The Journal of Neuroscience, January 25, 2006 - 26(4):1117-1127 - 1117

Behavioral/Systems/Cognitive

Allocentric Spatial Referencing of Neuronal Activity in
Macaque Posterior Cingulate Cortex
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Neuronal activity in posterior cingulate cortex (CGp) is modulated by visual stimulation, saccades, and eye position, suggesting a role for
this area in visuospatial transformations. The goal of this study was to determine whether neuronal responses in CGp are anchored to the
eyes, head, or outside the body (allocentrically). To discriminate retinocentric from nonretinocentric spatial referencing, the activity of
single CGp neurons was recorded while monkeys (Macaca mulatta) performed delayed-saccade trials initiated randomly from three
different starting positions to a linear array of targets passing through the neuronal response field. For most neurons, tuning curves,
segregated by fixation point, aligned more closely when plotted with respect to the display than when plotted with respect to the eye,
suggesting a nonretinocentric frame of reference. A second experiment differentiated between spatial referencing in coordinates an-
chored to the head or body and allocentric spatial referencing. Monkeys shifted gaze from a central fixation point to the array of
previously used targets both before and after whole-body rotation with respect to the display. For most neurons, tuning curves, segre-
gated by fixation position, aligned more closely when plotted as a function of target position in the room than when plotted as a function
of target position with respect to the monkey. These data indicate that a population of CGp neurons encodes visuospatial events in

allocentric coordinates.
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Introduction

Spatially accurate behavior requires the transformation of inputs
referenced to the sensory epithelium into coordinates appropri-
ate for preparing and generating movement (Andersen et al.,
1993; Andersen, 1997; Cohen and Andersen, 2002). No transfor-
mation is required for visually guided gaze shifts, because the
retinocentric location of the target and the vector of the eye
movement are aligned. Other spatial coordinate transformations
are more complex. For example, to reach for an object, its posi-
tion relative to the retina must be translated into its position
relative to the arm and body. Similarly, navigating to an object
requires the translation of retinocentric visual inputs into body/
head-centered coordinates. To navigate independent of changes
in observer position, objects must be mapped with respect to
anchor objects or surroundings.

Visuospatial coordinate transformations are thought to occur
by combining inputs encoding the retinocentric locations of ob-
jects with information about the positions of the eyes, head, arm,
or body (Andersen et al., 1993). Parietal cortex has been impli-
cated in the integration of retinocentric visual information with
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eye position and head position to generate egocentrically refer-
enced spatial information useful for guiding coordinated gaze
shifts, reaching, and grasping (Andersen et al., 1993). In contrast,
the hippocampus and surrounding cortex appear to encode loca-
tions with respect to other objects in the environment, implicat-
ing these areas in spatial representations guiding navigation
(Matsumura et al., 1999; Robertson et al., 1999; Rolls, 1999).

Vogt et al. (1992) posited that posterior cingulate cortex
(CGp) participates in the transformation of egocentrically refer-
enced visuospatial representations in parietal cortex into allocen-
trically referenced spatial representations in the hippocampus
and surrounding cortex. Neuroanatomical, neurophysiological,
and neuropsychological evidence support this hypothesis: CGp is
reciprocally connected with both parietal and parahippocampal
cortices (Cavada and Goldman-Rakic, 1989); CGp neurons re-
spond after the illumination of contralateral targets (Musil and
Olson, 1993; Dean et al., 2004) and after contraversive gaze shifts
(Olson et al., 1996; Dean et al., 2004); these responses are modu-
lated by eye position (Olson et al., 1996); and lesions of this area
disrupt both navigation and orienting (Maguire, 2001).

Despite these observations, it remains unclear whether CGp
neurons signal spatial information with respect to the head, body,
or world, or encode spatial information in an intermediate for-
mat. To address this issue, we studied the activity of CGp neurons
in macaques performing delayed saccade trials in two experi-
ments. First, monkeys shifted gaze from three different fixation
points to an array of targets passing through the response field of
each neuron, thus dissociating retinocentric and nonretinocen-
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tric target position. Second, monkeys
shifted gaze from a central point to an ar-
ray of targets while facing the stimulus
screen and then after whole-body rotation
to the left or right, thus dissociating ego-
centric and allocentric target position. We
found that neuronal responses after sac-
cade onset aligned better as a function of
absolute target position in space than as a
function of target position relative to the
subject, thus implicating CGp in the allo-
centric representation of visual space.

Materials and Methods

Subjects

Data were collected from neurons in both
hemispheres of two adult male rhesus ma-
caques (Macaca mulatta) in these experiments.
All animal procedures were developed in asso-
ciation with Duke University Medical Center
veterinarians, approved by the Duke University
Institutional Animal Care and Use Committee,
and designed and conducted in compliance
with the Public Health Service Guide for the
Care and Use of Animals.

Surgical procedures

As described in detail previously (Platt and
Glimcher, 1997; Dean et al., 2004), a head-
restraint prosthesis and scleral search coil were
implanted in an initial sterile surgical proce-
dure. Animals received postoperative analge-
sics for a minimum of 3 d and antibiotic pro-
phylaxis 7-10 d after every surgery. Animals
were given a 4—6 week recovery period after
surgery. A second aseptic surgical procedure
was performed once animals could reliably ex-
ecute all of the behavioral tasks used in the
study. A stainless steel recording chamber
(Crist Instrument Company, Hagerstown,
MD) was positioned stereotaxically perpendic-
ular to the horizontal plane over a 15 mm cra-
niotomy centered stereotaxically at position
(0,0), the intersection of the midsagittal and
interaural planes (cf. Olson et al., 1996; McCoy
et al., 2003; Dean et al., 2004). The recording
chamber was cleaned regularly with antibiotic
washes and sealed with replaceable sterile Cilux
caps. Single-cell recording experiments began
after a 1 week postoperative period.

Behavioral techniques

Visual stimuli were light-emitting diodes (LEDs)
(LEDtronics, Torrance, CA), fixed on a tangent
screen placed 144.78 cm (57 inches) from the eyes
of the animal and forming a grid of points, sepa-
rated by 1°, spanning 49° horizontally and 41°
vertically, although only a subset of the LEDs were
used in this experiment. These LEDs were illumi-
nated to appear yellow to normal human observ-
ers and could be illuminated within 1 ms and ex-
tinguished within 7 ms by the computer system
controlling the experiments. Horizontal and ver-
tical eye position were sampled at 500 Hz (River-
bend Instruments, Birmingham, AL) and re-

corded by computer. Access to water was controlled during training and
testing, and animals were habituated to head restraint and trained to perform
oculomotor tasks for a fruit-juice reward using a custom-built software in-

terface (Ryklin Software, New York, NY).
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Figure 1.

