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Chafee, Matthew V. and Patricia S. Goldman-Rakic.Inactivation area 7ip and prefrontal area 8a neurons during an oculomotor
of parietal and prefrontal cortex reveals interdependence of ”eUd@Iayed-response (ODR) task. The motivating hypothesis has
activity during memory-guided saccaded. Neurophysiol. 83: = haen that neurons in parietal and prefrontal cortex interact

1550-1566, 2000. Dorsolateral prefrontal and posterior parietal Cgﬁ}ring the ODR task, and as such this task may serve as a

tex share reciprocal projections. They also share nearly identi . . . -
patterns of neuronal activation during performance of memory-guid8dede! for parietal-prefrontal interaction whenever a spatial

saccades. To test the hypothesis that the reciprocal projections @atum derived from visual input is loaded into working mem-
tween parietal and prefrontal neurons may entrain their parallel aciry. The interaction between prefrontal and posterior parietal
vation, the present experiments have combined cortical cooling in oneurons is predictable on several grounds. First, numerous
cortical area with single-unit recording in the other to more precisefyyestigators have described the large and reciprocal cortico-
determine the physiological interactions between the two during, ;o hroiection extending between prefrontal and posterior
working memory performance. The activity of 105 cortical neurons_ . . .
during the performance of an oculomotor delayed response (O rietal cortex (Andersen et al. 1985a, 1990a; Barba§ 1988,
task (43 parietal neurons during prefrontal cooling, 62 prefrontgarbas and Mesulam 1981; Cavada and Goldman-Rakic 1989;
neurons during parietal cooling) was compared across two blocksRtrides and Pandya 1984; Schall et al. 1995; Schwartz and
trials collected while the distant cortical area either was maintained@bldman-Rakic 1984; Stanton et al. 1995). Second, their out-
normal body temperature or cooled. The mean firing rates of 71% it is tightly linked, efferent projections from the two cortical
the prefrontal neurons during ODR performance changed significanifyeas travel in parallel to target the samd5 cortical and
when parietal cortex was cooled. Prefrontal neurons the activity %ﬁbcortical targets, where they terminate either in interdigitat-

which was modulated during the cue, delay, or saccade periods of - - . )
task were equally vulnerable to parietal inactivation. Further, bo columns or alternating cortical lamina (Selemon and Gold

lower and higher firing rates relative to the precool period were seI%Fm'Rak'c. 1988). Finally, d'.Stht but re!ated f“.”Ct'O”S havg
with comparable frequency. Similar results were obtained from tiRe€€n ascribed to both regions. Posterior parietal cortex is

converse experiment, in which the mean firing rates of 76% of tf€lieved to combine both retinal and extraretinal signals to
parietal neurons were significantly different while prefrontal corteluild a three-dimensional representation of visual space
was cooled, specifically in those task epochs when the activity of eg@indersen and Mountcastle 1983; Andersen et al. 1985b, 1987,
neuron was modulated during ODR performance. These effects agh®00b; Brotchie et al. 1995). In addition, parietal cortex is
were seen equally in all epochs of the ODR task in the form @felieved to contribute to motor command signals moving the
augmented or suppressed activity. Significant effects on the Iatenqé?,fes (Andersen et al. 1987; Barash et al. 1991a,b; Gnadt and
nEuronaI activation dfuLing cue anclzl Zaccac:e periods of the tzsk WR[ gs 1995; Mazzoni et al. 1996; Mountcastle et al. 1975) and
absent irrespective of the area cooled. Cooling was associated in s ' . ' .

cases with a shift in the best direction of Gaussian tuning functions fi ds (Johnson et a_l. 1996’. Mou_ntcastle etal. 1975; Snyder et
to neuronal activity, and these shifts were on average larger dur 1997, 1998) to points defined in this space. The dorsolater_al
parietal than prefrontal cooling. In view of the parallel between tHfefrontal cortex also has been associated with the spatial
similarity in activity patterns previously reported and the largelguidance of both eye and arm (Butters and Pandya 1969; Niki
symmetrical cooling effects presently obtained, the data suggest thgir4a,b; Niki and Watanabe 1976) movements, but has been
prefrontal and parietal neurons achieve matched activation duriagsociated particularly with spatial working memory (Gold-
ODR performance through a symmetrical exchange of neuronal sigan-Rakic 1987, 1988, 1995); in this context, the internal
nals between them; in both cortical areas, neurons activated during t8presentation of a spatial coordinate to direct these move-
cue, delay, and also saccade epochs of the ODR task participatenigints when none is specified by a currently available stimulus
reciprocal neurotransmission; and the output of each cortical ar nahashi et al. 1989, 1993; Sawaguchi and Goldman-Rakic
produces a mixture of excitatory and inhibitory drives within it 991 particularly). It V\;ould b’e advantageous to know what
target. principles might govern the physiological interaction between
parietal and prefrontal neurons suggested by these facts, in that
these subsequently may indicate how distributed representa-
INTRODUCTION tions in the visuospatial domain emerge and are stored by the

