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Grunewald, Alexander, Jennifer F. Linden, and Richard A. Research during the last several decades has shown that the
Andersen. Responses to auditory stimuli in macaque lateral intrapgpsterior parietal cortex (PPC) plays a crucial role in this
rietal area. |. Effects of trainingl. Neurophysiol82: 330342, 1999. int(grmediate level of sensorimotor transformation (for review,

The lateral intraparietal area (LIP) of macaques has been consider . -
unresponsive to auditory stimulation. Recent reports, however, indic Andersen et al. 1997). Recent studies are beginning to

cate that neurons in this area respond to auditory stimuli in the cont€@mine the exact nature of this sensorimotor transformation
of an auditory-saccade task. Is this difference in auditory responsiy@0cess, in particular the involvement of PPC in attention
ness of LIP due to auditory-saccade training? To address this iss{@&ottlieb et al. 1998), decision making (Shadlen and Newsome
LIP responses in two monkeys were recorded at two different timeggge), movement planning (Snyder et al. 1997), and coordinate
before and after auditory-saccade training. Before auditory-saccafignsformation (Andersen et al. 1993).

training, the animals had never been trained on any auditory task, butrhe present article focuses on the lateral intraparietal area

had been trained on visual tasks. In both sets of experiments, activit S - . .
of LIP neurons was recorded while auditory and visual stimuli wer,(i*')fp)’ which lies within the PPC and was originally defined by

presented and the animals were fixating. Before training, 172 LIS characteristic connections to visual extrastriate and oculo-
neurons were recorded. Among these, the number of cells respondifgtor areas (Andersen et al. 1985a). Area LIP responds during
to auditory stimuli did not reach significance, whereas about one-hglsual stimulation (Blatt et al. 1990), appears to be involved in

of the cells responded to visual stimuli. An information theory anatoordinate transformation (Andersen et al. 1985b; Brotchie et
ysis confirmed that no information about auditory stimulus locatiog|, 1995; Stricanne et al. 1996), participates in the planning of
was available in LIP neurons in the experiments before training. Aftghovements (Bracewell et al. 1996; Mazzoni et al. 1996b), and
training, activity from 160 cells was recorded. These eXperimenrtésponds preferentially for eye movements rather than arm
showed that 12% of cells in area LIP responded to auditory stim ovements (Snyder et al. 1997). Thus LIP plays an important

whereas the proportion of cells responding to visual stimuli remain in th imotor t f fi f I .
about the same as before training. The information theory analygﬁge In the sensorimotor transtormations necessary for planning

confirmed that, after training, information about auditory stimulu8Y€ movements. _
location was available in LIP neurons. Auditory-saccade training Previous descriptions noted that area 7 (at the time area 7

therefore generated responsiveness to auditory stimuli de novo in lifeluded area LIP) in PPC is not responsive to auditory stim-
neurons. Thus some LIP cells become active for auditory stimuli inidation (Hyvainen 1982; Koch and Fuster 1989; Mountcastle
passive fixation task, once the animals have learned that these stiratilal. 1975). In contrast, more recent studies have shown that
are important for oculomotor behavior. neurons in LIP do respond to auditory stimuli in the context of
an auditory-saccade task (Mazzoni et al. 1996a; Stricanne et al.
1996). Specifically, when monkeys were trained to memorize
INTRODUCTION the location of an auditory stimulus and to make a saccade to
Otp_at location on cue after a short delay (performaamlitory
fpemory saccade neural responses were found during the
based on that information, motor acts are executed. To und@2vement, during the delay, and most surprisingly, during the
stand how the brain is involved in behavior, it is important tgimulus presentation. The presence of auditory responses dur-

understand how sensorimotor transformations take place. 'A¢ the stimulus presentation suggests that auditory responses
the sensory end, information must be acquired through sen;% IP might be sensory in nature, an interpretation that is
t

Most behaviors require some kind of sensorimotor transf
mation: information is acquired by a sensory modality, an

transduction and then processed to extract location infornfdfther supported by their short latencies (Mazzoni et al.
tion. At the motor end, movement output must be genera 9§a). Thus the recent reports seem to contradict earlier
through the coordinated activation of muscles. In betweéﬂjdr'les' . i which thi ¢ di

these two extremes, several other steps necessary for sensofi[ €€ aré four ways in which this apparent discrepancy
motor transformation can be identified. For example, the se‘hQUId be explained. First, it is possible that early studies failed

sory stimulus is assigned significance for a particular behavid?, detect auditory responses in LIP, because the search for such
a decision or plan is made to execute a movement, andS3PONSes was not carried out in a systematic fashion. Second,
coordinate transformation 6eCUrS » < Tadditory-saccade training may recruit LIP neurons to respond

to auditory stimuli. Third, the task that the monkey is perform-

The costs of publication of this article were defrayed in part by the paymellm_g may determine whether LIP neurons rESpond to aUdltory

of page charges. The article must therefore be hereby maskbaftisemerit  Stimuli. Finally, both training and task may affect LIP re-
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ sponses to auditory stimuli. This fourth possibility stands in
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contrast to the two previous possibilities, where either onfy to 10-kHz bandlimited noise well in azimuth (Brown et al. 1980),
training affects neural responses without any influence @nd because the frequency responses of the speakers were relatively
responses due to behavioral modification (possibility 2), 8t (+10 dB SPL) within this range. In the recording experiments
only behavioral modulation affects neural responses, with fore the animals had been trained to perform auditory saccades, the

any influence of training (possibility 3). The present S,[ud?)eakers sounded about the same, but their responses had not been

. U : . . qualized. For saccade training and posttraining recordings, the input
explores the first two possibilities: the animal is performing thg" ., ., speaker was adjusted to equalize the output amplitude spec-

same fixation behavior, but recordings are made before to within 2 dB of 70 dB SPL within the 5- to 10-kHz frequency
after auditory-saccade training. The companion paper exagand, as measured at the location where the monkey’s head would be
ines how auditory and visual responses in area LIP aft@liring an experiment. This equalization was performed to ensure that
auditory-saccade training are affected by the task the animattis monkeys were performing a localization task, rather than a spec-
performing, comparing responses in a fixation-only task withal recognition task, when they were instructed to perform eye move-
responses during an auditory-saccade task (Linden et al. 199%nts. The companion paper addresses the localization task in greater
Taken together, these studies show that, before training, ¢l (Linden et al. 1999).
responses to auditory stimuli are present in LIP, and that both
training and task have a strong effect on auditory responsi\@]rgica| procedures
ness of area LIP. Preliminary reports of the present results have
been published previously in abstract form (Linden et al. 1996,All surgical and animal care procedures were in accordance with
1997). National Institutes of Health guidelines and were approved by the
California Institute of Technology Institutional Animal Care and Use
Committee. All surgeries were performed under sterile conditions,
METHODS using general anesthesia (10 mg/kg pentobarbital sodium intravenous-
. . ly). Heart rate, respiration rate, and temperature were monitored
Animals and animal care throughout each surgery. First, a stainless steel head post and a dental
Two male rhesus monkeydMcaca mulatth were used in the acrylic head cap were implanted onto_the sk_ull of each animal._ In the
experiments. Neither had participated in any previous auditory exp8AMe procedure, a scleral search coil was implanted to monitor eye
iments.Monkey Bwas 6 yr old at the beginning of the experimenténovemenys'(Judge et al. 1980). Analgesics and systemic antibiotics
described in the present study. He had been previously used in anoti@fe @dministered for several days after surgery. After each surgery,
study involving visually guided eye movements. At the conclusion ¢f€ animals were allowed to recover for at least 1 wk before any
the experiments, he was overdosed with pentobarbital, and histol@gpavioral training began. After recovery, the animals were trained to
was performedMonkey Yhad not been used in any earlier experif'xate and then to perform the pretraining task. Because fixation of a

ments, and he is still a subject in experimental research. visual target involves a visual saccade to acquire the target, the
animals were implicitly trained to perform visually guided eye move-