Tasks. a, Delayed saccade trials. Subjects fixated (#-2°) a centrally located yellow LED. After a delay, a target LED was

illuminated; subjects were required to maintain fixation until the central light was extinguished (200 — 600 ms) and then shift gaze
to the target (2-3°) and maintain fixation of it for 500 ms to receive a juice reward. b, Retinocentric versus nonretinocentric test.
The fixation LED appeared at either the center of the LED panel or 10° to the left or right of the center. Targets were drawn from an
array of 10 LEDs, spaced 4° apart from — 18 to 18°and typically 10° above or below the array of fixation points. ¢, Egocentric versus
allocentric test. Subjects performed delayed saccades from the central fixation point to the array of 10 targets after passive
whole-body rotation 20° in either direction around the vertical axis. d, Expected tuning curves in the retinocentric versus nonreti-
nocentric test. Tuning curves, separated by fixation point, are expected to align when plotted as a function of retinocentric target
position if these neurons encode only information about the saccade vector/retinal vector. If these neurons encode information
with respect to the subject but not the eye, tuning curves will align when plotted as a function of the nonretinocentric target
position. e, Expected tuning curves in the egocentric versus allocentric test. Tuning curves, separated by rotation, are expected to
align when plotted as a function of target position with respect to the subject if these neurons encode spatial information in
egocentric coordinates. If these neurons encode spatial information allocentrically, the tuning curves will align when plotted as a
function of the target position in the room.

Standard delayed saccade trials (Fig. 1a) were used to assess the firing
patterns and spatial tuning of physiologically identified neurons in CGp.
A tone presented along with the illumination of the central yellow LED,

which subjects were required to fixate within 1000 ms, signaled the
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beginning of the trial. Gaze was aligned within 2° of the fixation stimulus,
and, after a delay of 200—800 ms, a single eccentric yellow LED was
illuminated. Monkeys were required to maintain fixation an additional
200-800 ms after the illumination of the target until the fixation stimu-
lus was extinguished, cuing the monkey to shift gaze to the eccentric
target (=3°) within 350 ms. Fixation of the target for 500 ms was followed
by the delivery of liquid reinforcement. A brief noise preceding juice
delivery served as a secondary reinforcer on all correct trials.

Microelectrode recording techniques

Recordings were made as described previously (Dean et al., 2004). Neu-
ronal activity was first recorded during 100200 delayed saccade map-
ping trials to assess visual and saccade-related spatial sensitivity. During
these mapping trials, the fixation stimulus was located at the center of the
stimulus panel, whereas the location of the eccentric target varied ran-
domly from trial to trial within a 36 X 36° grid of 100 LEDs spaced at 4°
intervals. After mapping, a horizontal array of 10 targets passing through
the response field of the neuron was selected, typically 10° above or below
the center of the LED display. In experiment 1, which dissociated retino-
centric and nonretinocentric coordinates (which thus could be body/
head centered or allocentric), subjects were required on each trial to shift
gaze to one of these 10 targets from one of three fixation points located at
the origin of the LED display (central fixation) or 10° left (left fixation) or
10° right (right fixation) of the origin (Fig. 1b). Fixation points and
targets were chosen randomly on each trial, and all conditions were
interleaved. In this experiment, a hypothetical neuron encoding spatial
information retinocentrically would respond equivalently to a target pre-
sented 4° right of fixation whether the fixation stimulus was central, left,
or right. A hypothetical nonretinocentric neuron would respond differ-
ently to a target 4° right of each fixation stimulus, because each target
would be located at a different location relative to the subject or the
room. However, a nonretinocentric neuron would respond in the same
manner to a target located 4° right of the central fixation stimulus
whether the subject fixated centrally, left, or right, despite the fact that the
target would be in a different position (4°, 14°, or —6°) relative to each
fixation (Fig. 1d).

In experiment 2, which dissociated head/body and world/eye coordi-
nates, the subject’s head and body were passively rotated 20° in either
direction around the vertical axis, and subjects were again required to
shift gaze from the central fixation stimulus to one of the 10 targets
chosen randomly in each trial (Fig. 1c). The subject and monkey chair
were rotated around a central post below the chair that attached to the
floor (Crist Instrument Company). Rotations were made both left and
right of center for some cells but in only one direction for others, depend-
ing on how long the neuron remained isolated. For analysis, tuning
curves collected from the rotated condition(s) were compared with tun-
ing curves generated by gaze shifts originating at the central fixation
position with the body and head facing straight ahead in experiment 1.
Because only one initial fixation position was used, experiment 2 alone
cannot distinguish between allocentric and retinocentric frames of refer-
ence. By comparing the data generated after rotation in experiment 2
with data generated from the central fixation position in experiment 1,
however, we can effectively distinguish egocentric from allocentric
coordinates.

Data for experiment 2 were collected in blocks during which the sub-
ject was in one rotation position or another. Collecting data in blocks
introduces some potential confounds. Neuronal isolation or satiety
could change over time. Therefore, when possible, data in each rotation
position were collected in several interleaved blocks to mitigate any ef-
fects of changes in isolation or neuronal responsiveness over time. Neu-
ronal isolation after rotation appeared to be very well maintained in every
case, based on consistency in waveform size and shape as well as baseline
firing rate.

We recorded from neurons lying within grid penetrations 1-3 mm
lateral and 0—2 mm rostral to the intersection of the interaural and mid-
sagittal planes, at depths 8—12 mm from the cortical surface. These re-
cordings appear to have been in area 31 in the ventral bank of the cingu-
late sulcus and area 23 in the cingulate gyrus, based on the fact that most
had visual and/or saccade-associated activity with spatial and temporal
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properties similar to neurons in previous studies (Olson et al., 1996;
Dean etal., 2004). Electrodes first passed through tissue containing neu-
rons with somatosensory-related activity before reaching these neurons.
We confirmed the location of the electrode in these areas using a hand-
held digital ultrasound device (Sonosite 180; SonoSite, Bothell, WA)
placed against the recording chamber after some recording sessions, as
described previously (Dean et al., 2004). Ultrasound images indicated
that the cingulate sulcus lay ~8—-10 mm below the cortical surface for
these penetrations, in good agreement with travel indicated on the mi-
cropositioner for neurons with task-related activity.