Our recent interest (Chafee and Goldman-Rakic 1998) H certed action of groups of interacting cortical areas.

been a comparison of patterns of activity evoked in parietal nterestingly, it does not appear to b.e the case that parietal
and prefrontal neurons exhibit categorically different patterns

The costs of publication of this article were defrayed in part by the paymeggacnvIty durlng such a process (Chafee and Goldman-Rakic

of page charges. The article must therefore be hereby maskaeftisement  1998; Quintana and FUSter 1_992) in spite of the prediction to
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ the contrary that lesion studies would seem to support. For
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example, the effects of lesions of parietal and prefrontal cortexrgical and single-unit recording methods can be found in that
have been considered to exemplify a “double dissociatiofarlier study (Chafee and Goldman-Rakic 1998). All procedures
because damage to parietal cortex rarely has been associg@gPrmed to the Guiding Principles for Research Involving Ani-

with memory problems (Butters and Pandya 1969; JacobgBAlS and Human Beings of the American Physiological Society.
1936 Pu et al. 1993 although see Quintana and Fuster 19 ; efly, using aseptic surgical procedures, two male rhesus ma-

i ue monkeys (7 and 9 kg) were implanted (in stages) with a
and perceptual difficulties are uncommon after prefrontal lf'ead-restraint device, a scleral search coil (Judge et al. 1980), and

sions (Goldman et al. 1971; Jacobsen 1936; Pohl 1973; UBzording chambers positioned over parietal and prefrontal cortex
gerleider and Brody 1977). However, a direct comparison @f the right cerebral hemisphere. A Peltier cryothermode (see
activity within neuronal populations in parietal area 7ip anfbllowing text) or a microelectrode (glass-coated Elgiloy or var-
prefrontal area 8a has indicated that the two cortical area@sh-coated tungsten: FHC, part 120-110-1, Brunswick, ME) could
contain the same heterogeneity of defined neuronal types whigeintroduced into either recording chamber to cool the underlying
monkeys performed the ODR task (Chafee and Goldmagfrtex or to record single—u_ljit activity from within it. The mic_ro-
Rakic 1998). The patterns of activation characteristic of eagffctrode signal was amplified (BAK MDA-4, BAK Electronics,
of these subpopuiations were maiched to a greater extgifMRA LT T BEER SCHERs bl SO0 ST
i(r?dheaggﬁ(?;r?t St?]lgigsagﬁﬁg(;v:\l/-ggpsgp’)[ﬂgr:iggglﬂst?ﬁggIsei?nr}g ? fr tion system (8701 waveform ol_lscrlmlnator, Signal Processing
; - ) ' stems, Prospect, South Australia). A PDP 11/73 computer ran a
not identical, tasks (Andersen et al. 1990b; Bruce and Goldbgfiyqram (generously made available by C. J. Bruce) controlling the
1985; Funahashi et al. 1989-1991; Gnadt and Andersen 19&§heriment. This program generated visual stimuli via a Graph-11
This would suggest that whatever physiological principlegaphics card (Pacific Binary Systems) that were presented on a
drive the interaction between neurons in these two corticatleo monitor (NEC DM3000P, NEC Technologies, Itasca, IL) 57
areas, the net result appears to be that changes in neuremain front of the monkey. The program also collected digitized
activity within them are virtually coincident during at leassamples (ADAC, Woburn, MA: 0.1° resolution) of the horizontal
some behaviors. Contributions made by either prefrontal @fd vertical eye position outputs of the eye coil system at a
parietal neurons to their aggregate activity might only beconff§duency of 500 Hz. Saccades were recognized on-line, and the

. . . e as well as horizontal and vertical positions of each saccade
evident when the normally integrated system is perturbes art and end point were saved to the data file. The occurrence of

Thus a more direct examlnatlon of physmloglcal Interact|0ﬁ1| discriminated action potentials of up to two simultaneously
between prefrontal and parietal cortices at a neuronal leyglorded units also were sampled at 500 Hz.

seems warranted to address the contribution made to the acti-
vation of neurons in each cortical area by the operation of tEﬁDR task
network in which both are embedded.

