MSU-2; a trend also borne out by physical evidence of the retreat of
tropical alpine glaciers and ice caps™ and changes in freezing levels®.
Although the MSU-2R trend has significant uncertainties and
should be interpreted with caution, we conclude that the satellite
record is otherwise excellent for examining interannual variability
of tropospheric temperature. U
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posterior parietal cortex

L. H. Snyder, A. P. Batista & R. A. Andersen

Division of Biology, California Institute of Technology, Pasadena,
California 91125, USA

To look at or reach for what we see, spatial information from the
visual system must be transformed into a motor plan. The
posterior parietal cortex (PPC) is well placed to perform this
function, because it lies between visual areas, which encode spatial
information'?, and motor cortical areas. The PPC contains several
subdivisions, which are generally conceived as high-order sensory
areas™*. Neurons in area 7a and the lateral intraparietal area fire
before and during visually guided saccades. Other neurons in
areas 7a and 5 are active before and during visually guided arm
movements® '’ These areas are also active during memory tasks in
which the animal remembers the location of a target for hundreds
of milliseconds before making an eye or arm movement. Such
activity could reflect either visual attention''~" or the intention to
make movements'®%, This question is difficult to resolve, because
even if the animal maintains fixation while directing attention to a
peripheral location, the observed neuronal activity could reflect
movements that are planned but not executed”. To address this,
we recorded from the PPC while monkeys planned either reaches
or saccades to a single remembered location. We now report that,
for most neurons, activity before the movement depended on the
type of movement being planned. We conclude that PPC contains
signals related to what the animal intends to do.

Neurons in the PPC were recorded from three hemispheres of two
adult macaque monkeys during interleaved delayed-saccade and
delayed-reach trials (Fig. 1). Delay activity (measured 150—600 ms
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after target extinction) was significantly modulated by direction of
movement during either or both tasks in 373 of 652 neurons for
which complete data was collected (Student’s #-text, P < 0.05). Of
these, 68% were motor-intention specific: 21% were significantly
modulated before eye but not arm movements, while 47% were
significantly modulated before arm but not eye movements. Sur-
prisingly, activity during the cue interval (50 ms before, to 150 ms
after, extinction) was intention specific in 44% of the 443 active
neurons. Specificity so early after target presentation suggests that
these findings apply during saccades and reaches made without
delays, that is, during saccades and reaches to visible targets.

A dissociation task was introduced to control for the possibility
that the animal planned both a reach and a saccade to a target even
when only a single movement was instructed (Fig. 2). In fact, in a
previous pair of studies'>” which reported no specificity for
saccades compared to reaching movements in the PPC, animals
trained to reach towards targets without looking at them none-
theless looked towards the target at the end of the trial. It is likely
that plans for both eye and arm movements to the target were
formed simultaneously, with the execution of the eye movement
delayed until the end of the trial. Delayed and even entirely
unexecuted plans for movement may influence firing in the lateral
intraparietal (LIP) area™. Similarly, in a delayed “go/no-go” task,
neurons in area 5 code target location regardless of whether or not a
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a Cue Saccade Cue Reach
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Figure 1 Responses of two intention-specific neurons in the delayed-saccade
(left) and delayed-reach (right) tasks. Each panel shows timing of peripheral flash
(‘Cue”: red flashes indicated by filled bars, green flashes by open bars) and
response (‘Saccade’ or ‘Reach’); eight rows of rasters corresponding to every
third action potential recorded during each of eight trials; a spike density
histogram of neuronal activity, generated by convolution with a triangular kernel?’
aligned on cue presentation, with cue onset and offset indicated by dashed lines;
and eight overlaid traces showing vertical eye position. Neuronal responses in
the cue interval (50 ms before to 150ms after cue offset) were nonspecific.
However, during the delay interval (150-600 ms), firing depended specifically
on motor intent. a, A cell showing elevated delay period firing before a saccade
(left) but not before a reach (right). For illustration purposes, data for this cell were
collected using a fixed delay interval. b, A second cell showing reach rather than
saccade specificity during the delay interval.
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Figure 2 An intention-specific neuron whose motor specificity was revealed by
the dissociation task. Delay activity was greater before movements towards the
receptive field (‘Preferred direction’, left column) compared to away (‘Null
direction’, right column) in both delayed saccade (top row) and reach (middle
row) tasks. Thus in single-movement tasks, the neuron appears to code
remembered target location independent of motor intent. However, motor
specificity was revealed in the dissociation task (bottom row). Firing was
vigorous before a preferred reach combined with a null saccade (bottom left), but
nearly absent before a preferred saccade plus null reach (bottom right). Thus
when both a reach and a saccade were planned, delay activity reflected the
intended reach and not the intended saccade. Panel formats are similar to Fig. 1.
Every other action potential is indicated by one raster mark.

movement is made*. The dissociation task eliminates plans for
movements that will not be executed by explicitly instructing eye
and arm movements in opposite directions. Of neurons with non-
specific delay activity in the single-movement tasks (delayed reach
or delayed saccade) that were tested in the dissociation task, 62%
were revealed to be intention specific, bringing the total percentage
of specific neurons to 84% (Table 1). In the cue interval,
corresponding percentages were 45% and 63%.

