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FIG. 4 Distribution of cross-correlogram patterns in neighbouring and
distant neurons. Time-averaged cross-correlograms between pairs of
neighbouring neurons are, in most cases, characterized by positive
peaks. Note that negative cross-correlograms are compietely missing
in the population of neighbouring neurons. The number of neuronal
pairs in each class is given above the bars. The difference between the
two populations is statistically significant at a level of 0.001
(x*=318.77).

of precise coincidences (with jitters of only +2.5 ms) reached
values up to 620%.

The wide peaks and troughs (tens to hundreds of milliseconds
wide) indicate that the time-constraints of the underlying pro-
cesses are loose. The mechanisms of such dynamic correlation
(including precise coincidences) are unknown. The correlation
could emerge from repeated volleys of direct synaptic inter-
actions between the neurons; or, more probably, it could arise
from changes in the pattern of activity of a large number of
neurons, interacting with the sampled neurons in a correlated
manner. Regardless of the mechanism, however, the modifi-
cations of correlation between two neurons in relation to stimu-
lation and behaviour most probably reflect changes in the
organization of spike activity in larger groups of neurons.
Indeed, recent model studies have shown that similar dynamic
organization can be accomplished in large networks, even
without associated modifications of the synaptic weights'>™'".

Our results also support and extend anatomical and physio-
logical findings indicating that functional groups are organized
in spatial clusters>'"'* >, Our findings suggest that neighbouring
neurons tend to share common inputs of the same sign (either
inhibitory or excitatory), whereas the effects on more distant
neurons (in our study 500-1,000 pm apart) are mixed. Therefore,
when the common drive is increased, neighbouring neurons tend
to be activated in unison, enabling them to operate as a coherent
functional group for a short while. Concurrently, the negative
correlation between neurons in one group and those in another,
more distant group can accentuate the demarcation among
groups. Thus, the spatio-temporal organization of activity in
the network allows for the rapid association of neurons into a
functional group, at the same time dissociating such a group
from concurrently activated, competing groups.
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Neuronal correlates of inferred
motion in primate posterior
parietal cortex

John A. Assad & John H. R. Maunsell

Division of Neuroscience S-603, Baylor College of Medicine, Houston,
Texas 77030, USA

For many types of behaviours, it is necessary to monitor the posi-
tion or movement of objects that are temporarily occluded. The
primate posterior parietal cortex contains neurons that are active
during visual guidance tasks: in some cases, even if the visnal target
disappears transiently'”. It has been proposed that activity of this
sort could be related to current or planned eye movements'?, but
it might also provide a more generalized abstract representation
of the spatial disposition of targets, even when they are not visible.
We have recorded from monkey posterior parietal cortex while
the animal viewed a visual stimulus that disappeared, and then,
depending on experimental context, could be inferred to be either
moving or stationary. During this temporary absence of the stimu-
lus, about half of the neurons were found to be significantly more
active on those trials in which the stimulus could be presumed to
be moving rather than stationary. The activity was thus present in
the absence of either sensory input or motor output, suggesting
that it may indeed constitute a generalized representation of target
motion.