Analysis

Quantification of spatial sensitivity and temporal response profile for CGp
neurons. Eye position was recorded throughout each trial for off-line
analysis. The number of action potentials was computed on each trial
during 12 200-ms epochs, each aligned on at a trial event: (1) immedi-
ately after the start of fixation on the central target; (2) after the illumi-
nation of the eccentric target; (3) preceding the onset of the required eye
movement; (4) immediately after onset of the movement; (5) 200—400
ms after the onset of the required eye movement (after movement); (6)
preceding the onset of the noise burst before juice reward (before re-
ward); (7) immediately after the noise burst; (8) immediately preceding
juice reward delivery; (9) immediately after the onset of juice reward;
(10) after the offset of juice reward; (11) 200—400 ms after the offset of
juice reward; and (12) 400—600 ms after the offset of juice reward. For
each cell, a database was constructed from these measurements.

To assess spatial sensitivity of recorded neurons, multiple regression
analysis was used to analyze the relationship between firing rate and
horizontal target position (Matlab; MathWorks, Natick, MA) for each
measured epoch of time for mapping trials. Multiple regression was used
because the spatial sensitivity of most CGp neurons is generally quite
broad (Olson et al., 1996; Dean et al., 2004). Those neurons with signif-
icant relationships between firing rate and target position in any of the
following epochs were considered to be tuned spatially: after target, be-
fore movement, immediately after movement, 200—400 ms after move-
ment, or before reward. To compare results in experiment 1 and exper-
iment 2, neurons in our analysis were further limited to include only
those for which data were collected in both experiments.

To examine the temporal pattern of responsiveness, a contralateral
bias measure (contrabias) was computed for each epoch in spatially
tuned neurons studied in both experiments (Dean et al., 2004). Contra-
bias was defined as the difference between the firing rate associated with
contraversive movements and that associated with ipsiversive move-
ments for each neuron for the subset of saccades initiated from the cen-
tral fixation LED (0°). Contrabias was then averaged across the popula-
tion and plotted as a function of time (see Fig. 2). For the same sets of
trials, a linear function was fit to the firing rate in each epoch as a function
of target position, and the average slope was plotted as a function of time
(as by Dean et al., 2004).

Analytical dissociation of retinocentric and nonretinocentric coordinates.
For each spatially tuned neuron in experiment 1 that was also studied in
experiment 2, firing rate on each trial was first segregated by initial fixa-
tion position and then plotted as a function of either the horizontal
distance between the current fixation stimulus (—10°, 0°, or 10°) and the
target (retinocentric target position) or the horizontal distance between
the central fixation stimulus (0°) and the target (nonretinocentric target
position) (Fig. 1d). Note that this experiment does not distinguish be-
tween head- or body-centered coordinates and allocentric coordinates.

To examine the degree to which retinocentric or nonretinocentric
coordinates characterized tuning functions across the studied popula-
tion of CGp neurons, we first analyzed firing rate data for each spatially
tuned neuron (as defined above) studied in both experiments using a
two-factor ANOVA (Matlab) with retinocentric and nonretinocentric
target position as factors. Because the total range of retinocentric targets
(—28° to 8° when fixating right and —8° to 28° when fixating left) was
larger than that of nonretinocentric targets (—18° to 18°), only data for
trials in which the retinocentric targets lay between —18° and 18° were
used in this analysis. Thus, the range of data analyzed in retinocentric and
nonretinocentric coordinates was the same. The percentage of neurons
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in the population with responses that varied significantly with nonreti-
nocentric target position or with retinocentric target position was then
computed and plotted as a function of time (see Fig. 4).

In a second analysis, a one-dimensional Gaussian model was fit to
firing rate in each epoch plotted as a function of target position for those
trials in which saccades were made from the central fixation stimulus
(Platt and Glimcher, 1998). We used Gaussian functions to accommo-
date those neurons with both very narrow spatial selectivity (as shown in
our example in Fig. 3b) and very broad spatial selectivity. A custom
program (Matlab) used a Nelder-Meade simplex iterative fit to minimize
the squared Cartesian distance between the Gaussian model and the
firing rate using four free parameters. These parameters were the position
of the center, the SD (o), baseline (or tonic) firing rate (F,), and the
amplitude of the Gaussian (F,

max)

X Xcenter

) +r,

where y is the firing rate in the measured epoch during a single trial, and
x is the horizontal target position.

The fitting routine was run for 20,000 iterations on 10 sets of random
initial seed parameters. These initial parameters were as follows: the me-
dian target position for the center; 10 for o3 half of the maximum firing
rate in the epoch for the amplitude (F,,,,); and the median firing rate in
the epoch for the baseline (F,). The center of the Gaussian was con-
strained to lie within 28° of the plot origin. o values were limited to a
range of 4° to 36°, the peak firing rate to a range of 0 to twice the maxi-
mum recorded firing rate in that epoch, and the base to a range of 0 to the
maximum firing rate recorded in that epoch.

The resulting Gaussian model was then applied to plots of firing rate as
a function of target position in either retinocentric or nonretinocentric
coordinates for those trials in which saccades began at the left and right
fixations. Error was computed as the sum squared Cartesian distance
between the data and the model, and variance was calculated as the sum
squared firing rate. Explained error was defined as the difference between
error and variance divided by the variance. Average explained error
across the population for each coordinate system was then compared.
We predicted that the fit for the Gaussian model derived from trials
initiated from the center fixation position to the tuning functions derived
from trials initiated from the peripheral fixation positions would be bet-
ter when data were plotted in the native coordinate system (i.e., retino-
centric or nonretinocentric) for each neuron.

Analytical dissociation of egocentric and allocentric coordinates. For each
spatially tuned neuron in experiment 2, firing rate on each trial was first
segregated by rotation position and then plotted as a function of target
position with respect to either the subject (egocentric coordinates) or the
stimulus panel (allocentric coordinates) (Fig. 1e). We predicted that tun-
ing curves would overlap when plotted in egocentric coordinates if these
neurons encode spatial information in a head- or body-centered frame-
work (Fig. le, top row). Tuning curves would be expected to overlap
when plotted as a function of the position of the target in the room if
neurons encode the position of the target in non-egocentric, or allocen-
tric, coordinates (Fig. le, bottom row). Note that the tuning curves gen-
erated in experiment 2 would also overlap if CGp neurons encode target
position in retinocentric coordinates. To address this possibility, we
compared these tuning curves with tuning curves generated from gaze
shifts initiated from the central fixation position in Experiment 1.