Neurons specific for eye and arm movements were anatomically
segregated (Table 1 and Fig. 3). While cells throughout the PPC
showed motor-specific responses, cells in two subregions (area LIP
and a reach area medial and posterior to LIP) tended to have strong,
prolonged delay activity. In the middle third of the longitudinal
extent of the intraparietal sulcus, intended-eye-movement cells
outnumbered intended-arm-movement cells by 5:1. Of 47 cells
active during the delay period, 28 were eye specific and only 5 arm
specific in the simple tasks, with an additional 4 eye-specific and
only 1 arm-specific cell revealed by the dissociation task. In a second
area, medial and posterior to LIP, arm-specific cells outnumbered
eye-specific cells 9:1. Of 95 active cells, 68 were arm specific and
only 9 eye specific in the simple tasks, with an additional 12 arm-
specific cells revealed by the dissociation task. This anatomical
segregation argues against chromatic tuning as a basis for our
results, as clustering of red- or green-preferring neurons over
many square millimetres of cortex is unlikely. The dissociation
task revealed neurons specific for saccades as well as reaches. This
helps to rule out the possibility that different activity levels reflect
differential allocations of attention; if reaching, for example,
required greater attention, then all cells should have appeared
reach specific.

Our results reveal separate intended-reach and intended-saccade
pathways in the PPC. This demonstrates that the decision of how to
utilize a particular sensory stimulus is reflected in PPC firing.
Attention may still be present in the PPC'"'*'*** encoded by the
small number of cells that are not specific for one type of movement,
or in the nonspecific cue responses of the cells that are movement-
specific in the delay period, or in the weak response of some specific
neurons before their non-preferred movement. Alternatively,
nonspecific neurons may reflect plans for moving body parts
other than the eyes or arms (for example, pinna movements) that

Table 1 Summary of neurons

All areas Area LIP Reach area
Both M1 M2 M1 M2
Cue interval (100-300 ms from cue onset)
Saccade specific 104 (23%) 17 (40) 12 (39) 17 (24) 1(4)
Plus dissociation 161 (36%) 26 (62) 22 (71) 18 (26) 1(4)
Reach specific 91 (21%) 4(10) 1(3) 13(19) 13 (50)
Plus dissociation 119 (27%) 4(10) 1(3) 17 (24) 17 (65)
Nonspecific 163 (37%) 12 (29) 8 (26) 35 (50) 8(31)
Total active cells 443 42 31 70 26
Delay interval (300-750 ms from cue onset = 150-600 ms from cue offset)
Saccade specific 79 (21%) 17 (59) 11 (61) 9(13) 0(0)
Plus dissociation 87 (23%) 18 (62) 14 (78) 9(13) 0(0)
Reach specific 175 (47%) 3(10) 2(11) 47 (68) 21(81)
Plus dissociation 227 (61%) 4(14) 2(11) 55 (80) 25 (96)
Nonspecific 59 (16%) 7 (24) 2(11) 5(7) 1(4)
Total active cells 373 29 18 69 26

Most active cells were intention specific in both cue and delay intervals. Data for the cue interval (during and immediately after stimulus presentation) and for the delay interval (after stimulus
presentation but well before movement) are shown. Columns show cell counts and percentages for cells in all areas, LIP cells in the first and second monkey (M1 and M2), and reach-area
cells in M1 and M2. Effects of movement intention were assayed by comparing activity before movements in the best and opposite directions (determined in a previous block of trials). If
activity was modulated only by the intention to saccade in opposite directions (Student's two-tailed t-test, P < 0.05), the cell was classified as saccade specific. If activity was modulated only
by the intention to reach in opposite directions, the cell was classified as reach specific. If activity was modulated by either movement, the cell was classified as nonspecific. Rows labelled
‘plus dissociation’ include cells active in both the simple saccade and reach tasks whose firing depended on movement direction in the dissociation task. Inactive cells and cells without

directionally selective activity were excluded. Not all cells were tested in the dissociation task.
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we did not test®. Some saccade-specific neurons are active before
arm movements and some reach-specific neurons are active before
saccades. We propose that this activity reflects plans for movements
not explicitly called for by the task, but formed automatically in
response to target appearance. When these default plans are
countermanded by explicit instructions, as in the dissociation
task, intention specificity is revealed. The mechanism may involve
inhibition between neurons in the same motor pathway coding
different directions. Functionally, this coupling of saccade and reach
activity may reflect the fact that these movements are often coupled.