Toward this end, single-unit recording and reversible cryo- Two visual stimuli were presented on each trial: a small (0.1°)
genic inactivation are combined in the present experimentssigmulus always appearing at the center of the monitor (the fixation
determine whether changes in the activity of parietal neurof@get) and a larger (0.5°) stimulus (the cue) presented in the visual
during ODR performance depend on the normal functione%fa”phew- Both stimuli were square and solid white in color. The trial
prefrontal cortex and vice versa. This approach has be&pan with the presentation of the fixation target (Figl)1 The
adopted previously in two studies using cryoinactivation ﬁonkey was required to fixate this target for an initial period of 500

. . . . s (Fig. 1A2), after which the peripheral cue was presented for an
address interactions between prefrontal and parietal (QuintaJiditional 500 ms (Fig. A3 at one of eight possible locations,

et al. 1989) and inferotemporal (Fuster et al. 1985) cort@gually spaced on a circle 13° in radius centered on the fixation target
during the performance of a task in which the color rather thagig. 1B). The location of the cue among these eight possible locations
the spatial location of a cue stimulus was stored in workingas chosen pseudorandomly each trial and was therefore unpredict-
memory. The present experiments sought to extend these ddiia. After cue offset, the fixation target remained visible for a fixed
by addressing the operation of the parietal-prefrontal systéhs delay period (Fig. A4). Continual fixation of the fixation target
when the visuospatial dimensions of a stimulus were critical {ithin a central 4—6° eye position window) was required during both
task performance. Parietal and prefrontal neurons are ne presentation and the subsequent delay period, a break in fixation

. b - . o . minated the trial. After the end of the delay period, signaled by the
identical in their activation during ODR performance (Chafegfset of the fixation target, the monkey was allowed 500 ms to

anq .Qoldman-Raki.C 1998). It remains a.pOSSibi”ty that t.hgomplete a memory-guided saccade in the dark (FAH).1If that
activities of these distant neuronal populations are brought intQ.- e brought the eyes to within 4—6° of taglocation where the

register by the operation of corticocortical projections betwegripheral stimulus appeared before the delay (FA®) lthe response
them as a result of the exchange of neuronal signals through@t rewarded with a drop of juice. Relatively large eye position
distributed systems in the cortex (Mountcastle 1978, 199kindows were made necessary by systematic errors in memory-
1998). The present experiments are intended to reveal wheth@ded saccades; nonetheless the average saccatnkéys Jkand
such an exchange between parietal and prefrontal cortex migRtbegan within 2° of the fixation target and ended witkiB° of the
take place and what patterns of activity it might include duringctual cue location (Chafee and Goldman-Rakic 1998).
ODR performance.

Unit recording and cortical cooling

METHODS A cryoprobe (described below) that could be mounted tempo-

rarily within either the prefrontal or parietal recording chambers

The neurons presently described represent a subset of thosewhs used to cool the brain. The cryoprobe was mounted firmly
activity of which during the ODR task was the subject of against the tissue at the bottom of each recording chamber and
previous report: the effects of cortical cooling on the activation dixed in place with set screws in the walls of the chamber. This was
these neurons are addressed here. Additional detail regarding tileeessary for cold to penetrate the volume of thickened dura and
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Oculomotor Delayed Response Task Fic. 1. Oculomotor delayed response (ODR)
90°

task. A: sequential events of the ODR trial. Mon-
key’s gazing location is represented by the cross
symbol in all panels. Monkey initiated the trial by
acquiring fixation of a central target)( After main-
taining fixation for 500 ms2) and while continuing
to fixate the central target, a cue stimulus was pre-
sented at a peripheral location for an additional 500
ms @). If the monkey broke central fixation to fo-
veate the peripheral cue the trial was terminated.
After extinction of the peripheral cue, the central
fixation target remained, and the monkey continued
Saccade Error fixation for a 3-s delay period4]. At the end of the
endpoint to target distance (1° / division) delay, extinction of the central target provided a go
signal for the memory-guided saccade. If the mon-
key executed a saccade in the daskthe end point
of which fell within an eye-position window (not
90° 90° visible to the monkey) centered on the peripheral cue
location (dotted circle), the trial was rewardest.
cue array. ODR cue appeared in 1 of the 8 locations
(shaded squares) indicated, selected pseudorandomly
each trial.C: polar plots represent the mean distance
in degrees of visual angle (saccade error) between
the endpoint of each saccade and its corresponding
target (indicated by the directional coordinate on
each axis). Saccade errors observed when prefrontal
cortex was cooled (dark gray) exceed those when the
prefrontal cortex was at normal temperature (light