To examine the degree to which egocentric or allocentric coordinates
characterized tuning functions across the studied population of CGp
neurons, we first analyzed firing rate data for each spatially tuned neuron
(as defined above) using a two-factor ANOVA (Matlab) with egocentric
and allocentric target position as factors. Because egocentric target posi-
tions could vary from —38° to 38° depending on rotation position, only
trials in which the egocentric target position lay between —18° and 18°
were used in this analysis. Thus, the range of data analyzed in egocentric
and allocentric coordinates was the same. The percentage of neurons in
the population with responses that varied significantly with egocentric
target position or with allocentric target position by ANOVA was then
computed and plotted as a function of time (see Fig. 6).
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Again, a one-dimensional Gaussian was fit to firing rate versus target
position for the central rotation position as described above. The result-
ing Gaussian was then checked for fit to data collected for trials initiated
when the monkey was rotated with respect to the stimulus panel. For
those neurons for which the subject was rotated in both directions, the
explained error for each rotation was averaged. The average explained
error across the population for each coordinate frame was then com-
pared. We predicted that the fit for the Gaussian model derived from
trials initiated when the monkey faced the stimulus panel to the tuning
functions derived from trials when the monkey was rotated with respect
to the stimulus panel would be better when data were plotted in the
native coordinate system (i.e., egocentric or allocentric) for each neuron.

Comparison of experiments. Gaussians fit to the tuning curves collected
when the monkey faced the center of the screen and fixated on the central
fixation point in experiment 1 were analyzed for alignment with tuning
curves collected from eccentric fixation points in experiment 1 as well as
tuning curves collected when the subject was rotated in experiment 2, as
described above. To compare the results of both experiments on a
neuron-by-neuron basis, the error explained by the Gaussians fit to data
plotted in nonretinocentric coordinates in experiment 1 were regressed
against the error explained by the same Gaussian fits to data plotted in
allocentric coordinates in experiment 2. A significant correlation sug-
gested that the tuning curves collected from both experiments were best
aligned when plotted in the same coordinates.

Analysis of aggregate population response. To examine the alignment of
spatial tuning functions in the aggregate population response, all trials from
spatially tuned neurons studied in both experiment 1 and experiment 2 were
combined into a single database for each experiment. To account for differ-
ences in the responsiveness of each neuron, firing rate in each epoch on each
trial was first normalized by dividing by the average firing rate during the
fixation epoch for that neuron. In experiment 1, firing rate was segregated by
initial fixation position relative to the recording site (ipsilateral, central, or
contralateral) and plotted as a function of either the horizontal distance
between the current fixation stimulus (—10°, 0°, or 10°) and the target (reti-
nocentric target position) or the horizontal distance between the central
fixation stimulus (0°) and the target (nonretinocentric target position). For
display, targets were plotted in 8° bins.

In experiment 2, firing rate in each epoch was normalized by the average
firing rate during the fixation epoch in that rotation position, segregated by
fixation position relative to the head and body (ipsilateral, central, or con-
tralateral to the recording site), and plotted in 8° bins as a function of the
target position with respect to either the subject (egocentric coordinates) or
stimulus panel (allocentric coordinates). Note that, because data were col-
lected in blocks in experiment 2, data were normalized by block, whereas in
experiment 1, all data were normalized by the average fixation rate for all
trials. Thus, the center curve for each experiment looks slightly different,
despite the fact that the same data contribute to each plot. Regression lines
were fit to each of the population tuning curves for both experiments. We
computed the y = 1 intercepts for each tuning curve to estimate the hori-
zontal position in each coordinate system at which neuronal responses in-
creased from the average activity during the initial fixation period.

Analysis of fixation data. We also analyzed neuronal activity during initial
fixation to determine whether neuronal responses before the illumination of
the target varied with egocentric or allocentric fixation position. In experi-
ment 1, for all spatially tuned neurons that were also studied in experiment 2,
firing rate during the initial fixation period was segregated by fixation point,
averaged, and plotted. In experiment 2, only those spatially tuned neurons
for which data were collected with the monkey rotated in both directions
were analyzed. Firing rate was separated by rotation position, averaged, and
plotted. An ANOVA was used to determine whether the firing rates varied
significantly as a function of fixation position in each experiment, and post
hoc unequal N honestly significant difference (HSD) tests were used to test
for statistically significant differences.

Results
Experiment 1: retinocentric versus nonretinocentric test

Single neuron data
In experiment 1, 96 task-related neurons were analyzed. Mapping
trials were used to assess the spatial sensitivity of each CGp
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neuron. A portion of the neuronal population had a significant
relationship between firing rate and horizontal target position in
the following epochs: after target (n = 11; 11%), before move-
ment (15; 16%), immediately after movement (19; 20%), 200 ms
after movement (33; 34%), and before reward (63; 66%). Neu-
rons with a significant relationship between firing rate and horizon-
tal target position during mapping trials for any of the five epochs
(n = 70;73%) were considered spatially tuned. Welimited our study
to the 51 of these 70 spatially selective neurons that were also studied
in experiment 2 to compare the results of the two experiments. On
average, monkeys completed 493 = 19 (SE) trials in this task, aver-
aging 164 trials initiated from each of the three fixation positions for
spatially tuned neurons defined in this manner.

The neurons studied here demonstrated temporal response
patterns similar to those reported previously for neurons in CGp
(Dean et al., 2004). To confirm that the neurons were indeed
similar, we computed a measure of contralateral bias based on the
difference in firing rate associated with contraversive and ipsiver-
sive movements for saccades initiated from the central fixation
position (Fig. 2a). Additionally, the average slope of the linear
regression for firing rate versus target position for the same trials
was computed across the population and plotted for each epoch
(Fig. 2b). As reported previously (Dean et al., 2004), both contra-
bias and the slope of the regression line fit to the data increased
after the saccade. Overall, the spatial and temporal response
properties of these neurons were similar to the responses of CGp
neurons from previous reports (Olson et al., 1996; Dean et al.,
2004).

