching hypothesis predicts changed receptive fields for some
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visual cells. Therefore, at the outset of this study we considered the
visuomotor hypothesis more likely.

We recorded neuronal activity from area LIP in two monkeys
trained in memory-antisaccades and related tasks. When we isolated
a cell, we determined its preferred direction by testing the cell’s
activity in memory-prosaccades made in 12 directions. We then
studied the cell’s activity with a mixed memory-prosaccade
memory-antisaccade task (Fig. 1c). Because the instruction to
make a prosaccade or an antisaccade is specified by the colour of
the stimulus, which varies from trial to trial, the monkey can
determine the movement direction appropriate for the current
trial only upon stimulus presentation. Therefore, all sensorimotor
transformation switching must follow stimulus onset.

The stimulus appeared in either of two opposite locations, always
positioned so that one location fell in the cell’s preferred direction
and the other in the opposite direction. Thus, there were four types
of trials, two prosaccades (V+M+ and V-M-) and two antisaccades
(V+M- and V-M+). Here V+ and M+ signify that the visual
stimulus, or the movement, respectively, are in the preferred
direction, and V— and M— mean that they are opposite to the
preferred direction®.

Motor
vector

f

a Visual
vector

Identity

Prosaccade ——— -

* Inversion

Antisaccade ‘ ,'

b Visual switching Visuomotor switching
hypothesis hypothesis
l Cells with Cells with =
- visual - motor —
activity activity <
'Y W T - =
Visual space Voo - Motor space
N 7
Recurrent connections
c Initial Target Memory Go Saccadic
fixation movement
; t
Prosaccade . . .
o
Antisaccade . . . ¢

Figure 1 Cartoons of involved operations, hypotheses and task details. a, The
sensorimotor transformations necessary for prosaccades and for antisaccades. The visual
vector is defined as originating in the central fovea and terminating at the image of the
visual stimulus. b, A cartoon showing sites where antisaccade-switching signals could act
on the flow of information mediating ordinary saccades. Arrows should not be taken as
literal direct connections; intermediates between visual and motor responses and multiple
brain regions are involved. ¢, The task. The two types of trials differ only in the colour of
the stimulus and the required movement (red stimulus signals a request for prosaccade,
green for antisaccade). Typical durations are presaccadic fixation, 500 ms; stimulus,
250 ms; memory, 1,000 ms; postsaccadic fixation, 250 ms. To maintain movement
precision in these conditions, at the end of some trials the stimulus reappeared and the
monkey had to make a visually guided saccade to its location.
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Figure 2a illustrates the activity of an LIP visual neuron. A brisk
discharge briefly follows stimulus presentation in V+ trials, regard-
less of the subsequent saccade’s direction (both V+M+ and V+M-).
The discharge ends long before the movement. Therefore, this
discharge is indeed visual, and is not motor. Moreover, the
neuron remains almost inactive when visual stimuli are presented
in the opposite direction (V- trials), regardless of saccade direction
(V-M+ and V-M-). The activity of the cell illustrated in Fig. 2b is
closely linked to the movement’s planning and execution; for
brevity we refer to such neurons as motor cells. Long after stimulus
offset, a discharge builds up in M+ trials, gradually increasing
towards the time of the saccadic movement (V+M+ and V-M+).
The cell remains inactive in M- trials (V+M—- and V-M-); hence
this discharge is movement-related, or motor.

We computed for each neuron a ‘differential activity’ (DA)
vector, mapping the neuron’s activity in antisaccades onto the
range between ‘visual’ and ‘motor. We define DA(¢) =
Ry_my(t) = Ry p () where R4(#) denotes the mean spike rate of
the given neuron in trial group A at time ¢ in the trial. We estimate
the DA of a neuron as the bin-by-bin difference between the time-
histograms of the two types of antisaccade trials, V-M+ and V+M-—.
Consistent with this definition, the visual neuron’s DA is negative
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Figure 2 Responses of single PPC neurons. a, A visual cell and b, a motor cell. The four
panels on the left of each part of the figure illustrate the neuron’s response in trials of the
types listed in the panel headers. Each panel contains, from the top, a raster illustrating
spike timings, with each row showing a separate trial; a spike histogram (bin width

20 ms); and vertical and horizontal eye position traces. The panel on the right shows the
differential activity vector (DA) of each cell. Time axis is the same for all panels. The scale
of all four histograms of each part is shown on the left. Dashed vertical lines mark, from
the left, onset and offset times of the stimulus and offset of the fixation spot (the ‘go’
signal). Thus, the stimulus is presented between the first two dashed vertical lines; the
memory interval takes place between the second and third vertical lines.
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throughout the trial (Fig. 2a) and the motor neuron’s DA is positive
throughout (Fig. 2b). We therefore call the negative direction of the
DA ‘visual’ and the positive direction ‘motor’ (see Methods).