500 ms 500 ms 3.0s B 1350

=)

Fixation Fixation Cue Delay Memory-
Target Onset Guided
Saccade 270°

C Prefrontal Cooling D Parietal Cooling

180° 0° 180°

225° 315° ¢ 225° gray). D: saccade errors when parietal cortex was
ryoprobe led (dark did not differ significantly f
570° £ 270° cooled (dark gray) did not differ significantly from
Warm those observed when parietal cortex was at normal
E Cold temperature (light gray).

granulation tissue present in both monkeys at the bottom of theounted on either side of the vertical copper piecexA A DC
recording chamber. As one cortical area was cooled, single-upiiwer supply used in conjunction with a control circuit adjusted both
activity was collected from the other. Locations of recording anithe amount and polarity of the current delivered to the Peltier devices
cooling were switched between parietal and prefrontal cortex @o that the cryoprobe could be either cooled or warmed (by reversing
subsequent days. A search for neuronal activity was conductedthg direction of current) and small adjustments in current could
lowering the electrode into the chosen brain area while the cryoxaintain any desired set temperature. This circuit employed the dif-
probe mounted in the other chamber was maintained at nornfi@lence between a desired set temperature and the temperature of the
body temperature (37°C). Once the activity of a unit was isolatediyoprobe measured by a small (0.010 in) copper-constantan thermo-
its activity was recorded for-8—-10 ODR trials per cue location. In couple (Omega 5TC-TT-T-30-36, Omega Engineering, Stamford, CT)
general, cooling was reserved for units showing clear changescemented to its under surface, at the interface between the cryoprobe
activity during one or more epochs of the ODR task. If isolationand underlying tissue within the chamber. Excess heat accumulating
were stable and the activity clearly task-related, the temperatureabfthe outer face of each Peltier device during the cooling of the
the cryoprobe was then lowered from 37°C to between 2 and 588/oprobe was removed by water circulating within copper heat sinks
in ~1 min and held at this temperature-@.5°C). During the (Fig. 2A). To serve as a secondary temperature measurement device,
cooling procedure, care was taken to assure the stability of the uaibead thermistor (YSI 44033, YSI, Yellow Springs, OH) was con-
isolations by comparison of incoming wave forms against samplascted to a telethermometer (YSI) and cemented close to the dura at
stored at the beginning of the run. Once the cold temperature hthd bottom of a hole drilled through the long axis of the cryoprobe.
been achieved, data collection resumed after a 5-min waitingAt the end of these experiments, the temperature within the brain
period, allowing some time for brain temperature to stabilize andhderneath the cryoprobe was measured in one animal. To make these
the physiological response to cold to develop. The monkeys peneasurements, the bead thermistor in the central hole within the
formed the ODR task throughout the transition from warm to coldryoprobe was removed. While the cryoprobe was mounted within the
temperatures without interruption and did not show any overt signphkamber and maintained at 2°C, a needle temperature probe (Physi-
of discomfort during this interval. The activity of the neuron thetiemp, Clifton, NJ) attached to the telethermometer was lowered
was recorded for a second set of between 8 and 10 ODR triéthsough the hole along the central axis of the cryoprobe into the brain
per cue location. Some isolations lasted long enough to enalled the temperature within the tissue directly measured at 1-mm
collection of additional trials after the temperature of the brain hddtervals. This relationship was essentially linear at depths between 3
been returned to normal, and a few allowed for multiple coolingnd 10 mm, temperature increasing on average an additional
cycles. 2.8°C/mm beneath the cryoprobe (Fid\)3Below a depth of 10 mm,

the temperature gradient was less steep, warming 1.3°C/mm. Mea-

surements within prefrontal cortex were on average within 0.8°C of
Cryoprobe and brain temperature parietal measurements at each depth (the largest discrepancy be-

tween the 2 being 1.7°C, data not shown). Temperature measure-

The cryoprobe (Fig. &) consisted of a lower cylindrical piece of ments obtained with this technique were likely to underestimate