Two rhesus monkeys were trained to maintain fixation within
a 1° window while they viewed the trial types shown in Fig. la.
On full vision trials, a stimulus 0.25° across appeared 12° from
the fovea, and then, after a brief delay, moved towards the fixa-
tion spot. On occlusion trials the stimulus appeared as above,
but then disappeared without moving and reappeared at 2°
eccentricity moving towards the fixation spot, with the reappear-
ance timed to be consistent with the stimulus moving continu-
ously during the time that it was not visible. Full vision and
occlusion trials were randomly interleaved during a block of trial
presentations. Blocks of full vision and occlusion trials were
interleaved with blocks of a third trial type, blink trials. On these
trials, the stimulus appeared and disappeared exactly as in the
occlusion trials, but then it reappeared in the same location, as
if it had been stationary during the time it was not visible. Until
the reappearance of the stimulus, the visual stimulation was
identical on the occlusion and blink trials, the only difference
being that the animal presumably inferred that the stimulus was
moving during the time it was invisible on occlusion trials and
inferred that the stimulus was stationary during the same period
on blink trials.
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We recorded responses to these stimuli from 106 neurons in
the posterior parietal cortex (PP), in the lateral bank of the
intraparietal sulcus and the fundus and anterior bank of the
superior temporal sulcus. Figure 2 shows the average responses
of two PP units to the three different trial types. The data shown
are only for the preferred trajectory in each case. The histograms
are synchronized (long vertical line) on the start of movement
for the full vision trials, or on the disappearance of the stimulus
for the occlusion and blink trials. On the occlusion and blink
histograms, the small vertical line below the x-axis indicates the
reappearance of the stimulus. Thus, all the activity between the
synchronization and reappearance marks was evoked with the
stimulus not visible (corresponding to the shaded area in Fig.
la). Both cells responded vigorously to the moving stimulus on
the full vision trials. There was also appreciable activity follow-
ing disappearance of the stimulus on the occlusion trials, but
not on the blink trials. This activity on the occlusion trials was
not a simple sensory ‘off” response because the visual stimulus
was identical on the blink trials. Of the 106 cells examined, 48
(45%) showed a significantly different firing rate (averaged over
the time that the stimulus was not visible) on the occlusion trials
versus the blink trials (two-tailed z-test; P<0.05). All 48 were
more active on the occlusion trials. Figure 3a shows the distribu-
tion among all the units of a modulation index (MI) obtained
by dividing the mean response of the occlusion trials by that of
the blink trials, with the responses averaged as described above.

FIG. 1 Visual stimuli. a, Schematic of the three trial types. Time is
shown on the horizontal axis; distance of the stimulus from the fixation
spot on the vertical axis. Solid lines indicate that the stimulus is visible,
dashed lines that it is not visible. Spike data were analysed over the
shaded region—a time interval corresponding to, on the full vision trials,
the start of movement until the stimulus was within 2° of the fixation
spot or, on the other two trial types, the disappearance of the stimulus
until its reappearance. On blink trials, the disappearance and reappear-
ance of the stimulus was repeated four times to enhance the percept
that the stimulus did not move. On full vision and occlusion trials, the
animal received a juice reward after the stimulus reached the fixation
spot; on blink trials the reward was delivered after completion of the
fourth blink cycle. For comparison with the occlusion trials, data from
blink trials were only examined during the first cycle, but the cells’
responses generally did not change, or otherwise they declined on the
later cycles. b, Typical stimulus trajectories, sampled at 75 Hz. While
searching for units, trajectories were chosen randomly from trial to
trial. Once a unit was isolated, its receptive-field size and directional
preference were determined and then only four task trajectories were
presented, spaced at 90° intervals, with the angle adjusted (while main-
taining the 90° spacing) such that one traversed the receptive field of
the unit, close to its preferred direction. As the trajectories were always
centripetal, we necessarily selected units that had a major component
of their preferred direction toward the fovea. During data collection, one
block consisted of full vision and occlusion trials, randomly interleaved
with respect to trial type and trajectory. The block continued until the
animal had successfully completed two trials of each type and trajec-
tory, for a total of 16 trials. The next block consisted solely of blink
trials, again randomly interleaved with respect to the four initial loca-
tions, each repeated twice for a total of 8 trials. The timing of the
disappearance and reappearance of the stimulus of each blink trial was
identical to the timing of one of the corresponding occlusion trials of
the previous block. This two-block alternation was then repeated 5-6
times for each unit, for a total of 10-12 repetitions of each trial type
for each starting location. The trajectories used on full vision and occlu-
sion trials were actually generated and stored during a previous block
of trials in which the animal guided the stimulus to the fixation spot
using a joystick. This accounts for the somewhat irregular trajectories
exemplified in b. These movement trials will not be discussed; all the
data herein were collected with the animals passively viewing as the
stored stimulus templates were replayed. The start of each trial was
indicated to the animal by a brief tone, with the pitch lower on the blink
block so that the animal could distinguish the block type. Apart from
this tone, the animal had no other way of distinguishing an occlusion
trial from a blink trial on the first trial of a new block, because the visual
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The indices of most cells were greater than unity; the median
MI was 1.38. Population histograms among the 48 PP units that
showed a significant difference between the two trial types (O > B
units) are shown in Fig. 3b. The fourth column is a difference
histogram between the occlusion and blink trials. This difference
in activity was sustained throughout the time that the stimulus
was not visible.