Figure 3 shows the mean DA of the full sample of 400 units that
we studied, together with its pointwise 95% confidence interval.
Soon after the onset of the visual stimulus (latency about 55 ms), the
population DA turns towards the visual direction. The visual phase
is brisk but brief: the peak of the visual phase is reached within
another 100 ms. Afterwards the population DA rapidly declines and
crosses over towards the motor direction. The population DA then
gradually increases in the motor direction until the time of the
saccadic movement, and only then goes down. Thus, the population
DA has two clearly segregated phases, an early visual phase followed
by a motor phase. The inversion from visual to motor occurs in the
middle of the memory interval: by its pointwise 95% confidence
interval, the zero crossing of the DA is between 140 and 690 ms
(mean 415 ms) into the 1-s memory interval. The population DA
thus provides a neuronal correlate of the transformation underlying
antisaccade performance.

What events on the single-cell level trigger the inversion of the
population activity? A novel type of discharge is illustrated by
another LIP neuron (Fig. 4a). Three of the four conditions in Fig.
4a are consistent with the interpretation that this neuron is visual.
Indeed, a visual response is evident in both V+ conditions (V+M+
and V+M-), as compared to the baseline condition (V-M-).
However, this cell discharges vigorously also in the non-visual
condition, V-M+. This discharge is paradoxical: although it is
not visual, it appears to be visual in its time course. Its latency is
brief, well within the range of visual response latencies'’; and it
declines to baseline during the memory period, long before the
movement. Thus, the paradoxical activity differs markedly in its
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Figure 3 Mean differential activity for all 400 units studied. (Summed DA divided by
number of units.) The DA is plotted in black. The pointwise 95% confidence interval,
computed for each 20-ms bin, is shown in grey. Dashed vertical lines show, from the left,
times of stimulus onset, stimulus offset and fixation spot offset, as in Fig. 2. The insets at
the bottom show histograms of the mean DA computed for the two displayed 200-ms
intervals, for each of the 400 units. The intervals span the visual response (50 to 250 ms
after stimulus onset) and the last 200 ms of the memory interval. The histograms are
clipped at 100 cells; actual values of the bins at 0 spikes per second are 132 and 163 cells
for the left and right histograms, respectively.
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time-course from the build-up activity of visuomotor and motor
cells (Fig. 2b).

We analysed a set of 185 units selected to have strong visual
response and little or no motor activity in memory-prosaccades,
regardless of their activity in memory-antisaccades. This set
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Figure 4 lllustration of the paradoxical activity. a, Activity of a visual cell with paradoxical
activity, illustrated in the same format as in Fig. 2. b, Mean net responses in the
paradoxical condition compared with the mean visual responses, for two complementary
subsets of a set of 185 cells with visual activity but little or no motor activity. A net
response is defined as the mean activity in the relevant condition minus the mean activity
in the V—M-, baseline condition. The mean V—M+ response distinctly shows the
paradoxical activity in the first group (N = 56, 30%) but is flat in the second group
(N=129, 70%). Vertical dashed lines have the same meaning as in Fig. 2. The insets at
the bottom show histograms of the mean net activity in the V—M+ condition computed
over 100-ms intervals before (left inset, 0 to 100 ms after stimulus onset) and during the
paradoxical activity (right inset, 200 ms to 300 ms after stimulus onset). The histograms
pull together data from both subsets displayed above. The mean of the left histogram is
not significantly different from zero (P = 0.78); the mean of the second histogram,
5.53 spikes per second, is very significantly different from zero (P = 0 using standard
double precision).
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could be divided into two subsets, with (N = 56, 30%) and without
(N=129, 70%) substantial paradoxical activity. Figure 4b shows the
mean net responses of these two groups. The net visual response
in memory-prosaccades, Ry () — Ry_p(t) is depicted as thin
broken lines. The net visual response in memory-antisaccades, Ry,
() — Ry_p(#) is  depicted as thin solid lines. The non-
visual condition, Ry () — Ry_p (1) is depicted as thick solid
lines. All four mean visual responses (thin lines) are similar. In
contrast, the mean activity in the non-visual condition V-M+
(thick lines) shows a brisk discharge of paradoxical activity for
the first group of cells, but remains at baseline for the second group.
The latency of all four mean visual responses is about 60 ms. The
latency of the mean paradoxical response is about 110 ms. There-
fore, within 50 ms from the time of arrival of visual responses LIP is
activated by input contingent on the task switch.