gold-plated copper made to fit within the recording chamber (16 or 2@tual brain temperature because the temperature of the tip of the
mm ID) to which a vertical rectangular piece of copper was solder@iobe would reflect both the ambient temperature of the brain and
to provide a mounting surface for two Peltier thermoelectric coolinglso the temperature of the shaft of the needle probe cooled directly
devices (CP Series, Melcor, Trenton, NJ) connected in series aldng its course through the cryoprobe. To establish an approxi-
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Monkey JK
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FIG. 2. Cryoprobe and electrode penetration sifesle-
sign of the cryoprobe. A cylinder of gold-platted copper (1)
fit inside the recording chamber (2) and was cooled by 2
Peltier thermoelectric coolers (3) mounted on either side of
a vertically oriented gold-plated copper fin (4) silver sol-
dered to the top surface of the cylinder. Heat from the warm
face of each Peltier device was removed through water
circulating in copper heat sinks (5). Heat sinks, Peltier de-
vices, and copper cryoprobe were bolted together with heat
sink compound applied to opposing surfaces in the orienta-
tion shown. Temperature of the cryoprobe was measured by
a thermocouple cemented to a groove in its lower surface (6).
B andC: electrode penetration sites)(and areas of cortex
covered by cryoprobesgirc]) in the 2 monkeys studied in
the present experimentspnkey AR, B; monkey JK).@—d,
levels of sections represented in corresponding panels of Fig.
4. In monkey ARthe prefrontal recording chamber was
moved midway through the experiment (original location
indicated byo at more medial location over prefrontal cor-
tex), and a larger cryoprobe employed. Sulci are labeled IPS,
intraparietal sulcus; STS, superior temporal sulcus; LS, lat-
eral sulcus; AS, arcuate sulcus; and PS, principal sulcus.

mate measure of this inaccuracy, the needle probe was lowered(bgnsidered a boundary condition reflecting maximal error) fell off
1-mm increments through the cold (2°C) cryoprobe into eitherwith greater probe depth (Fig.B3. Below a depth of 5 mm, the
cold (2°C) or warm (37°C) oil bath. Errors in the warm batkerror was<3°C.

Brain Temperature (cryoprobe 2° C)

A 40° T r T — T B 10° T T
cor‘tex—> v —_ ;
; o :
30°F o
—~ 8 0°[osoacocggyesessenss
O T é
= 200 = T 2° bath
E‘ £ r ® 37° bath
2 -0
10° F @ /
& Temp. g
O Temp - Error :
o° i i _o0° i e AN
0 5 10 15 20 0 5 10 15 20
Depth (mm) Depth (mm)
Cortical Depth (task-related neurons)
Area 7ip D Area 8a
25 B 80 777 T
]
i | 70 3= Jr -
[ I
£ 207 603 —
3. 1
Z 151 %0 o
T ] 40
210 \
o ] 30
E 1
p=4 5 4 20
] 103 .
0 __ 0 o %

0123456782910
Depth (mm)

0123454678910
Depth (mm)

FIG. 3. Measurements of brain temperature, and depths
of recorded units in parietal area 7ip and prefrontal area 8a.
A: temperatures (shaded squares) measured at 1-mm inter-
vals by a needle temperature probe passed through the
cryoprobe and into the underlying brain while the cryoprobe
was cooled to 2°C. Temperatures corrected for measured
error (open circles) define a (shaded) region of uncertainty
for actual brain temperature. Cortical surface was located 3
mm below the lower surface of the cryoprobe, the interven-
ing space was occupied by thickened dura and granulation
tissue B: accuracy of temperature measuring system. Needle
probe was passed through the cryoprobe as it was main-
tained at 2°C into a stirred oil bath maintained at 1 of 2
known temperatures (37 or 2°C). Errors in measurement
obtained in cold (open squares) and warm (filled circles) oil
baths are indicated and were a function both of the depth of
the needle probe and of the difference in temperature be-
tween the cryoprobe and underlying mediu@. depths
relative to the cortical surface of area 7 ip neurdhsdepths
relative to the cortical surface of area 8a neurons. Both
distributions C andD) include only neurons the activity of
which was significantly modulated during ODR perfor-
mance. Some of the neurons included in both area 7ip and 8a
distributions were not presently tested during cortical cool-
ing but were recorded in the same monkedis &ndAR) as
described in an earlier report (Chafee and Goldman-Rakic
1998). Lightly shaded region of each distribution spans
cortical depths<6 mm, where cortical temperatures during
cooling were<23°C.
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Statistical analysis of cooling effects on neuronal activity ~MacPherson and Aldridge (1979) based on confidence intervals es-
tablished around a spike density function of each neuron’s activity.