A trivial explanation for the different responses between the
occlusion and blink trials is that as the two were necessarily
presented in separate blocks of trials, the animals’ general state
of arousal could have been lower during the blink blocks. Were
this the case, it would be expected that the responses might differ
throughout the trial, and not just subsequent to the disappear-
ance of the stimulus. However, for the visual on-transient evoked
by the initial onset of the stimulus prior to its disappearance,
there was no significant difference between the two trial types
among the 48 O> B units (activity averaged over the 125-ms
period following stimulus onset, a period before the beginning
of the peristimulus-time histograms (PSTHs) in Figs 2 and 3;
two-tailed paired #-test; P> 0.20; median MI, 1.05. For compari-
son, P<0.001 for the same two-tailed paired ¢-test for the period
following the disappearance of the stimulus). Thus the difference
seen between occlusion and blink trials was not due to general
differences in arousal between the two trial types. Another
difference between the two trial types could be activity related
to expectation of reward, because reward delivery occurred later
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stimulus was identical until the reappearance of the stimulus. But any
such confusion should have only diluted differences in response
between the two trial types. Stimuli were presented on a video monitor
refreshed at 75 Hz, placed 57 cm from the animal.
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on the blink trials than on occlusion trials. A subset of the O> B
units (28/48) had bilateral receptive fields. For these units, the
null-trajectory trials (for example, those trajectories moving
from left to right in Fig. 1) also traversed the receptive field.
Responses from these cells (Fig. 4) showed no difference between
occlusion and blink trials following the disappearance of the
stimulus for these null-trajectory trials (Fig. 4; two-tailed paired
t-test; P>0.50; median MI, 0.91), suggesting that the difference
on preferred direction trials could not be attributed to non-
spatial factors such as anticipation of reward.

In addition to the sustained differences following the disap-
pearance of the stimulus, there was a statistically significant
increase in the signal before the disappearance of the stimulus
for the preferred directions and a decrease for the null direction
(averaged activity compared between occlusion or full vision
versus blink trials for the period from 120 ms to 20 ms before
the disappearance; one-tailed paired s-tests; P<0.001). As the
animals knew that the stimulus would reliably disappear a few
hundred milliseconds after it appeared, the directionality of this
early activity suggests that it may be related to the animals’
expectation of the impending direction of motion.