The idea that the PPC plays a role in motor planning is consistent
with previous experiments in area LIP. In a delayed double-saccade
task, animals memorized two flashed locations and then, after a
delay, saccaded to them sequentially. Most LIP delay activity coded
the goal of the first saccade (target 1) rather than the location of the
most recently presented stimulus (target 2). At the time of the first
saccade, firing changed to code the goal of the second saccade
(target 2). These two observations, taken together, rule out a strictly
sensory role for area LIP, and support the motor planning hypoth-
esis?® 22, The appearance of activity coding target 2 after the first
saccade can alternatively be explained as sensory remapping of a
remembered stimulus in retinal coordinates. The observation that
this activity sometimes anticipates the completion of the first
saccade has been proposed to support the sensory remapping
hypothesis">. However, predictive behaviour is as likely to occur in
motor planning as in sensory pathways, and so the observation of
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Figure 3 Neurons specific for the intention to make eye and arm movements
were anatomically segregated. a, Surface map showing the locations of motor-
specific cells relative to the intraparietal and superior temporal sulci in the left
hemisphere of one animal. The area of each pie chart corresponds to the number
of cells (between one and eight) with saccade-specific (filled) and reach-specific
(open) delay activity at each location. Only cells with robust delay activity are
shown ( = 16 spikes per s in one or both task delay intervals). The excluded cells
are primarily located in and around area 7a, the ventral intraparietal area and the
medial superior temporal area. Because the x-y positioning apparatus for single
neuron recording and for dye injection were not identical, the placement of tracks
may be misaligned by up to = 1 mm. b, Same format for robust motor-specific
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anticipatory activity does not favour either hypothesis. In contrast,
we now have shown directly that the majority of the delay activity in
LIP as well as in the neighbouring reach area is related to specific
motor intention and not to either sensory stimuli or spatial
attention.

Other instances of task requirements influencing PPC responses
have been reported, and have been ascribed to attentional
processes'"'?. In the dorsal visual stream, posited to be dedicated
to action™, attention and intention can be difficult to distinguish.
Even when a given task does not require an action, plans for
movements not explicitly required by the task can nonetheless be
formed, producing potentially deceptive results. The results
reported here indicate that it is important to rule out intention-
related signals (using controls like the dissociation task) before
concluding that task-dependent modulation in the PPC reflects an
attentional process. O
Methods
Animals faced an array of nine buttons 3.7 cm in diameter at 28 cm distance.
Each button contained a red and a green light-emitting diode (LED) side by
side behind a 1.2-cm translucent lens. The animal pressed buttons illuminated
green using its contralateral arm, and fixated buttons illuminated red. No other
lights were present. All trials began with fixation ( * 2.7°) and depression of the
illuminated central button. After 750 ms, a red (saccade task) or green (reach
task) peripheral LED was flashed for 150 ms. After a 1-1.6 s delay, the central
LEDs were extinguished and the monkey saccaded (latency mean = s.d.,
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L o
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cells from the right hemisphere of the second animal. Anatomy is not available, so
the sulcal pattern of the first animal (dotted lines) is superimposed to indicate
roughly where these neurons may lie. Regardless of how different the sulcal
patterns in the two animals may be, the clustering of reach and saccade cells is
quite similar. The sulcal pattern and recording sites have been reflected onto the
left hemisphere to facilitate comparisons with a. ¢, Coronal section showing a
nuclear yellow dye injection made into the centre of the cluster of eye-specific
cells in the first animal (indicated by an asterisk in a). The injection (hatching in ¢)
was visualized midway down the lateral bank of the intraparietal sulcus (ip.s.), in
area LIP (la.s., lateral sulcus). Arrows indicate anterior, lateral, dorsal and medial
directions (A, L, D, M).
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172 + 36 ms) or reached (269 * 45 ms) to the remembered peripheral location
in complete darkness. The animal maintained central fixation during reach
trials, and maintained central button depression during saccade trials. Eight
delayed-saccade and eight delayed-reach trials were performed in each of eight
directions. For most neurons, the best direction was determined from this first
block of trials and then a second block of interleaved delayed-saccade, delayed-
reach and delayed-dissociation movements was performed in the best and the
opposite directions (8 or 16 trials per task per direction). The dissociation task
was similar to the simple tasks, but now simultaneous red and green flashes
were delivered on opposite sides of the fixation point, and the animal
responded with a near-simultaneous reach and saccade in opposite directions
when the fixation light was extinguished. The animal typically performed over
90% of the trials successfully. Results (Table 1) were based primarily on data
from the second block of trials.
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Self-centring activity of
cytoplasm