) ments. Once the animals performed the fixation task with sufficient
Experimental setup accuracy {95% success rate), a craniotomy was performed in a

Al . " d behavioral traini . duct econd surgery and a stainless steel recording chamber was mounted
Experiments and benavioral training SessIions Weré ConducleCyflar ppc normal to the skull surface (stereotaxic coordinates at

complete darkne_ss, in a d_ouble-walled sound-attenuating anech%ﬁter: 6 mm posterior, 12 mm lateral). The chamber was implanted
chamber (Industrial Acoustics Company). The walls of the chamb Ver the left hemisphere imonkey Band over the right hemisphere

gattter]uatefdthextehrnalbsoundsllfgbc(i)ve 200 I;I]z.byg at Ieasa 6% dtB' and;fNe onkey YDifferent hemispheres were used in the two animals to
interior of the chamber qualified as anechoic for sounds between ZHG ot an brain lateralization, but none was found.

Hz and 16 kHz [inverse-square-law test deviations from theoretical
free-field conditions 0&1.0 dB in 500-Hz to 8-kHz frequency range
and<1.5 dB in 200-Hz to 16-kHz frequency range (see Schmitt 1983ecording procedures
for further explanation)]. While inside the chamber, the monkeys were
monitored continuously with an infrared camera and a microphone.During training and recording, each monkey sat in a primate chair
The monkeys’ primate chair was mounted inside a frame of 90-cifacing the stimulus grid. Electrodes were advanced into the brain with
diam magnetic coils used to measure eye movementsRgeerding a hydraulic microdrive (Frederick Haer). To ensure that recordings
procedurey were from LIP, rather than area 7a, which lies on the surface, the
Two fixed grids of speakers and light-emitting diodes (LEDs) wereglectrode was advanced into the sulcus (2,500—-3;0@Cbelow the
used to present auditory and visual stimuli. An LED was mounted ptesumed dura) at the start of each recording session.
the center of each speaker in the grids. In the earliest experiments &ingle-unit extracellular recording was performed using tungsten
hexagonal grid was used; this grid was replaced with an improvetcroelectrodes. Electrode impedances were typically 0.5—-Z)0alvl
rectangular grid in later experiments. The hexagonal grid was madelugHz. A guide tube protected the electrode during penetration of the
of 19 speaker/LED devices arranged hexagonally, such that the cdura and served as the reference input for the differential microelec-
ter-to-center separation of the devices was 12°. The center of the dgrimle amplifier. The electrode signal was amplified by a factor &f 2
coincided roughly with the straight-ahead eye position of the mof@®, band-pass filtered (Krohn-Hite) between 600 Hz and 5 kHz, and
keys. The rectangular grid was concave and consisted of 25 speakashitored continuously on an oscilloscope and audio monitor. Single
LED devices, with a center-to-center spacing of 8°. Both grids wetmits were isolated using a variable-delay voltage-time window dis-
placed~80 cm from the monkey’s head. Each LED subtended 0.4° ofiminator (Tucker-Davis Technologies), and times of spike occur-
visual angle, and the luminance of the LEDs wag0 cd/nt. Both the rence were recorded with 1-ms accuracy.
magnetic coil frame and the stimulus array were padded with soundEye position was monitored using the scleral search coil technique
absorbing acoustical foam (Sonex) to dampen echoes from th@iudge et al. 1980) and was sampled at 1 kHz. Each behavioral
surfaces. training or recording session began with an eye position calibration,
Free-field auditory stimuli were 500-ms bursts of band-limiteduring which the animal fixated visual stimuli at various locations on
noise (5-10 kHz, 5-ms rise/fall times, 70 dB SPL). This noise barbe stimulus grid. Eye position measurements could be made with
was chosen because macaque monkeys have been reported to lodailigeprecision {0.1°).
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Behavioral paradigms tory targets were deemed to have sufficient accuracy if they ended

) B ) . . within a circular window of radius 16° around the target. A reward
~ Each animal participated in three behavioral phases. The first phaggs administered if the auditory saccade was accurate, and if the
is referred to as the pretraining phase (before auditory-saccade traiihsequent corrective saccade was also accurate. The visual feedback
ing). The second phase is called the training phase (during auditogymulus was gradually moved further back in time, so that eventually
saccade training), and the third phase is termed the posttraining phgg@peared 500 ms after the animals had acquired the auditory target
(after auditory-saccade training). Note that even in the pretrainiggndow. In all trials, however, a visual feedback stimulus appeared at
experiments the monkeys were not completely naive, because gy end of the trial. This procedure was continued even during the
were familiar with fixation and visual saccade tasks that were used f‘é&ording sessions.
eye position calibration measurements. Thus the behavioral phasﬁ‘/lonkey Btook 7 mo to learn to perform eye movements to four
name designates the animal’s training with respect to auditory S@&rgets spaced in azimuth. However, the accuracy of the eye move-
cades alone. In all experiments, auditory and visual trials were rafents was not very high (abott12°), so for the recording experi-

domly interleaved. ments only two targets were usedonkey Ytook 5 mo to learn to
make auditory saccades to nine targets, with the same accuracy. To
Pretraining maintain consistency across the two animals, the same two target

) ] _ _ ~locations were employed for both animals during the recording ex-
During the first set of experiments, the animals were required feriments.

hold their eye position within a square of width 6° (earlier experi- Once the animals had learned to perform auditory saccades to these
ments) or a circle of diameter 4—6° (later experiments) centered @b stimulus locations with acceptance windows of diamet@#°
the central LED in the hexagonal or rectangular grid, while auditoshd with a success rate exceeding 80%, auditory and visual memory-
or visual stimuli were briefly presented at other locations in the gridaccade training began. In the memory-saccade task, the monkeys
In each trial, the monkeys acquired fixation, held fixation for 1,000were required to maintain fixation through presentation of an auditory
1,500 ms until an auditory or visual stimulus appeared, continugd visual stimulus at one of the target locations, and then to continue
holding fixation during the 500-ms stimulus presentation period, afiflating for a delay period after stimulus offset. Once the fixation light
then maintained fixation for another 500 ms after stimulus offset. ThHiad been extinguished, the animals had to make a saccade to the
task is illustrated in Fig. 1. If the animals succeeded in this task, thesmembered location of the auditory or visual stimulus. On successful

were rewarded with a small quantity of water or juice. completion, they were rewarded. Both monkeys learned the memory-
saccade paradigm for auditory stimuli in a single day, but training of
Training (auditory saccades) visual memory-saccades required a few days.