In summary, a large proportion of neurons in monkey PP were
more active following the disappearance of a visual stimulus on
trials in which the animal could have inferred that the invisible
stimulus was moving rather than stationary. The difference in
activity was not immediately related to sensory input, because
the stimuius was identical between the two trial types. It has
long been appreciated that the activity of PP neurons can be
influenced by extraretinal as well as visual sources™; several
studies have even reported responses in PP in the complete
absence of visual stimuli during eye-movement tasks'™>°. As
these tasks involve motor actions, the activity could be related
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FIG. 2 Responses for preferred-trajectory trials from two PP units. a,
Peristimulus-time histograms (PSTH) from one cell for the three trial
types. b, Data from a different cell. Histograms were smoothed by con-
volving with a gaussian with a standard deviation of 5 ms. Each PSTH
was compiled from 12 trials, synchronized (long vertical line) on the
start of movement for the full vision trials, or on the disappearance of
the stimulus on the occlusion and blink triais. The short vertical line
below the x-axis on the occlusion and blink trials represents the earliest
reappearance of the stimulus among the 12 trials used to compile the
PSTH (as the timing among trials was not uniform). The traces at the
bottom show the timing of the disappearance of the stimulus, as
described for Fig. 1a. Single-unit recordings were made using tungsten
electrodes (Microprobe Inc.) or glass-insulated Pt-Ir electrodes, intro-
duced into cortex through a guide tube’. All surgery was performed
aseptically and under full anaesthesia in accordance with Baylor College
of Medicine and USDA regulations. The locations of recording sites were
verified histologically in one animal; the second animal is still under
study.
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to the intention or execution of the movement. In the present
study, however, the animals had no behavioural requirement
beyond maintaining fixation, and never made eye movements to
the stimulus. Thus the difference in activity between the occlu-
sion and blink trials could not be related in a straightforward
way to either sensory input or motor output. The only difference
between the two trial types would seem to be the animals’ infer-
ence that the invisible stimulus were either moving or stationary.
The difference in activity could be a neuronal correlate of such
inference. Signals of this sort might contribute to the extraretinal
responses observed in visual guidance tasks such as smooth pur-
suit; for example, the activity in cells in the medial superior
temporal area that persists when the pursuit target is transiently
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FIG. 3 Population responses. a, Distribution among all 106 units of the
value of the mean rate of firing during occlusion trials divided by the
mean rate during blink trials. Mean rates were calculated from the
disappearance of the stimulus until its reappearance. Baseline activity
was not subtracted in computing the ratio; this would have increased
the absolute value of the modulation indices. The vertical line demar-
cates a ratio of one, and the arrow indicates the median value for the
distribution. b, Population PSTHs compiled by calculating the average
firing rate for each bin across the 48 PP neurons that showed a signifi-
cant difference in mean firing rate between occlusion and blink trials.
PSTHs were synchronized and smoothed as described for Fig. 2. The
fourth column is a difference PSTH calculated by a bin-by-bin subtrac-
tion of the blink PSTH from the occlusion PSTH. A population PSTH was
also compiled in identical fashion among 18 neurons recorded from
area MT. The mean response on occlusion trials was not significantly
greater than that on blink trials, averaged over the period following the
disappearance of the stimulus (one-tailed paired t-test; P> 0.50; med-
ian M, 0.90). For all cells, eye position was monitored using a scleral
search coil system®® and stored at 200 Hz. An analysis was then per-
formed for every preferred trajectory trial among the 48 O> B units
(~600 trials of each type) to test whether eye movements differed in a
systematic fashion between the occlusion and blink trials during the
period that the stimulus was not visible. For every pair of successive
eye-position samples, the component of the instantaneous eye velocity
parallel to the preferred stimulus trajectory was determined. The distri-
bution of these velocities (~60,000 for each trial type) was then com-
piled and compared between occlusion and blink trials. No significant
difference was found (Mann-Whitney test; P> 0.05. Median velocities
were very close to zero in both cases: —0.0072° per second for occlu-
sion trials and 0.0007° per second for blink trials).
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FIG. 4 Comparison of preferred and null-trajectory trials for the 28 0> B
units with bilateral receptive fields. Ceils were defined to have bilateral
receptive fields if their response to the onset of the stimulus was not
greater for the stimulus corresponding to the preferred direction com-
pared to the null direction (activity averaged over the 125-ms period
following stimulus onset; one-tailed t-test; P> 0.05). Twenty-eight of the
48 0>B cells met this criterion. PSTHs were synchronized and
smoothed as described for Figs 2 and 3b. Preferred-direction responses
are shown in grey, null-direction responses in black.

extinguished or stabilized on the retina'. This activity might be
related to the animal’s presumption that a target is moving
through space, rather than, or in addition to, motor-related sig-
nals such as efference copy from the motor system. O
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Seeing the forest but only
half the trees?