Trials were segregated according to cue direction and cryoprod&e employed Gaussian curves to measure the spatial tuning of
temperature. Then within each group of trials, neuronal firing rat@euronal activity. Within each trial period containing significantly
were measured in five time windows, within the cue, delay, earlyaodulated activity, the mean neuronal firing rate was measured across
saccade, late-saccade, and intertrial periods. The cue and delay Wig-eight cue/saccade directions tested. Then a reiterative curve-fitting
dows were coextensive with the corresponding 500 and 3,000 aigorithm determined the parameters defining the Gaussian curve that
periods in the ODR trial. The boundaries of early (100—400 ms afteest fit these eight mean firing rates (separate fits were made to data
fixation target offset)- and late (400-700 ms after fixation targepllected during warm and cold conditions). Only cases in which the
offset)-saccade period windows were adjusted to coincide with tharve fitting procedure provided af-statistic significant at thé®
average timing and duration of pre- and postsaccadic neuronal activi).05 level were included in subsequent analyses. Further details of
(Chafee and Goldman-Rakic 1998). These windows in the saccdugh latency and spatial tuning analyses were described previously
period were not defined relative to saccade initiation because vdfthafee and Goldman-Rakic 1998). Changes in the spatial tuning of
ability in the on-line recognition of saccades could vary the number Bguronal activity were defined as the difference in the best direction or
trials recognized in a minority number of cases, and the ANOVA waidth parameters of the Gaussian tuning functions fit to warm and
employed required a constant number of trials across each of td data sets for a given neuron. Two separate two-way analyses of
repeated measures (trial periods). The window in the intertrial perigdriance then were conducted on the populations of these difference
was the last 2,000 ms of the 2,500-ms intertrial interval (in a minoritpeasures each using trial period and cortical area as factors. This
of the data, a shorter 2,000-ms intertrial interval occasionally waeldressed whether the mean shift in either spatial tuning parameter
included, and the window spanned the entire period). The monkegried depending on which cortical area was cooled (main effect of
was free to make eye movements during the intertrial period, and thkea), and which task period was considered (main effect of trial
occasionally may have included the centering saccade the monkeyiod).
made after reward delivery (typically this saccade was completed
within 500 ms of reward and so would not be included in the bulk g sy Ts
the data with the longer intertrial interval).

Thus three factors described each neuronal firing rate measuremBxatabase

these were task period (5 levels), cue direction (8 levels), and cryo- . . .
probe temperature (2 levels, this analysis was limited to the firing rates” total of 105 neurons were isolated and their activity

observed while the brain was at normal temperature before coolifRForded within one cortical area as the monkeys completed
was initiated, and firing rates observed during the subsequent setw@ full sets of ODR trials, one conducted while the other
trials administered while cooling was in effect). A three-way repeat@rtical region remained at normal body temperature and a
measure ANOVA (as implemented in the SYSTAT computer statisecond set while the temperature of that region was lowered.
tics package) was used to analyze the data. Task period was treated@sy three of these neurons were located in parietal cortex
arepeated measure. If tRestatistic for the main effect of trial period (Fig. 2, B andC), and their activity collected while prefrontal

in the overall analysis was significant, the neuron was defined &Srtex was subjected to cold. The majority of these (31 neu-

task-related. In these cases, additional tests isolated which trial p?&hs) were located in parietal area 7ip (LIP) in the lateral bank
ods contained significantly modulated activity. Four planned comp%-‘F

isons contrasted the mean firing rates in cue, delay, and early- &he mFraparletaI sulcus (Fig. A,and(_:), bl.Jt afevy also were
late-saccade periods each to the intertrial interval. Depending Gf¢ated in area 7a (7 neurons) in the inferior parietal gyrus and
which of these yielded significance, neurons were assigned a conJS0 in area DP in the dorsal prelunate gyrus (5 neurons).
nation of C (cue), D (delay), or S (either early or late saccad&onversely, 62 of the neurons in the database were located in
designations. If thé statistic for the main effect of temperature in thegprefrontal cortex (Fig. 2B andC), the majority of which (52
overall analysis was significant, the significance of this effect for eacleurons) was located in area 8a in the anterior bank of the
of the repeated measures was examined to determine whether cey@uate sulcus (Fig. 4 andD), in the approximate location of
probe temperature impacted firing rates in each trial period. An alpfige FEF, whereas the remainder (10 neurons) was located in
level of P =0.05 was employed throughout. The analysis was limitgg e principal sulcus, in area 46.