Once the pretraining experiments had been completed, the a“i”]ﬂb%ttraining
were trained to perform saccades to auditory targets. During training
and in the subsequent experiments, only the rectangular grid was usedfter the animals had learned the memory-saccade task, they were
Two targets were employed: 8° above the fixation point, and eitheeained to perform a modified fixation task similar to the one they had
16° to the left or to the right. Surprisingly, the auditory-saccade taglerformed in the pretraining phase. In the modified fixation task, the
was not easy for the monkeys to learn. Because initial attempts to tréikation LED flashed twice before staying on. This flash sequence
the animals without the use of visual feedback were not successful, thdicated to the animals that a fixation trial was about to occur (rather
monkeys were trained by presenting an auditory target, requiring tifian a memory-saccade trial). Once the fixation LED stopped blink-
animals to complete a saccade to the auditory target in darkness, eggl the animals had to acquire the fixation LED and hold their eye
then presenting a visual stimulus at the target location and requiring@sition within a circle of diameter 4—6°. After a variable interval
corrective saccade. The visual feedback stimulus never appeafe®00-1,500 ms), either an auditory or a visual stimulus appeared at
simultaneously with the auditory stimulus. Eye movements to audine of the locations used in the memory-saccade task. As in the
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training phase, two targets were employed, 8° above the fixation poilgviation of the firing rate during the 500-ms prestimulus period. The
and either 16° to the left or 16° to the right. Following disappearanstandard deviation was used as the binwidth in subsequent calcula-
of the stimulus, the fixation LED remained on for 500—-1,500 ms, aribns to obtain a conservative estimate of the information content
the monkeys continued fixating. Then the LED was extinguished, bi@nadt and Breznen 1996). The firing rates were binned to form two
the monkeys had to maintain fixation at the same location in darknesatrices (one for each modality); firing rate bins constituted one
for 500 ms. Continued fixation was required to ensure the monkegisnension of each matrix, and stimulus position the other dimension.
were truly performing the fixation task, and not making delaye@ihe matrices were normalized to estimate joint probability densities.
saccades. Finally the fixation LED reappeared, and if the monkelse matrices were also used to estimate marginal probability densi-
continued fixating for 500 ms they were rewarded with a drop of watées. The information carried by a neuron about stimulus location was
or juice. Eye position was monitored for at least 500 ms following ththen given as the mutual information between stimulus location and
reward, again to ensure that the monkeys did not perform very ldiéng rate

saccades to the stimulus locations. Blocks of trials in which the

animals performed the fixation task were alternated with blocks of | = 2 E P(s, 1) 100, P(s,n

trials in which they performed the memory-saccade task, which is ' P(s)P(r)

described in the companion paper (Linden et al. 1999). s

wheres is the index of each stimulus,is the index of the firing rate
Recording site search strate bin, P(s_,_r) is the joint probability, andP(s) andP(r) are the marginal
9 9y probabilities (Rolls and Tovee 1995).
Neural data were recorded in only two of the three behavioral Direct comparison of the stimulus location information available in
phases: the pretraining phase and the posttraining phase. LIP responses before and after training is not possible, because there

PRETRAINING. While the animals were performing the fixation taspS @ greater amount of location information available in the stimulus in

described for the pretraining behavioral paradigm, the electrode WA§aiNing experiments than in postraining experiments due to the
advanced until a cell could be isolated. Any cell that was encounter%eater number of locations tested (18/24 locations vs. 2 locations).

and that could be kept isolated long enough to characterize, is | e information present in the stimulus period has to be measured

cluded in the analysis in the present study. In other words, there W§Atve to a reference level of information instead. To obtain a

no bias in the search strategy that might have favored finding cdifjerence level of location information for each cell, the mutual
with auditory or visual responses. information was recalculated after all the trial conditions had been

o ) ) shuffled to destroy any correspondence between stimulus location and
POSTTRAINING. In the posttraining experiments, a different searcfiring rate. This procedure was repeated 100 times for each cell, and
strategy was used. While the electrode was advanced in search@f median mutual information for shuffled data was used as the
neurons, the monkeys were performing the auditory and visual mepaference information for that cell. When this reference level is

ory-saccade task. Data were recorded from any isolated cell tQ@ghtracted from the original information, the null hypothesis, that no
appeared to exhibit a response during any period of auditory or visual

memory-saccade trials. Thus there were two differences between the
pre- and posttraining search strategies: the task the animals were
performing during search and the selection criteria. The posttraining
search strategy resulted in a bias favoring neurons that respondeq
during the memory-saccade task. In our estimation and according to
our analyses and controls, the results are not affected by these differ
ences. This issue is further addresseédnauLTs and inbiscussioN

Analysis

All analyses of neural data were based on firing rates (spikes/s or
Hz) over a 500-ms interval. Two intervals were analyzed. The pre-
stimulus period started 500 ms before stimulus onset and ended a
stimulus onset. The stimulus period started at stimulus onset and
ended at stimulus offset. To evaluate whether a neuron exhibited
spatial tuning, a Kruskal-Wallis test (nonparametric ANOVA) of
firing rate during the stimulus period versus location was performed.
This is an appropriate measure of responsiveness, because it allows
to rule out spatially nonspecific responses that might occur due to
general arousal effects. Separate analyses that compared stimulus a
prestimulus period responses at each location were also carried ou
and yielded the same trends. In addition, to detect any untuned
responses, the location means of stimulus period responses wer
pooled and compared with prestimulus location means. This analysi
showed no conclusive trends for pretraining data or posttraining data.
A significance level of 0.05 was employed throughout, and all statis-
tical tests were two-tailed.

To study response properties across the population of neurons, thd
information that was carried by the neurons about stimulus location
was quantified. Unlike the spatial tuning analysis, which merely .., jisqi sained section of the intraparietal sulcus from the left hemi-
categorizes cells as tuned or not, the information theoretic analygipere omonkey BLeft is the lateral aspect. The electrode track in which an
quantifies the degree of spatial tuning. The distribution of this quantifectrolytic lesion was made is visible on the lateral bank of the sulcus. At the
can then be used to summarize the population behavior. The naisg of the track the lesion site is visible. The lesion is at least 2 mm deeper than
level in a neuron’s response was estimated by taking the standewedeepest cells that were recorded.
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location information about the stimulus was available, can be evaduring original trials was compared with the location informa-
ated. Because the same trials go into the calculation of originghn present in shuffled trials. Histograms of these cell-by-cell
information and shuffled information, this analysis is not subject igitferences are shown in Fig. 6. For auditory stimuli there was
overestimation due to use of inappropriately small bins. no significant difference between the amount of location infor-
. mation carried in original and in shuffled trials (Wilcoxon
Histology signed-rank tes® > 0.6), but for visual stimuli this difference
After the recordings irmonkey Bivere completed, two electrolytic Was significant R < 0.001). Thus, before training, the firing
lesions, one shallow (2 mm below dura) and one deep (10 mm beloaies of LIP neurons did not convey any information about the
dura), were placed in each of two electrode tracks. On the next day tbeation of auditory stimuli, whereas they did represent infor-
animal was overdosed with pentobarbital sodium (50 mg/kg) and thgfation about the location of visual stimuli.
perfused with a 10% formaldehyde solution. The brain was extracted . )
and sectioned in 5@:m sections using a freezing microtome, andOSTTRAINING.  In the posttraining experiments, some neurons
sections were stained with cresyl violet. Histological examination &xhibited very brisk responses during auditory stimulation
the electrolytic lesion sites confirmed that recordings had been matlbile the monkeys were performing the modified fixation task.
in the lateral bank of the intraparietal sulcus. Figure 2 showsFigure 7 shows such a neuron. In addition, many cells had
photomicrograph of a section that includes one of the lesion sites afiual responses, usually contralateral to the recording chamber.
electrode tracks. Note that only the deep lesion is visible. All cells Across the populationy12% (19/160) of cells had spatially
were recorded at least 2 mm shallower than the site of this lesionyned responses during auditory stimulation. One-half (46%;
73/160) the cells exhibited spatial tuning during visual stimu-
RESULTS lation. These proportions are illustrated in Fig. 4. The percent-
Database age of cells exhibiting auditory spatial tuning is significantly
greater than the expected false positive level, as determined by
In the pretraining experiments, 77 neurons were recordedtire binomial testP < 0.001).
monkey B and 95 neurons imonkey Y for a total of 172  On a cell-by-cell basis, the difference in information carried
neurons. In the posttraining experiments, 99 neurons weteout the stimulus location between original and shuffled trials
recorded irmonkey Band 61 neurons imonkey Yfor a total is shown in Fig. 6. There was a significant difference for
of 160 neurons. All results are pooled for the two monkeyauditory trials (Wilcoxon signed-rank ted?, < 0.001), indi-
because all trends existed and reached significance in eaating that the firing rate during the stimulus period contained

monkey individually. information about the stimulus location. Similarly, for visual
trials, the amount of location information during original trials
Main results was higher than the amount of location information during

Sshuffled trials P < 0.001). Thus, after training, information
ﬁg{)ut the stimulus location was present during both auditory
nd visual trials across the population of neurons recorded.