John C. Marshall & Peter W. Halligan™

Neuropsychology Unit, University Department of Clinical Neurology,
The Radcliffe Infirmary, Oxford OX2 6HE, UK
* Rivermead Rehabilitation Centre, Oxford 0X1 4XD, UK

IN visuo-spatial neglect after right hemisphere damage, patients
fail overtly to notice and respond to stimuli on the side of space
contralateral to lesion'”. Nonetheless, these neglected stimuli may
covertly influence their performance in other tasks less direct than
overt detection or identification'. We report here a new type of
dissociation between two forms of conscious perceptual awareness
in a patient with left neglect. J.R. was shown hierarchical drawings
in which a larger (global) form, such as a geometric figure or an
alphabetic letter, is composed of smaller (local) forms (dots,
circles, or letters). She gave accurate verbal reports of the global
structure of these stimuli (Navon figures®), yet when required to
cross out the smaller subfigures, she only cancelled those on the
right of each global figure. Conscious perception of the whole does
not automatically lead to visual awareness of all the parts thereof.

J.R., a 59-year-old right-handed woman, initially presented in
1993 with a right hemiplegia from which she rapidly made a full
recovery and returned to work; a computed tomography (CT)
scan showed a small lacunar infarct of the left thalamic region.
A year later, she suffered a right hemisphere stroke, with left
hemiplegia, left visual extinction, and gross left visuo-spatial
neglect. The weakness improved in the left leg and to a lesser
extent in the left arm, but the other symptoms persisted over
three months after the second stroke. Florid left neglect was
repeatedly found on three diagnostic tasks: presented with ran-
dom arrays of simple figures to cancel, J.R. crossed out the
stimuli-on the right-hand side of the page, neglecting all those
on the left. Requested to bisect horizontal lines, she placed her
transections significantly to the right of centre. When copying
complex line drawings, J.R. made relatively accurate represen-
tations of the right side of figures but omitted the left sides
without acknowledging that the copies were incomplete. Draw-
ing from memory was considerably better. CT scan showed
infarction of frontal and parietal cortex with probable subcort-
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ical involvement. The lacunar infarct from the earlier episode
was still visible.

The following observations were made in the second and
third months after the second stroke. J.R. was presented with
Navon figures of the types illustrated in Fig. 1. Each stimulus,
black on a sheet of white A4 paper, was placed on the desk
top immediately in front of her. In free vision, and with no
time constraint, J.R. was requested to (1) describe what she
saw on the page; (2) cancel all the smaller subfigures (with
a pen held in the right hand); (3) put down the pen when
all components had been cancelled and describe again what
she had seen. The figures varied in overall size and in the spacing
between their constituents; some global figures were simple geo-
metric forms, others were letters; the constituent (local) figures
were dots (1 mm), circles (15mm in diameter), or letters
(5 mm X 5 mm).

J.R.invariably gave a correct verbal description of each locally
consistent stimulus. Figure 15 (180 x 180 mm), for example, was
reported as a large circle of small As; Fig. 1¢ (110 x 80 mm) was
reported as a large E made of smaller Hs. Despite these accurate
reports (before and after cancellation), J.R. never crossed out
the subfigures on the left of the overall configuration. The same
failure was seen when the cancellations were made in invisible
ink, and is thus not due to attentional capture by the additional
marks made by visible ink. Our dataset comprises over fifty
observations of the type shown in Fig. 1; there were no counter-
examples under the testing conditions described.

A number of shallow explanations can be ruled out. The con-
jecture that J.R. only ‘saw’ the right half of each square or
circular configuration, but ‘completed’ the global percept by
reporting the simplest closed figure compatible with what was
seen’ is false: when shown ‘full’ figures (Navon squares and
circles) randomly interspersed with ‘half’ figures, J.R. reported
only the squares and circles as squares and circles (n=10), while
correctly describing the left-truncated figures as half-squares or
half-circles (n=10). By contrast, when shown circles and squares
in which the (lateral) halves were composed respectively of Es
and Fs (or Cs and Xs), reliable local completion occurred. All
global stimuli were correctly reported as circles or squares, but
J.R. claimed that the (correctly named) local elements on the
right extended throughout each global figure (n=10). When the
(lateral) halves of a circle were respectively composed of blue
and red dots, the colour of the right half was reported for all
the dots of the circle (#=10).
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