The presence of visual cells with paradoxical activity is consistent
with the visual switching hypothesis (Fig. 1b). The paradoxical
discharge might represent a remapped visual response to the
oppositely directed stimulus, activated by nonstandard visual
input connections. This nonstandard input pathway would usually
be inactive. During the 110 ms after the onset of the visual stimulus,
some context-categorization process switches these input connec-
tions on. After the 50-ms delay caused by context-categorization,
the mean paradoxical activity increases rapidly, and then overlaps
the mean visual response (Fig. 4b). This time course is consistent
with the interpretation that the paradoxical activity is a visual
response to the stimulus in the remapped receptive field.

Alternatively, the paradoxical activity might represent direct
activation of the visual cell through its recurrent connections.
According to this alternative interpretation, the cell’s receptive
field remains fixed. The paradoxical activity would reflect recurrent,
top-down activation, rather than visual, bottom-up. Two waves
would thus sweep through LIP shortly after stimulus presentation in
antisaccade trials. Bottom-up visual responses, making up the first
wave, would spread throughout the brain and feed into a context-
categorization process. Within another 50 ms, the results of the
context-categorization would reach LIP in the form of the second
wave, consisting of the top-down paradoxical activity. Further
experiments are needed to distinguish between these two interpre-
tations. Furthermore, although the presence of the paradoxical
activity shows that visual switching exists, it is still unclear whether
visuomotor switching occurs too.

Our findings are consistent with Andersen’s proposal in 1987
of posterior parietal cortex involvement in sensorimotor
transformations”. Scalp recordings in humans performing anti-
saccades support our findings'. A recent study of antisaccades in
LIP® addressed related but different questions and used substan-
tially different procedures. It is possible that the late presaccadic
signal described in ref. 6 is a variation of the paradoxical activity. The
conclusions of ref. 6 were based mostly on saccades-on-demand;
memory-saccades were made only in one direction, precluding
direct comparison with our results. Finally, motor-intention depen-
dent visual responses were recently described in the superior
colliculus; in another study, LIP auditory response fields were
acquired by training®. Perisaccadic receptive field remapping'® in
some visual cells was also described in LIP. It remains to be seen
whether the paradoxical activity has anything in common with these
responses.

Thus, area LIP’s population activity reflects the inversion trans-
formation guiding antisaccades. About a third of LIP’s visual cells
show a novel type of discharge in antisaccade trials that is consistent
with the visual switching hypothesis. The paradoxical activity might
be a remapped visual response, or alternatively direct activation
by recurrent connections. Task switching might also affect visuo-
motor connections. Altogether, our results reject the visuomotor
connections as the sole site of switching, and therefore reject the
visuomotor switching hypothesis. U
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Methods

Two Macaca fascicularis monkeys were implanted with chronic-recording chambers
placed over their posterior parietal lobules and scleral search coils for eye-position
measurements. All techniques are standard. The experimental procedures conform to the
US NIH guidelines and Israeli law and were approved by the Animal Care and Use
Committee of the Weizmann Institute. According to standard physiological criteria'"' the
cells reported here were from area LIP. Nevertheless, a minority of the cells may have come
from area MP*' or other neighbouring regions'”*>. The monkeys were first trained to
perform memory-prosaccades with more than a second of memory, and only then to make
memory-antisaccades. The task is illustrated in Fig. 1c. The red and green stimuli are
isoluminant disks of the same size. The monkeys were also trained and tested in other
oculomotor tasks. Some blocks contained the task of the present paper together with other
conditions. We verified that these do not interact with the conditions described here by
testing 12 cells with and without the additional conditions; the discharge characteristics
remained unchanged. All recordings were conducted with the monkey in a completely
darkened, sound-attenuated room. Fuller descriptions of the behavioural methods are
given elsewhere®. Following the isolation of a cell, we first mapped its preferred direction
by testing the activity in memory-prosaccades made towards a target in one of 12 equally
spaced locations on a 15° circle around a central fixation spot. Typical LIP cells have a clear
preferred direction, and in visuomotor cells this direction is common to the visual,
memory and motor discharges''. All the cells in the present study had clear preferred
directions, and were much less activated, if at all, in memory-prosaccades made in the
opposite directions.