Several single neurons had responses that appeared more
closely aligned in nonretinocentric coordinates than in retino-
centric coordinates in experiment 1. Two examples are shown in
Figure 3. To visualize tuning curve alignment in each coordinate
system, firing rate was segregated by initial fixation point and
plotted as a function of either retinocentric target position or
target position relative to the room (or subject, who was station-
ary in the room). The first example shows firing rate during the
epoch beginning 200 ms after saccade onset (Fig. 3a). As was
typical of many neurons in CGp, this example cell responded
preferentially to contralateral targets. An ANOVA indicated that
tuning curves aligned better as a function of nonretinocentric
target position (Fs5,,5 = 4.025; p < 0.01) than retinocentric
target position (F(,, 75y = 0.737; p > 0.7). Figure 3b plots tuning
curves for a second neuron, measured during the 200 ms epoch
preceding reward presentation. Again, tuning curves aligned-
closely when plotted as a function of nonretinocentric target po-
sition (Fs 450y = 4.557; p << 0.01) but not when plotted as a
function of retinocentric target position (F(,g450) = 1.072; p >
0.3). These data suggest that, for at least some CGp neurons,
responses after saccades were not anchored to the retinocentric
location of the target.

Population data

We next assessed the prevalence of retinocentric and nonretino-
centric spatial referencing of neuronal activity in the CGp popu-
lation. We first used a model-free approach based on factorial
ANOVAs. An ANOVA was performed for each tuned neuron on
firing rate data measured in 11 sequential 200 ms epochs. Firing
rate was the dependent variable, and nonretinocentric and reti-
nocentric target position were independent variables. We did not
include the fixation epoch in this analysis because no target was
present at this time. Because nonretinocentric target positions
ranged between —18° and 18°, only trials with retinocentric tar-
get positions between —18° and 18° were used in this analysis;
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Figure2. Spatial and temporal properties of responses to saccades initiated from the central
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targets (contrabias) plotted as a function of time for 11 200-ms epochs aligned on trial events.
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epochs. Positive slopes indicate a greater neuronal response on trials in which the target ap-
peared in the hemifield contralateral to the recording site. Significant differences between
firing rates for each fixation are indicated by t test at *p < 0.05.

thus, the target ranges for analysis of firing rate in each coordinate
system were identical. In the epochs after saccade onset, the pro-
portion of neurons with a significant effect of nonretinocentric
target position increased well above the proportion showing
an effect of retinocentric position (Fig. 4) (ANOVA, time,
Fio1100) = 2.884, p < 0.01; coordinate, F(, ;o) = 10.94,
p < 0.0001; interaction, F;4 ;,90) = 0.5957, p > 0.8).

We next examined the data using a one-dimensional Gaussian
model fit to firing rate as a function of horizontal target position
for trials initiated from the central fixation position. Overall, the
Gaussian models provided good fits to these data (average error
explained by model, 57 * 1.7%). The variance explained by the
resulting Gaussian fit to firing rate as a function of either retino-
centric or nonretinocentric target position was examined for tri-
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Figure4. Nonretinocentric bias in the CGp population as a function of time. The percentage
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position of the target on firing rate in an ANOVA in each of 11 200-ms epochs.

als initiated from each eccentric fixation. For each neuron, the
error explained by the Gaussian model was calculated and aver-
aged for the two eccentric fixations. Across the population, an
ANOVA of explained error with time and coordinate system
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(retinocentric or nonretinocentric) as factors indicated a signifi-
cant effect of coordinate system (F; ;;00) = 20.29; p << 0.001)
but no effect of time (F ;4 1100y = 1.348; p > 0.1) and no interac-
tion (F(;0,1100) = 0.501; p > 0.8). On average, Gaussian fits de-
rived from data on trials initiated from the central fixation stim-
ulus provided a significantly better fit (Student’s ¢ test, p <<
0.001) to data from trials initiated eccentrically when plotted in
nonretinocentric coordinates (explained error, 0.545 * 0.008)
than when the same data were plotted in retinocentric coordi-
nates (explained error, 0.371 * 0.038). These data strongly sug-
gest that CGp neurons encode visuospatial events in a nonretino-
centric manner.

Experiment 2: craniocentic versus allocentric test

Single neuron data

Experiment 1 indicated that the responses of many CGp neurons
after visual target onset and saccade onset were not referenced
spatially to the eyes. That experiment, however, could not distin-
guish whether CGp neurons referenced spatial information with
respect to the subject’s head and body (egocentric coordinates) or
the room and objects within it (allocentric coordinates). To de-
termine whether neuronal responses in CGp are anchored in
egocentric or allocentric coordinates, monkeys were passively ro-
tated with respect to the stimulus display between blocks of de-
layed saccade trials in experiment 2. A total of 62 task-related
neurons in two monkeys were studied. On average, subjects com-
pleted 267 = 12 (SE) trials in the center condition in this task and
195 = 8 (SE) trials when rotated in either direction. Moreover,
only data collected from neurons with significant spatial tuning
in any of the five epochs during mapping trials and also studied in
experiment 1 (51; 80%) were included in subsequent analyses.
Twenty-four neurons had data collected after rotations in both
directions.

Many individual neurons had tuning curves that aligned bet-
ter when plotted as a function of allocentric target position. Tun-
ing curves for two example neurons are shown in Figure 5. Both
responded preferentially for targets presented contralaterally to
the recording site, in this case the right hemisphere in both ex-
amples. For the first example neuron (Fig. 5a), tuning curves
plotting firing rate in the epoch beginning 200 ms after move-
ment onset aligned better when plotted in allocentric coordinates
(F(5655 = 3.100; p < 0.01) than when plotted in egocentric co-
ordinates (F(;5¢s5 = 1.281; p > 0.2). Figure 5b shows tuning
curves plotted for a second example neuron during the 200 ms
epoch preceding reward presentation. Like many neurons in
CGp, this cell had broad spatial selectivity, and firing rate in-
creased for contralateral saccades. Again, tuning curves aligned
more closely when plotted as a function of the location of the
target with respect to the room (Fs 43,y = 5.449; p << 0.001) than
when plotted as a function of the target with respect to the subject
(Fsg32) = 2.315; p < 0.01), although both ANOVAs were
significant. There was no interaction between the effects
(Fia,632) = 0.5059; p > 0.06). Collectively, these data indicate that
at least some CGp neurons responded to visuospatial events in a
viewpoint-independent manner, suggestive of an allocentric
frame of reference.