PRETRAINING. In the pretraining experiments, very few cell
were encountered that had an auditory response. A cell t
was recorded before training is shown in Fig. 3. This cefl
exhibits no auditory response for any stimulus on the grid admMPARISON BETWEEN PRE- AND POSTTRAINING. A statistical
has no significant auditory spatial tuning (Kruskal-Wallis testomparison of the proportion of cells with spatial tuning in the
P > 0.3). On the other hand, this cell has a strong responsept@training and posttraining experiments was carried out using
visual stimulation and strong visual spatial tunify<¢ 0.001). the Fisher-lrwin test. This test determines whether two propor-
Before training, only 6 of 172 (3%) neurons exhibited sigtions are likely to have been sampled from the same distribu-
nificant spatial tuning for auditory stimuli, whereas 78 of 178on. This analysis showed a significant difference for the
(45%) of the cells exhibited spatial tuning for visual stimuliproportion of cells with auditory spatial tuning before and after
usually contralateral to the recording chamber. The binomiahining (Fisher-Irwin testP < 0.01), whereas there was no
test, which measures how likely an observed proportion is (i.€ifference for visual spatial tuning?(> 0.5). This result is
6/172), given an expected proportion (i.e., the false positiéustrated in Fig. 4.
rate of 5%), confirmed that the number of cells with auditory Because 18 or 24 locations were examined in the pretraining
spatial tuning did not differ significantly from the numbelexperiments and only 2 locations in the posttraining experi-
expected by chanc® (> 0.5). The proportions of neurons withments, a direct comparison of the location information avail-
spatial tuning are shown in Fig. 4 for both auditory and visuable before and after training is not possible. However, it is
modalities. appropriate to ask whether there was a significant difference
Inspection of responses from the six cells that showed sigetween the amount of location information carried in the
nificant auditory spatial tuning confirmed that even these cetisiginal responses, and the amount of location information
did not have obvious auditory responses. Figure 5 shows tteried in the responses after trials had been shuffled to destroy
histogram for the cell with the smalleBtvalue in the test of any correspondence between stimulus location and firing rate.
spatial tuning; however, even for this cell, there is no obviouss mentioned before, there was no difference in the pretraining
response to auditory stimuli. auditory data on a cell-by-cell basis (Wilcoxon signed-rank
To further quantify the spatial selectivity of LIP responses ti@st,P > 0.6), whereas there was a significant difference in the
auditory and visual stimuli, the amount of information carriegosttraining auditory data seP (< 0.001). Thus the informa-
by the spike rate about stimulus location was determined. R@n theory analysis confirms that before training no informa-
comparison, the location information present in the shufflétn about the location of auditory stimuli was represented in
response was also quantified; for details seeHops. On a LIP activities, whereas after training auditory location infor-
cell-by-cell basis, the amount of location information presemation was represented.
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Control analyses not conclusive, this analysis suggests that over the population

CONTROL FOR SEARCH BIAS. After training, the search proce-.the number of cells _th.at exhibit responses to auditory stimuli
dure was slightly different, as outlined inetHops. It is pos- mcreased due to 'gralmr}g. " ok

sible that this difference could account for the apparent in- Stec?Pd, tﬁn 3‘.1?“'0”? 33 Cﬁ s_were ge?ordem(cjm ftey }[(to_ .
crease in the responsiveness of LIP to auditory stimuli aft%?nh.ro or ? ireren sear:c |asis ekore anh a}_ er_ralnlngk.
training. Two factors argue against this explanation. n this control experiment the search task was the fixation task,

First, it is possible to restrict the analysis of the posttrainind'd data were collected from every cell that was isolated. Thus
Is were selected in the same way as in the pretraining

data to neurons that exhibited a visual response, and to iden ; : oo .
the proportion of neurons that had responses to auditory stimgiPeriments. Of this sample, 12% (4/33) had significant audi-
in that subsample. In other words, we can introduce an artificigf¥Y SPatial tuning, a significantly higher percentage than the
post hoc search bias whereby only cells that have visual _pecr:et? fal_se pos';[.'l\(/el rate I(blno_mlafl tel?]t,<_ 0.05). '(Ij'hus b
sponses are studied. Of the cells recorded before training,sﬁflrc 1as Is an unlikely explanation for the increased number
exhibited visual spatial tuning, and of these only 2 had audito?)'; responses to auditory stimuli found after training.

spatial tuning. In contrast, after training, 73 cells exhibitedoNTROL FOR DIFFERENT GRIDS. Before training, two different
visual spatial tuning, and of these 13 had auditory spatigtids were employed, one hexagonal and one rectangular (see
tuning. This difference (2/78 vs. 13/73) is significant whemetHops). The majority of cells inmonkey Bwere recorded
tested with a two-tailed Fisher-lIrwin tesP (< 0.005), thus using the hexagonal grid, whereas all of the cellsnionkey Y
indicating that in this limited sample there were more rewere recorded using the rectangular grid. The proportion of
sponses to auditory stimuli after training than before. Althougtells with auditory spatial tuning was about the same for both
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oo _ PERCENTAGE OF CELLS WITH SIGNIFICANT SPATIAL TUNING number of samples. Because there were more locations and
- oy s fewer samples per location in pretraining experiments, it is
sof Visual stimulus 1 conceivable that the power of the Kruskal-Wallis test might
have been lower pretraining than posttraining. Such a differ-
s ence in power would make responsive cells less likely to be
- I— 1 detected in pretraining experiments. This scenario seems un-
likely, because any power difference should have affected the
8or 1 visual responses too, and the proportion of neurons with sig-
A “a5% Tee% nificant visual spatial tuning was about the same pre- and
posttraining. However, to address this issue more directly, the
a0 p<0.01 { power was estimated in a Monte Carlo simulation (seen
pix for details). The power of the Kruskal-Wallis test to detect
sor 1 comparable differences was 77% before training, and 46%
after training, indicating that the larger number of locations
used in the pretraining experiments outweighs the smaller
10r % 1 number of repetitions. Thus the absence of responses to audi-
’ ' tory stimuli before training is not due to lower statistical power
pre-training post-traning  pro-iraning post-training before training. In fact this power analysis suggests that re-
sponses to auditory stimuli were less likely to be detected in the

FIG. 4. Proportions of cells that exhibited significant spatial tuning fo P : .3 ;
auditory and visual stimuli in pre- and posttraining experiments. Error babs,OSttr‘?1In|ng experiments; in other words, the analysis of the

denote standard deviation estimated using the observed response percerd@g20rtion of cells that respond to auditory stimuli in the
Dotted line indicates the expected false positive level, and asterisks m@@sttraining experiments likely underestimates the true propor-
proportions that are significantly different from the expected false posititfon.