further only to those trial periods in which neurons exhibited signif- Th P
X C . : » e results of the repeated-measure ANOVA indicated that
icantly modulated activity. Thus cooling effects were identified a§ % of neurons Withinghe database were task responsive and
cases where two conditions were met; neuronal firing rates within 9 p

given trial period were significantly different from the intertrial inter-diréctionally selective. (i.e., the main effects of trial epoch and

val and the main effect of temperature was significant on firing raté§'€ direction, or their interaction, were significant in the anal-
within the same trial period. In this way, the analysis was focused ¥#§iS, See Table 1). Using a set of planned comparisoes-{
cooling induced changes in task-related activity. The significance @bs), the present analysis recognized seven types of neuron on
the main effect of temperature on activity within the intertrial periothe basis of whether significant activity modulation occurred
assessed whether cooling had an overall effect on background activiiMring the cue, delay, and/or saccade periods or in combina-
This was determined for each neuron. The magnitude of coolifigns of these periods. Neurons tested during cooling in both

effects was defined as the ratio of the mean firing rate during a givgBrietal and prefrontal cortex included examples from most of
task epoch when the brain was cold, to the mean firing rate during se types (Fig. 5A and B)
€ . A .

same epoch when the brain was warm (after Sandell and Schille
1982). This ratio was<1 when cooling lowered firing rates anell . o
when cooling elevated firing rates. Recovery of cooling effects w&xtent of cryoinactivation
assessed in a separate three-way repeated measures ANOVA directkjl . Lo . .

ortical cooling involved a group of areas in parietal and

analogous to the analysis described in the preceding text, with the . -
exception that neuronal firing rates during cooling were compar@iéfrontal cortex (Fig. 2B andC), with the coldest tempera-

with firing rates after the brain had been returned to normal tempékres existing within the more superficial cortex immediately
ature. beneath the cryoprobes (FigsA and 4,A-D). Progressively

Latencies of neuronal activation were defined with the method wfarmer brain temperatures occurred at greater depths. At a
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FIG. 4. Reconstruction of levels of cooling
and recording sites within the braie, locations
of a subset of the neurons in the present data-
base.A-D: sections through the brain beneath
the cryoprobes in parietaf\@ndC) and prefron-
tal (B andD) cortex, inmonkeys ARA andB),
andJK (C andD). Units were recorded primarily
from the cortex of the lateral bank of the intrapa-
- rietal sulcus (IPS) in parietal corteXA @ndC),

Parietal Prefrontal and from the anterior bank of the arcuate sulcus

Monkey JK (AS) in prefrontal cortexB® andD). Brain tem-
peratures measured monkey ARA andB) are
indicated at 3-mm intervals. Same temperature
levels are projected onto the reconstruction of
monkey JKC andD, brain temperature was not
measured in this animal). Axes underneath each
cryoprobe are presented for scale (1-mm divi-
sions).

Parietal Prefrontal

cryoprobe temperature of 2°C, cortical temperatures at depthade at these depths (Figh)3Most ODR task-related neurons

of 3, 6, and 9 mm beneath the surface of the brain were 14, 28monkeys JkandARsampled in area 7ip (FigQ3 and nearly

and 29°C, respectively (Figs.A3and 4, A-D). The lateral all of those sampled in area 8a (FigDBwere located at
spread of cooling was not measured in the present experimeragtical depths<6 mm (lightly shaded region, Fig. 8 andD),

but was likely to extend beyond the boundaries of the cryatere the temperature of the cortex wag3°C (Fig. 3). It
probe (Fuster and Bauer 1974). Thus cooling establishecha@s been shown that whereas colder temperatures are required
gradient of subnormal temperature and functional inactivatiéa block neuronal responsiveness entirely, the response of V1
across considerable portions of parietal and prefrontal corteeurons to an optimal visual stimulus is reduced+¥80% at
Changes in the activity of area 7ip neurons resulted theref@éemperature of 20°C (Girard and Bullier 1989). Thus cooling
not only from the cooling of area 8a, but of an expanse @i the present experiments would be expected to substantially
prefrontal cortex which included it. Similarly, changes in theeduce the activity and output of a large portion of the neurons
activity of area 8a neurons resulted from the cooling of ia parietal area 7ip and prefrontal area 8a. Because neurons in
portion of parietal cortex that included area 7ip but was narea 8a that were driven during ODR performance were more
limited to this cortical area. The degree to which the volume stiperficially located, the degree of functional inactivation
cooled cortex involved areas 7ip and 8a can be estimated frachieved in area 8a was likely to exceed that in area 7ip.

the depths of neurons in these areas the activity of which wadn parietal cortex, cooling involved a group of cortical areas,
significantly modulated during ODR performance (Chafee anchich included, in addition to area 7ip in the lateral bank of the
Goldman-Rakic 1998) and from the temperature measuremeintsaparietal sulcus, portions of area 5 in monkey AR (FB), 2