Population data

We assessed the prevalence of allocentric spatial referencing in
the CGp population as in experiment 1. An ANOVA was per-
formed on firing rate data for each tuned neuron in 11 sequential
200 ms epochs, with firing rate as the dependent variable and
egocentric and allocentric target position as independent vari-
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Figure 5.  Tuning curves from two example cells in experiment 2 for the epochs after move-

ment onset (a) (number of trials for each rotation position: left, n = 183; center,n = 322; right,
n = 151) and preceding reward presentation (b) (left, n = 153; center, n = 278; right,n =
202). Firing rate is plotted against either target position with respect to the subject or target
position in the room for each cell. Blue curves represent trials during which the subject was
rotated 20° to the left, red curves represent those during which the subject was centered, and
green curves represent those during which the subject was rotated 20° to the right. For each
neuron, the number of trials beginning at each rotation position (—20°,0°, 20°) is indicated by
the blue, red, and green numbers, respectively.

ables. Because allocentric target positions ranged between —18°
and 18°, only trials with egocentric target positions between —18°
and 18° were used in this analysis. In the epochs after movement
onset, the proportion of neurons with a significant effect of allo-
centric target position increased well above the proportion show-
ing an effect of egocentric position (Fig. 6) (ANOVA, time,
F0,1100) = 1.459, p = 0.14932, p > 0.1; coordinate, F(; ;109 =
10.43, p < 0.01; interaction, F;, 1100) = 0.4613,p > 0.9).

We next examined the data using a one-dimensional Gaussian
model fit to firing rate as a function of horizontal target position
for trials in which data were collected with the subject in the
central rotation position. Note that these data are the same data
collected from the central fixation point in experiment 1. Thus,
the Gaussian models used in this analysis are the same. Overall,
the Gaussian models provided a good fit to data collected
from the center rotation position when plotted in either allocen-
tric or egocentric coordinates (average error explained by model,
56 = 1.7%). Next, the fit of the resulting Gaussian to firing rate as
a function of either egocentric or allocentric target position was
examined for trials during which the subject was rotated. For
each cell, the explained error was calculated and, if data were
collected after rotations in both directions, averaged for the two
rotation positions. Across the population, an ANOVA of ex-
plained error with time and coordinate as factors showed an ef-
fect of coordinate (F(; ;,00) = 9.958; p << 0.01) but no effect of
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Figure6.  Allocentricbiasin the CGp population as a function of time. The percentage of cells
with a significant effect of either the allocentric (black) or egocentric (gray) position of the
target on firing rate in an ANOVA in each of 11 200-ms epochs.

time (F(10.100) = 1.218; p > 0.2) and no interaction (F( ¢ 1,00y =
0.716; p > 0.7). On average, Gaussian fits derived from data on
trials initiated from the central rotation position provided a sig-
nificantly better fit (¢ test, p < 0.01) to data from trials initiated
when the monkey was rotated with respect to the stimulus panel
when these data were plotted in allocentric coordinates (ex-
plained error, 0.378 = 0.072) than when the same data were
plotted in egocentric coordinates (explained error, 0.113 =*
0.043). These data strongly suggest that CGp neurons encode
visuospatial events in allocentric coordinates.

Comparison of experiments

In experiment 1, Gaussians fit to the center fixation data ex-
plained the data collected from eccentric fixations better when
data were plotted in nonretinocentric rather than retinocentric
coordinates. Similarly, experiment 2 demonstrated that Gauss-
ians fit to data collected when subjects faced the stimulus screen
better explained data collected when subjects were rotated when
data were plotted in allocentric coordinates instead of egocentric
coordinates. Because the same trials were used in calculating
Gaussians fit to the center fixation data in experiment 1 and
center rotation data in experiment 2, we can directly compare the
results for each neuron in both experiments.

A regression of the variance explained by Gaussians fit to ec-
centric target position data in experiment 1 and rotated position
data in experiment 2 during the epoch 200—400 ms after move-
ment showed that goodness of fit in allocentric coordinates in
experiment 2 was significantly correlated with goodness of fit to
data plotted in nonretinocentric coordinates in experiment 1 (re-
gression, r = 0.374; p < 0.01). There was no correlation between
explained variance plotted in retinocentric and egocentric coor-
dinates in the two experiments (regression, r = 0.0512; p > 0.8).
Thus, neurons whose responses aligned with nonretinocentric
target position in experiment 1 had responses that aligned with
allocentric target position in experiment 2. These results suggest
that the same allocentric reference frame characterizes the tuning
functions generated in experiments 1 and 2.
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Figure7.  Aggregate population tuning curves for the post-movement epoch in experiment

1 (a) (number of trials for each fixation position: left, n = 8368; center, n = 9090; right, n =
8485) and experiment 2 (b) (number of trials for each rotation position: left, n = 5943; center,
n = 13,400; right, n = 8233). In a, firing rate, normalized for each neuron, rotated so that
contralateral targets were positive, and averaged across the population, is plotted against
either the retinocentric or nonretinocentric target position. Blue curves represent movements
thatbegan 10° left of center, red curves represent those beginning at the central fixation point,
and green curves represent those beginning 10° right of center. Colored arrows at the bottom of
each plot indicate the y = 1 intercept for each curve. In b, firing rate, normalized for each
neuron, rotated so that contralateral targets were positive, and averaged across the population,
is plotted against either egocentric or allocentric target position. Blue curves represent trials
during which the subject was rotated 20° to the left, red curves represent those during which
the subject was centered, and green curves represent those during which the subject was
rotated 20°to the right. Colored arrows at the bottom of each frame indicate the y = Tintercept
for each curve.

Tuning curve alignment in the average population response
Because of the generally broad spatial selectivity of CGp neurons,
we next assessed whether the average population response could
be characterized as egocentric or allocentric. Because overall re-
sponsiveness varied from neuron to neuron, firing rate in each
trial for each neuron was first normalized by dividing by the
average firing rate during the fixation period for that cell. In
experiment 1, data were normalized by the average fixation rate
in all trials. Because data in experiment 2 were collected in blocks,
data were normalized by average fixation firing rate during that
block. Normalized data from all trials were then combined and
plotted for the post-movement epoch (Fig. 7).

In experiment 1, the CGp population response was tuned
broadly for the hemifield contralateral to the recording site. Tun-
ing curves generally aligned better when plotted in nonretinocen-
tric coordinates than in retinocentric coordinates (Fig. 7a). Re-
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gression lines fit to each tuning curve yielded y = 1 intercepts,
which were closer when plotted as a function of nonretinocentric
target position (—20.2, —18.9, and —13.5) than when they were
plotted as a function of retinocentric target position (—7.4,
—18.9, and —21.5). These data suggest that the aggregate CGp
population response signals visuospatial information in a non-
retinocentric manner.