level (binomial test). Brackets indicate populations that were compared, prob-

abilities above brackets indicate significance level (or failure to reach signEFONTROL FOR POSTREWARD EYE MOVEMENTS. Given that re-

icance) in pairwise comparison (Fisher-Irwin test). sponses to auditory stimuli are more prevalent in a saccade task

grids (3%), and no more than expected by chance for eitffan in a fixation task (Linden et al. 1999), it is possible that
grid (binomial test,P > 0.2). The proportion of cells with fésponses to auditory stimuli might appear in fixation trials if
visual spatial tuning was 59% for the hexagonal grid and 37$¢ monkeys were performing very late saccades to the stim-
for the rectangular grid. ulus locations in the posttraining experiments. If this were the
As noted inwmeTHops, in the pretraining experiments the¢ase, then the apparent increase in auditory responsiveness of
frequency spectra of the speakers were not matched, whereisafter training might be due to eye movements, not due to
in the posttraining experiments they were matched. It is ulf@ining. To address this concern, eye position was recorded for
likely that this difference contributed to the increase in LIBt I€ast 500 ms after the reward, without any behavioral con-
responsiveness in the posttraining experiments, because magéiint on the monkey. Saccades during this period were de-
ing made the auditory stimuli even more uniform across tii@cted using velocity criteria, and the eye position after the first
grid. If anything, matching should have reduced, not increasédiccade was extracted. If no saccade occurred, the eye position
variation in responses across locations, and hence should halv&e end of the trial was used. Figure 8 shows these eye

reduced the apparent spatial tuning of LIP neurons. positions for the trials collected from the cell shown in Fig. 7.
The monkey did not continue fixating, but tended to make an

eye movement up and to the right, presumably toward his

gjéfault eye position. A similar analysis was performed for all

(Fgordings that showed significant auditory spatial tuning in the
sttraining experiments. For not a single neuron with auditory

the 2 closest locations for cells recorded using the hexago f’lt'al tuning did postreward eye positions differ depending on

i), Th Spata tuning analysswasfepeate using oly i, 08121 F e st (lmogoron-Smimoy fest zepe
two locations from the pretraining data, thereby allowing a y for . : :
y%xds, it is very unlikely that late, goal-directed saccades are

direct comparison of pre- and posttraining analyses. Only 2 : . -
of cells in this restricted data set exhibited responses to au§n explanation for the increased responsiveness of area LIP

tory stimuli before training. A comparison between the re-]L[er training.
stricted pretraining dataset and the posttraining data showsaNTROL FOR PENETRATION LOCATIONS. TO check that the
that there was a significant increase in the proportion of cefigcordings were made from the same locations before and after
exhibiting responses to auditory stimuli (Fisher-Irwin testraining, penetration maps were constructed. Figure 9 shows
P < 0.001). Thus it is unlikely that the apparent effect othe types of responses that were associated with each site. Most
training is an artifact of spatial undersampling in the posttraisites were penetrated at least 10 times pretraining. As a result,
ing experiments. especially inmonkey Bmany penetration sites in the center of
Because many more stimulus locations were used in ptbe chamber that had been visually responsive in the pretrain-
training than in posttraining experiments, the number of repigtg experiments did not respond visually in the posttraining
titions per location tended to be lower pretraining (betweenexperiments, probably due to tissue damage. Nevertheless, the
and 10) than posttraining (between 10 and 20). The power opee- and posttraining maps largely overlap, and the locations of
test is increased both by the number of conditions, and by tm®st responses suggest that the recordings stem from the same

% of cells

CONTROL FOR NUMBER OF LOCATIONS/SAMPLES. In the pretrain-
ing experiments, the number of stimulus locations was cons
erably higher than in the posttraining experiments. To equali
the two data sets, data from the pretraining experiments we
restricted to the two locations that were used posttraining
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brain location. The map also shows the approximate location offirst, it is possible that the search method, and the criteria by
the brain section shown in Fig. 2, and the location of thghich neurons were selected for further recording, biased the

electrolytic lesion visible in that section. results in such a way as to inflate the number of cells that
exhibited spatial tuning and location information after training.
DISCUSSION As discussed irresuLts several lines of reasoning, and a

control experiment, argue against this interpretation.
Second, the apparent effect of training might be due to the

The key finding of the present study is that auditory—saccaﬁ@'tat_'on to a smaller grid in the posttraining task. Ee_cause
training increases responsiveness of LIP to auditory stimdifis difference would have made responses more difficult to
This result was established by two independent methods. In ffiect in the posttraining phase, and because the power of the
first method, each cell was categorized as exhibiting significafituskal-Wallis test was actually higher before training, this is
or no significant spatial tuning, and the proportion of neuror@ unlikely explanation for the training effect.
with significant tuning was determined. In the second method, Third, in light of the data from the companion paper (Linden
the amount of information about stimulus location availablet al. 1999), the task that monkeys are performing appears to
across the population of cells was estimated. The two methdds/e a strong impact on the auditory responsiveness of LIP
obtain their results differently but arrived at the same conclaeurons. In posttraining experiments, blocks of trials in which
sion. There are, however, several confounds that need totbe monkeys performed the modified fixation task were alter-
ruled out, before the effect of training can be viewed asated with blocks in which they performed memory saccades;
established. therefore it is possible that the animals were making saccades

Changes due to auditory-saccade training
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after receiving a reward in the fixation task. However, ahe same location relative to the recording chamber over an

shown inresuLTs the eye positions in the fixation task follow-extended period of time, the penetration mapsesuLTsshow

ing the first eye movements after the reward was administetbat the recording locations pre- and posttraining overlap sub-

did not differ depending on the stimulus location. Thus goastantially. Thus shifts in penetration locations are an unlikely

directed, postreward eye movements are an unlikely explamxplanation for the effect of training.

tion for the posttraining responsiveness of LIP to auditory In summary, we conclude that the responsiveness of LIP

stimuli. neurons to auditory stimuli in a fixation task changed as a
Finally, it is possible that the pre- and posttraining recoratonsequence of training animals to perform auditory saccades.

ings were made from different areas, and that in fact tHehus one resolution to the discrepancy between earlier studies

comparison is not valid. This is an issue because the pretratimat reported no auditory responses in LIP (Hywen 1982;

ing and posttraining experiments spanne2lyr, during which Koch and Fuster 1989; Mountcastle et al. 1975) and later

brain and skull growth might have affected the position dftudies that did find auditory responses in LIP (Mazzoni et al.

cortical areas. In as much as the brain remains more or les4@96a; Stricanne et al. 1996) is that in the former studies the

POST-TRAINING

Ipsilateral Auditory Trials Contralateral Auditory Trials

FIG. 7. Cell recorded in the posttraining experiments.
This neuron exhibited a response during the presentation
of an auditory stimulusTop row auditory trials.Bottom
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monkeys had not been trained to perform auditory saccadsslectivity after visual search training has been reported in the

whereas in the latter studies they had been. Innttropuction  frontal eye fields (FEF) (Bichot et al. 1996).

four detailed possibilities had been proposed to resolve the

discrepancy between earlier and later studies. The first posaterpretation of the effect of training

bility was that auditory responses do exist in LIP and had been . .

missed in earlier studies. The second possibility was that\" ImPortant issue that ought to be addressed concerns how

auditory-saccade training induces responses to auditory stinf{]ff &fféct of training arises. Possible causes for the effect of

in LIP. The third possibility was that the task an animal i§@ining can be described at two different levels: a cognitive

performing affects the auditory responsiveness of LIP. FinallzVél and a mechanistic level.

the fourth possibility was that both training and task affectoeNimive LEVEL. The dependence of LIP responses to audi-

neural responses to auditory stimuli in LIP. The present resultgy stimuli on training suggests that these responses cannot

support possibilities 2 and 4. In light of the results of theeally be termed “sensory auditory” responses. Rather, these

companion paper (Linden et al. 1999), which shows that reesponses are contingent on the monkey being trained on an

sponses to auditory stimuli in LIP are modulated by behavioraiiditory-saccade task. How do responses to auditory stimuli

task, the fourth possibility (that responses to auditory stimuli @merge through training? Four cognitive-level explanations

LIP are affected both by training and by the task the animalvsll be considered.