Viadimir 1. Rodionov & Gary G. Borisy
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Wisconsin 53706, USA

Fish melanophore cells aggregate pigment granules at the centre
or redisperse them throughout the cytoplasm. The granules move
along radial microtubules by means of molecular motors'~.
Cytoplasmic fragments of melanophores organize a radial array
of microtubules and aggregate pigment at its centre*”’. Here we
report self-centring in microsurgically produced cytoplasmic
fragments of black tetra melanophores. We observed rapid
(10 min) formation of a radial microtubule array after stimulation
of aggregation. Arrangement of microtubules in the fragments
returned to random during pigment redispersion. Apparently,
formation of the radial array does not depend on a pre-existing
microtubule-organizing centre. The array did not form in gran-
ule-free fragments nor in fragments treated with inhibitors of the
intracellular motor protein cytoplasmic dynein. We conclude that
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formation of the radial microtubule array is induced by direc-
tional motion of pigment granules along microtubules and pre-
sent evidence that its position is defined by interaction of
microtubules with the surface.

Nascent fragments of cultured black tetra melanophores, which
had been induced to aggregate, initially formed the aggregate at the
cut edge. Remarkably, after 2—3 min delay, the aggregate relocated

. to the centre (Fig. 1a) with kinetics approximated by a single

declining exponential (f,, = 150 £ 555, mean * s.d; n = 10).
Fragments induced to aggregate after a period of incubation (30—
300 min) showed irregular granule motion which resulted in aggre-
gation at the centre (Fig. la). Immunostaining with anti-tubulin
antibody confirmed that nascent fragments, like intact cells, dis-
played an array of microtubules directed towards the parental cell
centre, whereas in incubated fragments microtubules were ran-
domly arranged (Fig. 1a). Remarkably, upon inducing aggregation,
both nascent and incubated fragments formed a radial array of
microtubules focusing on the granule aggregate situated at the
fragment centre (Fig. la). Fragments responded to caffeine treat-
ment by dispersing pigment granules indistinguishably from intact
cells. As dispersion depends on a microtubule plus-end kinesin-like
motor®, we may infer that the polarity of microtubules in the radial
array was also similar to that of intact cells: minus ends at the
aggregate and plus ends towards the periphery. The microtubule-
stabilizing drug taxol did not interfere with pigment aggregation in
intact cells, but blocked redistribution of the pigment aggregate to
the centre in nascent fragments (Fig. 1a), and fusion and centring of
local clusters in incubated fragments (Fig. la); it also prevented
formation of a radial array of microtubules (not shown). Thus,
fragments of black tetra melanophores were able to form and
centrally locate a radial array of microtubules. Centring required
microtubule dynamics and, contrary to previous observations®”/,
was very rapid.

To test whether the radial microtubule array in the fragments was
organized by a centrosome, we tested for molecular components of
microtubule-nucleating structures, y-tubulin’ and pericentrin®.
Double immunostaining showed that y-tubulin was at the focus
of the microtubule array in parental cells (Fig. 1b), but could not be
detected in the fragments even after incubation (300 min) (Fig. 1b)
or after a cycle of aggregation—redispersion. Immunostaining for
pericentrin was positive in the parental controls but negative in the
cytoplasmic fragments (result not shown). Thus, we found no
evidence that the fragments either retained or reconstituted a
centrosome after severing from their parent cell.

Direct live observations of labelled microtubules showed that the
random distribution of microtubules in incubated fragments trans-
formed into a radial array during aggregation and returned back to a
random arrangement during the course of redispersion (not
shown). Thus, microtubule distribution seems to be coupled to
the aggregation state of pigment granules. To test whether the
attainment of a radial microtubule array depends on the interaction
of microtubules with granules, we prepared fragments devoid of
pigment granules by dissecting them from the cells with aggregated
pigment. Adrenaline treatment of pigment-free fragments failed to
induce microtubule reorganization (Fig. 1c), suggesting that for-
mation of the radial array depends on the motion of granules along
microtubules.

To test further the role of granule motion in microtubule
reorganization, we used inhibitors of cytoplasmic dynein and
kinesin, microtubule-dependent motors responsible for pigment
aggregation and dispersion®*. The cytoplasmic dynein inhibitor
sodium orthovanadate'"'?, which prevents pigment aggregation in
intact chromatophores'', blocked pigment aggregation and for-
mation of radial microtubules in the fragments (Fig. 2). Other
dynein inhibitors erythro-9-[3-(2-hydroxynonyl)] adenine'""
(EHNA; 2mM) and AMP-PNP'™? (100mM in the needle),
though not entirely specific for pigment aggregation, had the
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