For experiment 2, the population response also increased for
contralateral saccades (Fig. 7b). Tuning curves aligned better
when plotted as a function of allocentric rather than egocentric
target position. Again, regression lines fit to the tuning curves
yielded y = 1 intercepts, which were closer when fit to tuning
curves plotted in allocentric coordinates (—12.7, —28.5, and
—20.0) than when fit to tuning curves plotted in egocentric co-
ordinates (—33.8, —28.5, and 2.9).

Population response during initial fixation

The results of experiment 1 suggest that neuronal responses to
the target in CGp are anchored spatially in a nonretinocentric
frame of reference. Such a reference frame could be anchored to
the head, body, or position of objects in space. To distinguish
these possibilities, in experiment 2, tuning curves were compared
both before and after monkeys were rotated with respect to the
stimulus screen. In that experiment, tuning curves were better
aligned when plotted as a function of target position in the room,
suggesting that CGp neurons encode spatial information in a
viewpoint-independent, or allocentric, frame of reference. If so,
then average firing rate during fixation but before the illumina-
tion of the saccade target might systematically vary with the po-
sition of the fixation target in the room, independent of the view-
point of the monkey.

To test this hypothesis, we computed average firing rate dur-
ing fixation before target onset in both experiments 1 and 2 and
plotted these data as a function of the position of the fixation LED
with respect to the room (experiment 1) or the position of the
LED with respect to the subject (experiment 2). Only the 51 neu-
rons that were studied in both experiments were included in the
analysis of experiment 1, and only those 24 neurons for which the
subject was rotated in both directions were included in the anal-
ysis of experiment 2. In experiment 1, the position of the fixation
target varied with respect to the subject as well as the room be-
cause the subject was fixed in place. In that experiment, neuronal
responses before target onset varied significantly with fixation
position (regression, r = 0.0315; p << 0.001). Firing rate was
significantly higher when subjects fixated the contralateral stim-
ulus (unequal N HSD, p << 0.001) (Fig. 8a).

These results are not likely to be attributable to uncontrolled
visual responses for several reasons. First, experiments were con-
ducted in a darkened room with little visual input other than the
LEDs. Second, if neuronal responses were the result of differences
in the visual input provided by individual LEDs or visible features
in the room, we would expect firing rate to vary with absolute
LED position in the room rather than LED position with respect
to the hemisphere of recording, but this was not the case (regres-
sion, r = 0.0015; p > 0.8).

In experiment 2, the fixation stimulus was always located at
the center of the tangent screen, independent of the viewpoint of
the subject. In that experiment, we found that average firing rate
during fixation did not vary systematically as a function of target
position with respect to the subject or room, which were equiva-
lent (regression, r = 0.0013; p > 0.8) (Fig. 8b). Post hoc tests
revealed no significant differences between fixation firing rates
for the various fixation positions in experiment 2 (unequal N
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Figure 8.  Average firing rate in the CGp population during initial fixation across all trials in
experiment 1 (a) and experiment 2 (b). In a, all trials for all neurons studied in experiment 2
(n = 51) are included (—10, n = 8368 trials; 0, n = 9090; 10, n = 8485). In b, only neurons
in which data were collected after rotation in both directions (n = 23) areincluded (—20,n =
4402 trials; 0, n = 6315; 20, n = 4886). Significant differences between firing rates for each
fixation are indicated by t test at *p << 0.05 and **p << 0.01 level.

HSD, p > 0.06 for all comparisons). These results are consistent
with the hypothesis that CGp encodes visuospatial information,
even during maintained fixation in a darkened room, in an allo-
centric frame of reference.

Discussion

Summary

The spatial location of viewed objects can be encoded egocentri-
cally with respect to the eye, head, or body or in coordinates
invariant to the viewer’s movement in a non-egocentric, or allo-
centric, reference frame. Distinguishing these coordinate systems
requires independent manipulation of target position, eye posi-
tion, and body position. We found that, when retinocentric target
position was dissociated from nonretinocentric target position,
CGp neurons generally responded in a nonretinocentric manner.
Similarly, when we dissociated egocentric from allocentric target
position, neuronal responses in CGp aligned better in an allocen-
tric frame of reference.

Relationship to previous electrophysiological studies in CGp
Only one previous study has probed the influence of eye move-
ments and eye position on neuronal activity in primate CGp
(Olson et al., 1996). That study reported that most CGp neurons
responded after saccade onset and that these responses varied
with eye position, saccade direction, and saccade amplitude, sug-
gesting a nonretinocentric frame of reference. However, that pa-
per did not dissociate egocentric and allocentric coordinates. Our
results confirm and extend those findings by demonstrating that
spatial information in CGp appears to be anchored to the allo-
centric location of objects in the environment rather than the
eyes, head, or body.

Spatial deficits after lesions of posterior cingulate cortex

In humans, lesions or hypofunction in posterior cingulate cortex,
particularly right retrosplenial cortex (Brodmann’s areas 29 and
30), have been associated with spatial disorientation (Cammalleri
etal., 1996; Takahashi et al., 1997; Katayama et al., 1999; Maguire,
2001). Lesions to retrosplenial cortex (area 29) in rodents dis-
rupts spatial navigation and maze learning (Harker and
Whishaw, 2004; Lukoyanov et al., 2005). Although we examined
only the responses of cells presumed to lie in areas 23 and 31 of
cingulate cortex and not the closely connected areas 29 and 30,
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disruptions in topographic spatial orientation after retrosplenial
lesions are consistent with the allocentric bias in visuospatial rep-
resentations uncovered in our study.

Neuroimaging evidence for allocentric spatial representations
in human posterior cingulate cortex

Posterior cingulate cortex has been implicated in the allocentric
representation of space in neuroimaging studies in humans. In
several positron emission tomography (PET) studies, subjects
asked to mentally navigate a previously learned route showed
activation in posterior cingulate cortex (areas 23/30) (Ghaem et
al., 1997). Similarly, PET scans of London taxi drivers recalling
routes (Maguire et al., 1997) revealed activation of posterior cin-
gulate cortex (areas 30/31), as well as the medial parietal lobe and
the right hippocampus. The same group found that CGp was
activated in subjects actively learning to navigate a virtual envi-
ronment (Maguire et al., 1998). Moreover, CGp was selectively
activated when subjects were asked to freely explore a virtual
environment compared with when movements were cued. An-
other study demonstrated increased retrosplenial cortex (area
30) activation when subjects localized objects with respect to
large landmarks compared with localizing objects relative to
other objects or the observer (Committeri et al., 2004). Thus,
neuroimaging data also suggest that human posterior cingulate
cortex contributes to the allocentric representation of visual
space.