performing) is the correct explanation. First, it is possible that the emergence of responses to
The present study is the first report showing emergence afditory stimuli reflects an attentional change in the animals. It

responses to auditory stimuli de novo in PPC after saccaddikely that the monkeys were ignoring the auditory stimuli

training. Similar training-induced increases of responsivendsgfore training. On the other hand, after auditory-saccade train-

have been reported in area 3a following tactile discriminatidng, the animals may have been paying some attention to the

training (Recanzone et al. 1992), and the appearance of nestahuli even though the task does not require the animals to

Pre-Training: Monkey B, Left Hemisphere Pre—Training: Monkey Y, Right Hemisphere
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scaled to indicate how many cells had a significant response to
auditory (X) or visual ©) stimuli. -, sites at which neither auditory
nor visual cells were encountered. Horizontal line in the plot for
monkey Bndicates the position of the brain section shown in Fig.
2.0, site of the electrolytic lesion.
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attend to the stimuli. Indeed, other investigators have suggestthsform sensation into action (Andersen et al. 1997). Thus
that LIP signals reflect the allocation of attentional resourceé$P has been shown to have both sensory and movement-
(Colby et al. 1996; Gottlieb et al. 1998). planning related activity. Attention likewise has been proposed
Alternatively, it is possible that the emergence of responsgshave evolved from circuits for orienting toward stimuli, and
to auditory stimuli reflects a change of intention visvs attentional mechanisms may serve the purpose of preparing for
auditory stimuli. Before training, the auditory stimuli wereyction (Kustov and Robinson 1996; Rizzolatti et al. 1994).
irrelevant as saccade targets, whereas through training t'ﬂﬁr)!reover, eye movement and attention circuits are largely
became associated with saccades. It is possible that respoR¥ePlapping in the human cortex (Corbetta et al. 1998), and
to auditory stimuli in LIP reflect covert plans to make eygerconnections and similarities in physiology between LIP
movements to auditory stimuli, even when the animal is '%\'nd the frontal eye fields (Chafee and Goldman-Rakic 1998)

structed not to make any eye movements. |t has previou é’ggest that attention and action planning share similar circuits

been argued that a component of LIP activity codes the mte&ﬁid may not be modular and separate operations. This fourth

tion to make eye movements (Bracewell et al. 1996; Mazzo L . oo
et al. 1996b), and that in the absence of actual movemeR sibility would posit that sensory and movement activation
: ' ould co-occur and that it may not be useful to assign the

activity in LIP may code the intention but not the execution ot e : o ;
eye movements (Snyder et al. 1997). In fact, the eye movemg_ﬁgﬁg?é?gt‘i%ﬁsd'mry activity in LIP to either of the other three

plan can be changed without any movement being execut e
and activity in LIP reflects these changes (Snyder et al. 19983 The present study cannot distinguish between these four

Moreover, LIP activity in response to visual stimuli quickl te;F:eé?fxgﬁtgfr;ezeﬁendsﬁzrtgV%‘é?g?&;ﬁ'mgg :;Ia:;}nbelﬁzﬁﬁ]e
fades if they are identified as irrelevant in a saccade task (P P P 9 9

and Glimcher 1997a; Shadlen and Newsome 1996) etween them. Instead, the experiments were designed to ex-
f ’ \%mine why earlier reports did not find auditory responses in

A third possibility is situated between the attentional an P and more recent studies. using animals performing de-
intentional interpretations, and posits that the activity th é(é d auditory-saccade tasks, di dgFuture rer)earch W?" be
appears after training codes the oculomotor significance of eeded to determine which of these possibilities provides the

auditory stimuli: the significance of the auditory stimuli a . ; .
potential saccade targets. In the present experiments the gt INtErpretation of the appearance of responses to auditory
3 muli after training.

keys were trained that auditory stimuli had a new meaning
significance in terms of oculomotor behavior, and as a resuitcHANISTIC LEVEL. At the mechanistic level, the effect of
these stimuli may have become more represented in LIP. Thigining that has been observed may be due to the emergence
idea is consistent with the observation that the increased prolb-new connections from an auditory area that is as yet un-
ability of a stimulus as a target for eye movements, or indentified. Alternatively, it is possible that training unmasks
creased reward associated with a particular target, strengthemsnections that existed all along but were silent. In both cases,
the representation of that target in LIP (Platt and Glimchelifferent areas may be providing auditory input to LIP. Likely
1997b). This interpretation would also explain the shape smndidate regions in cortex are the temporoparietal area (Tpt),
lectivity for LIP cells recently reported when animals had beehe frontal eye fields (FEF), and the superior temporal polysen-
trained to use shape stimuli in an eye movement task (Sereaoy area (STP). A likely subcortical source is the deep layers
and Maunsell 1998). of the superior colliculus (SC). All of these regions respond to
This oculomotor significance idea could be extended twditory stimuli (Hikosaka et al. 1988; Jay and Sparks 1984;
explain why LIP neurons are so responsive to visual stimuli lceinonen et al. 1980; Russo and Bruce 1994). Areas Tpt, FEF,
the fixation task that does not require eye movements, if oaed STP project to LIP directly (Baizer et al. 1991; Blatt et al.
assumes that visual stimuli have default oculomotor signifi990; Pandya and Kuypers 1969), whereas the SC projects to
cance. Similarly, some sounds (e.g., species-specific warnld@ via the pulvinar (Asanuma et al. 1985). FEF neurons
calls, or sounds from behind the animal) may have muechspond in a fixation task after auditory training (Vaadia et al.
higher oculomotor significance than the auditory stimuli usek®86). However, it is unclear whether FEF neurons respond to
in the present study, and hence might elicit responses to aualiditory stimuli without auditory-saccade training, or in anes-
tory stimuli from LIP even before auditory-saccade trainingthetized animals. Areas Tpt and STP, on the other hand, have
If the idea of oculomotor significance is correct, what are wauditory responses in untrained animals (Baylis et al. 1987,
to make of the finding that LIP neurons respond to visuékinonen et al. 1980), and both receive projections from other
stimuli even in anesthetized monkeys (Blatt et al. 1990guditory areas (Pandya and Sanides 1973). Assuming that the
Similar to LIP, the middle temporal area (area MT) can bareas providing auditory input to LIP respond to auditory
activated in the anesthetized monkey (Maunsell and Van Esstimuli without behavioral training, areas Tpt and STP seem
1983), and MT activity has been correlated with motion pethe most likely sources of auditory input to LIP. It is also
cepts (Newsome et al. 1989). Thus the occurrence of activatjpossible that the SC could be the source of the responses to
in the anesthetized animal is compatible with the involvemeatditory stimuli we have found in LIP, because the deep layers
of a particular area in higher cognitive functions in the awakef SC respond to auditory stimuli in anesthetized monkeys
behaving animal. (Cynader and Berman 1972). Further investigation will be
The fourth interpretation is that compartmentalization antkecessary to clarify these issues.
fine distinction between attention, intention, or oculomotor As described above, at present it is unknown whether FEF
significance is artificial. We have previously argued that thresponds to auditory stimuli before auditory-saccade training.
parietal cortex participates in sensory-motor processing, oper-light of the present results in LIP, one wonders to what
ating as an interface between sensory and motor systemsxtent auditory responses in FEF are also due to training, and
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to what extent the effect of training we found in LIP may alscefers to the mean of the location means, wiredenotes the number
be reflected in FEF responses, especially because there o4fecations, and
strong projections from LIP to FEF (Andersen et al. 1990;

5 (X - X)?
Asanuma et al. 1985). S= \E(Xlx)
n—

refers to the standard deviation of the location means. Simibgyly,
andx refer to simulated individual trial firing rates, simulated mean
{H@g rates for each location, and simulated mean of location means,