The DA represents the population vector

The DA approximates a given cell’s net contribution to the population vector for
antisaccades: The motor vectors produced in V+M— and V-M+ trials are opposite in
direction and equal in size. Therefore, the DA is a vector sum of the intended movement
vectors weighted by the momentary spike rates: DA(t) = Ry - ()Vy - +

Ry _ . (V' _ . where Vy is the intended-movement vector of class A. This leads to the
following interpretation of the DA. The preferred directions of LIP neurons are distributed
roughly uniformly in all directions. Let us therefore assume, following ref. 24, that another
LIP neuron could be matched to each neuron in our sample so that the temporal profile of
the activity of that neuron would be identical to our neuron, but the preferred direction
would be opposite. The net effect of the two neurons on the population vector would be
DA(1).

The paradoxical activity is not a visual response

The PPC is part of the dorsal visual stream and its neurons are known to be colour
insensitive. Stimulus colour was used in previous PPC studies to indicate task context'.
Nevertheless, we conducted a control study and tested the response of 26 visual neurons
and another 8 visuomotor neurons in sequences of isoluminant red-blue-green-red, or
red-green-green-red stimuli separated by memory intervals. The recordings were con-
ducted long after the monkeys were overtrained in the task of Fig. 1¢; the monkeys were
easily trained to perform memory-prosaccades in response to these stimulus sequences.
The differences between the responses to green and red in the control condition were
negligible. All the neurons responded to a green stimulus in the opposite direction in a way
similar to their response to a red stimulus in that location, in both cases much more weakly
than to a stimulus of either colour in the receptive field. Therefore, the colour difference
does not account for the paradoxical activity.
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Mice that overexpress the human mutant amyloid precursor
protein (hAPP) show learning deficits, but the apparent lack of
a relationship between these deficits and the progressive f3-
amyloid plaque formation that the hAPP mice display is puzzling.
In the water maze', hAPP mice are impaired before and after
amyloid plaque deposition*””. Here we show, using a new water-
maze training protocol, that PDAPP mice® also exhibit a separate
age-related deficit in learning a series of spatial locations. This
impairment correlates with (-amyloid plaque burden and is
shown in both cross-sectional and longitudinal experimental
designs. Cued navigation and object-recognition memory are
normal. These findings indicate that A overexpression and/or
AP plaques are associated with disturbed cognitive function and,
importantly, suggest that some but not all forms of learning and
memory are suitable behavioural assays of the progressive cogni-
tive deficits associated with Alzheimer’s-disease-type pathologies.

We have developed a new water-maze protocol for mice in which,
after they learn to escape quickly and reliably onto the hidden
platform at one location, we move the platform to a new location.
Numerous locations are used successively, one at a time. In such a
procedure, earlier locations of the platform will be encoded in long-
term memory, potentially causing interference. Memory retrieval
must therefore be selective for the most recently encoded location,
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an ‘episodic-like’ component of the task. The idea behind using
such a procedure, embedded within a larger test battery, derives
from lesion and single-unit recording studies in rodents that
implicate the hippocampal formation in only certain aspects of
spatial, working- or episodic-like memory’™". Such a protocol is
worth exploring as, in the PDAPP mouse, the highest density of 3-
amyloid plaques is first seen in the outer molecular layer of the
dentate gyrus and other regions of the hippocampus.

PDAPP and non-transgenic (non-Tg) littermate control mice
(n =99) swam normally and climbed successfully onto the escape
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Figure 1 Age-related and age-independent deficits in spatial learning in PDAPP mice.
Analysis of variance of ‘trials to criterion’ (3 successive trials with mean escape latency
< 20 ) for each platform location of the first place navigation task revealed a significant
groups x age effect (F = 5.27, d.f. 2/93, P < 0.01). This interaction justified separate
analyses of the two groups. a, PDAPP mice. Trials to criterion (inclusive) for each
successive platform location in the main series of five locations revealed a significant
age-related worsening of performance (F =8.32, d.f. 2/46, P = 0.001) and a locations x
age interaction (F = 2.17, d.f. 6.59/151.7, P< 0.05; Greenhouse—Geisser correction).
b, Non-Tg mice also showed a modest decline with age (F = 7.24, d.f. 2/47, P<0.005)
but no interaction. ¢, Platform location 1. A separate analysis of platform location 1
revealed poorer performance by the PDAPP mice which learned more slowly than non-Tgs
(F=15.2, d.f. 1/93, P<0.001) but there was no age-related effect or interaction.

d, Platform locations 4 and 5. There were significant main effects of group and age and,
critically, a group x age interaction (F = 8.30, d.f. 2/93, P<<0.001). This was because
the PDAPP mice got worse with age (F =12.56, d.f. 2/46, P < 0.0005) at a much faster
rate than non-Tgs (F = 4.45, d.f. 2/47, P<<0.05). Results shown are mean = 1 s.e.m.
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