Relationship to spatial representations in other areas
Posterior cingulate cortex is strongly interconnected with both
parietal cortex (Vogt et al., 1979; Pandya et al., 1981; Cavada and
Goldman-Rakic, 1989; Andersen et al., 1990a) and the parahip-
pocampal gyrus (Baleydier and Mauguiere, 1980; Pandya et al.,
1981; Vogt and Pandya, 1987), which have been linked to visuo-
spatial representations underlying orienting and navigation, re-
spectively (Posner et al., 1982; Maguire et al., 1996; Karnath,
1997).

Parietal cortex has been implicated in the egocentric represen-
tation of spatial information by electrophysiological studies in
monkeys (Duhamel et al., 1997; Colby and Goldberg, 1999), neu-
roimaging studies (Galati et al., 2000), and spatial deficits after
lesions in humans (Bisiach, 1997; Vallar, 1997, 1998). Specifi-
cally, it has been argued that neurons in the lateral intraparietal
area (LIP), the parietal reach region, and area 7a encode spatial
information in a common eye-centered frame of reference, which
is modulated by eye, head, body, or limb position (Andersen et
al,, 1985, 1990b, 1997, 1998; Andersen and Buneo, 2002; Cohen
and Andersen, 2002) or, for LIP at least, in a mixed frame of
reference ranging from eye to head centered (Mullette-Gillman et
al., 2005). Spatial information encoded in these areas could then
be read out by other brain areas in head-, body-, or object-
centered coordinates appropriate for guiding movements by dif-
ferent effectors. An alternative theory suggests that parietal neu-
rons may encode spatial information in several different
reference frames by combining visual and eye- or body-position
signals in a series of basis functions (Pouget et al., 2002).

Spatial representations in the hippocampus and parahip-
pocampal cortex appear to be allocentric rather than egocentric.
Neurons in the hippocampus have been reported to respond to
selective head directions (Taube et al., 1990), specific places
(O’Keefe and Dostrovsky, 1971) or particular points of view
(Rolls, 1999). Neuroimaging studies have demonstrated activa-
tion of the hippocampus or hippocampal formation in several
topographical spatial orientation and navigation tasks (Aguirre et
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al., 1996; Maguire, 1997; Maguire et al., 1997; Gron et al., 2000),
and damage to these areas leads to deficits in recalling or remem-
bering the location or identity of landmarks (Aguirre and
D’Esposito, 1999; Spiers et al., 2001).

The anatomical interposition of posterior cingulate cortex be-
tween parietal cortex and the parahippocampal gyrus led Vogt et
al. (1992) to posit that CGp serves to transform egocentric visuo-
spatial representations arising in parietal cortex into allocentric
representations found in the hippocampus. Our data are consis-
tent with this hypothesis. Although we found a strong bias toward
alignment of neuronal tuning functions in allocentric coordi-
nates in CGp, this bias did not appear to be absolute, because
some neurons appeared to encode spatial information in retino-
centric (experiment 1) or egocentric (experiment 2) coordinates.
This suggests that transformation from egocentric visuospatial
representations in parietal cortex to allocentric visuospatial rep-
resentations in the hippocampus and surrounding areas may be
incomplete (cf. Mullette-Gillman et al., 2005). The broad spatial
tuning of some CGp neurons might also have contributed to
difficulty in discriminating which coordinate framework best
characterized neuronal responses. Allocentric encoding of visuo-
spatial information in CGp should therefore be viewed as a bias
until it can be confirmed using complementary techniques, such
as microstimulation or reversible inactivation.

Allocentric representation of visuospatial salience in CGp
Together, several independent lines of evidence suggest that pos-
terior cingulate cortex may signal the salience of objects or loca-
tions in the world. In monkeys, CGp neurons respond after target
onset when monkeys must withhold gaze shifts during an unpre-
dictable delay (Dean et al., 2004) but do not respond when the
same target reflexively triggers a gaze shift (Olson et al., 1996;
Dean et al., 2004). Moreover, CGp neurons respond to large
checkerboard patterns in monkeys fixating the center of the stim-
ulus screen but do not respond to irrelevant spots of light (Olson
et al., 1993). In addition, neuronal activity in CGp decreases
when more than one stimulus (fixation target and saccade target)
is present during delay, suggesting split attention or competing
salience (Dean et al., 2004). Recent studies also indicate that neu-
ronal activity in CGp varies with reward size and reward uncer-
tainty (McCoy et al., 2003; McCoy and Platt, 2005).

Our results demonstrate that the responses of CGp neurons
are more closely linked to the locations of objects in space rather
than relative to the subject. These results help to explain why CGp
neurons respond after target onset as well as after shifting gaze to
the target: these two salient events draw attention to the same
location in space but not to the same location on the retina.
Similarly, rewards delivered or omitted while monkeys fixate a
particular location in space activate these neurons because they
enhance the salience of that location and draw attention to it. If
CGp does serve to signal the current salience of a particular loca-
tion in the world or the amount of attention devoted to that
position, neuronal response magnitude should correlate with
measures of visuospatial performance. Although single CGp neu-
rons have yet to be studied in monkeys performing an attention-
ally demanding visual discrimination task at psychophysical
threshold, we recently reported that the magnitude of CGp re-
sponses after target onset on delayed saccade trials predicts sac-
cade accuracy: the distance between the endpoint of the move-
ment and the target (Dean et al., 2004). This observation is
consistent with the hypothesis that CGp signals the salience of, or
amount of attention devoted to, objects or locations in the world.
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Conclusions

We report an allocentric bias in the representation of visuospatial
events by neurons in posterior cingulate cortex. Allocentric en-
coding of visuospatial events by CGp neurons is consistent with
spatial deficits observed after damage to portions of posterior
cingulate cortex and recent neuroimaging results implicating this
area in topographic spatial navigation. A number of observations
suggest that CGp may encode the current salience of objects or
locations in the world. Such information could be used to assign
meaning or value to orienting and navigating to important ob-
jects and events in a behaviorally adaptive manner.
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