Other effects of training

Watanabe (1992) showed that prefrontal neurons code tivel
associative sig_nificanqe (.)f auditory and yisual stimuli. In thé?ipse?hlgeﬁ)rgt step in the power analysis, an estimate of detectable
study, a. cue stimulus indicated to the amm.al whether a Sl.Jb %’persion was obtained for each cell with significant visual spatial
quent trial was a reward or a no-reward trial. Cues that indjyying by calculating the coefficient of variation
cated a rewarded trial evoked stronger firing in prefrontal
neurons. Clearly the cue stimuli were of high significance to c =S
the animal, but the cue stimuli informed the animal only of the "X
outcome of the subsequent trial. The training effect that w,

. . . . . . &t visual trials. The mea, across cells with visual spatial tuning
found in LIP is somewhat different, in that it occurred in thg s then calculated. This mean was used to generate simulated cells.

context of eye movements, a context that is likely to be criticfjext, location means; for simulated auditory trials were randomly
to LIP function. generated for each simulated cell from normally distributed samples
In a different study, Chen and Wise (1995) showed thalith meanX and standard deviatiar), X, thereby producing simulated
neurons in the supplementary eye field (SEF) code conditiof@dation means with a coefficient of variation matching the mgan
oculomotor associations between random stimuli and upcohdividual simulated firing rates were calculated by shifting the actual
ing eye movements. In that study, learning occurred within ofieing rates for auditory trials to yield simulated mean firing rates:

session, and thus the neural activity could be studied at the_ X — Xi + %. Thus simulated data were created from individual
ghtory trials with as much structure as was present in visual trials

Sami tlrﬂe as learning took place. It \lNa.S fOLImd.thalt. neurons tﬁ%m cells with significant visual spatial tuning. These simulated firing
|n|t|a_y "."d not respondgd to novel visual stimull m(.j'cathates were then subjected to a Kruskal-Wallis test. This procedure was
the direction of an upcoming saccade started responding duriagormed once for each cell. The proportion of simulated cells that
training (Chen and Wise 1995), and developed selectivity fagd significant spatial tuning was taken to be an estimate of the power.
the upcoming saccade as the session progressed (Chen Tamslsimulation was run 100 times for both pretraining and posttrain-
Wise 1996). ing data. The estimated power was always larger before training

It is possible that the effect of training in the present expefrange: 72—81%) than after training (range: 31-54%). The average
iments is similar to the training effect found by Chen and Wisg@stimated power was 77% in the pretraining data, and 46% in the
At present it is unclear to what extent the two training par&0sttraining data.
digms are comparable, because in the present experiments o _ . .
raining occurred over a ime span of several months, whereghe autors thark B, il for tecical sseistance, € Reyes for .
Chen a_md Wlse_ trained thelr animals in the course of individu hani, Y. E. COhEI:], and K. V. Shenoy for comments on a draft v,ersion of this
recording sessions, lasting at most several hours. Moreov@snuscript.

Chen and Wise were able to track the change in neural activityrhis work was supported by the National Institutes of Health and by the

as training progressed, whereas in the present experimentsB\ﬂliléfFV)e” Fgundation- SCUPDO{F forNA- Grunewald vsvas protv]idecj b%/ trlw_g Z/chon-
Ho nell-Few Program In Cognitive Neuroscience. support 1or J. . Linden was

could Only comparé pre- an(.j postiraining responses. r;:])rovided by agHoward Hgghes Medical Institute Prr)gdoctoral Fellowship.

The present study is the first to demonstrate the emergencgyqress for reprint requests: R. A. Andersen, Division of Biology, Califor-
de novo of responses to auditory stimuli in PPC due to traininga Institute of Technology, Mail Code 216-76, Pasadena, CA 91125.
However, morg res.earCh WI”. be necgssary f[O determlne w etceived 14 August 1998; accepted in final form 17 March 1999.
the best cognitive interpretation of this training effect is, an
whether the training effect differs from other forms of training-
related neural changes that have been reported. REFERENCES

ANDERSEN R. A. Inferior parietal lobule function in spatial perception and
visuomotor integration. InHandbook of Physiology. The Nervous System.
APPENDIX: POWER ANALYSIS Higher Functions of the BrainBethesda, MD: Am. Physiol. Soc., 1987,
sect. 1, vol. V, p. 483-518.
An estimate of the power of the Kruskal-Wallis test was obtaine8inoersen R. A., Asanuma, C., AND Cowan, W. M. Callosal and prefrontal

for the pretraining and the posttraining data separately. In the follow-associational projecting cell populations in area 7a of the macaque monkey:

ing, X refers to the firing rate at locatianin trial j a study using retrogradely transported flourescent dje€omp. Neurol.
! 232: 443455, 1985a.

1 ANDERSEN R. A., AsANUMA, C., Essick, G.,AND SIEGEL, R. M. Corticocortical
X =~ E X connections of anatomically and physiologically defined subdivisions within
N <= the inferior parietal lobuleJ. Comp. Neurol296: 65-113, 1990.
! ANDERSEN R. A., Essick, G. K., AND SEGEL, R. M. Encoding of spatial
location by posterior parietal neurorfscience230: 456—458, 1985b.

refers to the mean firing rate for locationwhere n, denotes the ANDERSEN R. A., SWDER, L. H., BRaDLEY, D. C.. aND XING, J. Multimodal

number of trials at location representation in the posterior parietal cortex and its use in planning move-
ments.Annu. Rev. Neurosc20: 303-330, 1997.
% = 1 E X ANDERSEN R. A., NYDER, L. H., Li, C.-S.,AND STRICANNE, B. Coordinate
“n i transformations in the representation of spatial informatiGarr. Opin.

i Neurobiol.3: 171-176, 1993.



342 A. GRUNEWALD, J. F. LINDEN, AND R. A. ANDERSEN

AsANUMA, C., ANDERSEN R. A., AND Cowan, W. M. The thalamic relations of LiNDEN, J. F., GRUNEWALD, A., AND ANDERSEN R. A. Auditory responses in
the caudal inferior parietal lobule of the lateral prefrontal cortex in monkeys: LIP I: training effects.Soc. Neurosci. Abst23: 16, 1997.
divergent cortical projections from cell clusters in the medial pulvinarinoen, J. F., GRUNEWALD, A., AND ANDERSEN R. A. Responses to auditory
nucleus.J. Comp. Neurol241: 357-381, 1985. stimuli in macaque lateral intraparietal area. Il. Behavioral modulation.
BAIZER, J. S., WGERLEIDER L. G., AND DEsIMONE, R. Organization of visual 3. Neurophysiol82: 343-358, 1999.
inputs to the inferior temporal and parietal cortex in macaqgdieldeurosci. MAUNSELL, J.H.R.AND VAN Essen D. C. Functional properties of neurons in
11:168-190, 1991. middle temporal visual area of the macaque monkey. |. Selectivity for

Bavuis, G. C., RoLLs, E. T.,AND LEONARD, C. M. Functional subdivisions of : : : : ) : .
' ' ' ' ' stimulus direction, speed, and orientatidnNeurophysiol49: 1127-1147,
the temporal lobe neocorte3. Neurosci.7: 330-342, 1987. P Py

. - 1983.
BI(?HOT, N. P, $!—|ALL,‘J. D.,AND THOMP.SON K._ G. Visual feature selectlw_ty MAZZONI, P., BRACEWELL, R. M., BaRASH, S., AND ANDERSEN R. A. Spatially
in frontal eye fields induced by experience in mature macad\egsire381: . ! .
697699, 1996. tuned auditory responses in area LIP of macaques performing delayed

BLATT, G. J., ANDERSEN R. A., AND STONER G. R. Visual receptive field memory saccades to acoustic targets.Neurophysiol.75: 1233-1241,
organization and cortico-cortical connections of the lateral intraparietal areat996a.
(area LIP) in the macaqud. Comp. Neurol299: 421445, 1990. MAzzONI, P., BRACEWELL, R. M., BaRASH, S., AND ANDERSEN R. A. Motor

BRACEWELL, R. M., Mazzoni, P., BarasH, S., AND ANDERSEN R. A. Motor intention activity in the macaque’s lateral intraparietal area. |. Dissociation
intention activity in the macaque’s lateral intraparietal area. Il. Changes ofof motor plan from sensory memory. Neurophysiol.76: 1439-1456,
motor plan.J. Neurophysiol76: 1457-1463, 1996. 1996

BROTCHIE, P. R., AVDERSEN R. A., \YDER, L. H., AND GoobmaN, S. J. Head MOUNTCASTLE, V. B., LyncH, J. C., GGORGOPOULOS A., SAKATA, H., AND
position signals used by parietal neurons to encode locations of visuaAcuNa, C. Posterior parietal association cortex of the monkey: command

stimuli. Nature 375: 232-235, 1995. functions for operations within extrapersonal spateNeurophysiol.38:
Brown, C. H., BEECHER M. D., Mooby, D. B., AND SteBINS, W. C. Local- 871-908, 1975.

ization of noise bands by Old World monkeyd. Acoust. Soc. AnB8:  Newsowmg W. T., BRITTEN, K. H., AND MovsHon, J. A. Neuronal correlates of

127-132, 1980. a perceptual decisioMNature 341: 52-54, 1989.

CHAFEE, M. V. AND GoLDMAN-RAKIC, P. S. Matching patterns of activity in paypya, D. N. anp Kuvpers H.G.J.M. Cortico-cortical connections in the
primate prefrontal area 8a and parietal area 7ip neurons during a spatighegs monkeyBrain Res.13: 13-36, 1969.

working memory taskJ. Neurophysiol79: 2919-2940, 1998.
CHEN, L. L. anD WisE, S. P. Neuronal activity in the supplementary eye fiel
during acquisition of conditional oculomotor associatiahsNeurophysiol.

73:1101-1121, 1995. PLATT, M. L. AND GLIMCHER, P. W. Responses of intraparietal neurons to

CHEN, L. L. AanD Wisg, S. P. Evolution of directional preferences in the ; - B - A
supplementary eye field during acquisition of conditional oculomotor asso-igccad'c targets and visual distractals.Neurophysiol.78: 1574-1589,

ciations.J. Neurosci.16: 3067-3081, 1996. 97a. . ) N
CoLay, C. L., DUHAMEL, J.-R.,AND GOLDBERG, M. E. Visual, presaccadic, and P-ATT, M. L. AND GLIMCHER, P. W. Representation of prior probability and
cognitive activation of single neurons in monkey lateral intraparietal area.Movement metrics by area LIP neuroBsc. Neurosci. Abste3: 16, 1997b.

(FANDYA, D. N. anp SaniDEs, F. Architectonic parcellation of the temporal
operculum in rhesus monkey and its projection patt@rnAnat. Entwick-
lungsgesch139: 127-161, 1973.

J. Neurophysiol76: 2841-2852, 1996. RecanzonNE, G. H., MerzenicH, M. M., AND JENKINS, W. M. Frequency
CORBETTA, M., AKBUDAK, E., CONTURO, T. E., SIYDER, A. Z., OLLINGER, J. M., discrimination training engaging a restricted skin surface results in an
DRuRY, H. A., LINENWEBER, M. R., FETERSEN S. E., RicHLE, M. E., VAN emergence of a cutaneous response zone in cortical ar@aNszurophysiol.

Essen D. C.,AND SHuLMAN, G. L. A common network of functional areas  67: 1057-1070, 1992.

for attention and eye movementseuron21: 761-773, 1998. RizzoLaTTI, G., RGGIo, L., AND SHELIGA, B. M. Space and selective attention.
CYNADER, M. AND BERMAN, N. Receptive-field organization of monkey supe- In: Attention and Performance X¥dited by C. Umila and M. Moscovitch.

rior colliculus. J. Neurophysiol37: 187-201, 1972. Cambridge, MA: MIT Press, 1994, p. 231-265.
GNADT, J. W.AND BREZNEN, B. Statistical analysis of the information contentRoLLs, E. T. AND Toveg, M. J. Sparseness of the neuronal representation of

in the activity of cortical neurons/ision Res36: 3525-3537, 1996. stimuli in the primate temporal visual cortek.Neurophysiol73: 713-726,
GoTTLIEB, J. P., KusuNoki, M., AND GOLDBERG, M. E. The representation of ~ 1995.

visual salience in monkey parietal cortéfature 391: 481—-484, 1998. Russg G. S.anD Bruck, C. J. Frontal eye field activity preceding aurally

HikosAkA, K., lwal, E., SniTo, H.-A., AND TANAKA, K. Polysensory properties  guided saccades. Neurophysiol71: 1250-1253, 1994.
of neurons in the anterior bank of the caudal superior temporal sulcus of thesmiTT, J. The Design and Construction of Anechoic Chamb@fiaster’s

macaque monkeyl. Neurophysiol60: 1615-1637, 1988. thesis). Austin, TX: Univ. of Texas at Austin, 1983.
HYVARINEN, J. Posterior parietal lobe of the primate braithysiol. Rev62:  Sereno A. B. AND MAuNsELL, J.H.R. Shape selectivity in primate lateral
1060-1129, 1982. intraparietal cortexNature 395: 500-503, 1998.

Jav, M. F. AND SpaArks, D. L. Auditory receptive fields in primate superior SHADLEN, M. N. AND NEwsomE, W. T. Motion perception: seeing and deciding.
colliculus shift with changes in eye positioNature 309: 345-347, 1984. Proc. Natl. Acad. Sci. USA3: 628—633, 1996.

JUDGE, S. J., RcHMOND, B. J.,AND SHu, F. C. Implantation of magnetic search SNYDER, L. H., BATISTA, A. P.,AND ANDERSEN R. A. Coding of intention in the
coils for measurement of eye position: an improved meth@slon Res20: posterior parietal cortexNature 386: 167-170, 1997.
535-537, 1980. SNYDER, L. H., BATISTA, A. P.,AND ANDERSEN R. A. Change in plan, without

KocH, K. W. anD FusTER J. M. Unit activity in monkey parietal cortex related a change in the spatial locus of attention, modulates activity in posterior
to haptic perception and temporary memdeyp. Brain Res76: 292—-306, parietal cortexJ. Neurophysiol79: 2814-2819, 1998.

1989. STRICANNE, B., ANDERSEN R. A., AND Mazzoni, P. Eye-centered, head-
KusTtov, A. A. AND RoBinsoN, D. L. Shared neural control of attentional shifts centered, and intermediate coding of remembered sound locations in area
and eye movementdlature 384: 7477, 1996. LIP. J. Neurophysiol76: 2071-2076, 1996.
LEINONEN, L., HYVARINEN, J.,AND SoviJARVI, A.R.A. Functional properties of VaapIA, E., Benson D. A., HENz, R. D., AND GoLDsSTEIN, M. H., JR. Unit
neurons in the temporo-parietal association cortex of awake mokey. study of monkey frontal cortex: active localization of auditory and of visual
Brain Res.39: 203-215, 1980. stimuli. J. Neurophysiol56: 934-952, 1986.

LinDEN, J. F., GRUNEWALD, A., AND ANDERSEN R. A. Auditory sensory WATANABE, M. Frontal units of the monkey coding the associative significance
responses in area LIFSoc. Neurosci. Abst22: 1062, 1996. of visual and auditory stimuliExp. Brain Res89: 233-247, 1992.