TABLE 1. Neurons with significant main effects and their interactions

Direction X
Direction X Direction X Temperaturex Temperaturex
Direction Temperature Epoch Temperature Epoch Epoch Epoch
Parietal
Significant 41 33 40 8 42 27 18
Not Significant 2 10 3 35 1 16 25
Total 43 43 43 43 43 43 43
Prefrontal
Significant 56 44 61 13 58 26 16
Not Significant 6 18 1 49 4 36 46
Total 62 62 62 62 62 62 62

Numbers of neurons for which cue direction, cortical temperature, and oculomotor delayed response (ODR) trial epoch, or their interactiorfieesre sig
factors P = 0.05) effecting firing rate as determined by a three-way repeated-measures ANOVA of neuronal activity obtained in parietal and prefrontal corte
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Distribution of Neurons Activated During largely to saccades toward targets appearing contralateral to the
Different ODR Task Periods cooled prefrontal hemisphere (FigCL During cooling, mon-
A keys would maintain fixation of the central target until its

disappearance but then frequently make inaccurate saccades
(sometimes into the visual hemifield opposite the target). These
trials were interspersed with others in which comparatively
accurate saccades were made. Cooling parietal cortex produced
a much smaller impact on the accuracy of memory-guided
saccades (Fig.0), failing to significantly effect the mean error
between memory-guided saccade endpoints and their targets
(Fiemp = 3.41, df= 1, P = 0.065;Fmp+air = 1.50, df= 10,

P = 0.131).

Number of Neurons

Effect of cold on neuronal firing rate

C D S CD CS DS CDS NR Cooling affected the intensity of activation of neurons in
various ODR trial epochs in both parietal and prefrontal cortex.
The parietal area 7ip neuron illustrated in Figh éxhibited
sustained delay period activation when the cue appeared in the
upper (90°) and upper left (135°) locations before the prefron-
tal cortex was cooled. When the activity of the same neuron
was recorded with the prefrontal cortex cooled, delay period
activity was attenuated sharply in the 135° direction (FBg; 6
Fremp = 45.99, df= 1, P < 0.001), and early-saccade period
activity also was suppressed significantiy,(,,, = 25.69, df=
1,P < 0.001). The activity in the cue periocfalso was affected
but less strongly and not significantl{,,, = 0.357, df= 1,
P = 0.551). The delay period activity of nine additional pari-
etal area 7ip neurons significantly changed during prefrontal
cooling (4 neurons suppressed, 5 augmented; K. 9

Comparable effects were observed among prefrontal neu-

Task Period (cue, delay, saccade) rons while cooling parietal cortex. FigureA7illustrates a

Fic. 5. Distribution of neurons recorded during cortical cooling in théleuron in the principal sulcus (area 46) recorded during cryo-
present database by response cla#ssC, D, and S designations indicate genic inactivation of the parietal cortex. Like the parietal
neurons the activity of which was elevated significantly relative to the baselipggayron described in the preceding text, the activity of this

level during cue, delay, and saccade ODR task periods, respectively, oy : :
assessed by a 3-way repeated-measures ANOVANSeeDs. Combinations Fﬁ%frontal neuron was reduced S|gn|f|cantly by COOImg (Flg.

of letters indicate neurons the activity of which was elevated during comb{B), in this instance during the cue peridgd,, = 99.29, df=
nations of corresponding task periodB)total numbers of neurons the activity 1, P < 0.001). There was also a general suppression of the

of which was elevated significantly in each task period collapsed across {eg/el of activity during the intertrial interval in this case
combinations indicated iA. (Fiemp = 108.60, df= 1, P < 0.001). Six additional prefrontal
neurons (1 in area 46 and 5 in area 8a) similarly exhibited
uced cue period activation when parietal cortex was cooled,
whereas augmented cue period activation was observed in 11
refrontal area 8a neurons (FigB)9 Thus whereas the illus-
ted cooling effects fit well those that prefrontal mnemonic
d parietal visuospatial functions would predict (namely the
duction of cue period activity in prefrontal neurons and delay
period activity in parietal neurons), counter examples were
equally numerous. For example, delay period activity of sev-
Effect of cold on ODR performance eral prefrontal area 8a neurons was altered by parietal cooling
(9 neurons, Figs. D and 11,E-H), and prefrontal cooling
Cooling prefrontal cortex produced an impairment in menaltered the activation of parietal 7ip neurons in response to the
ory-guided saccade performance (FigC)1In a two-way visual stimulus (9 neurons, FigA® Neurons whose primary
ANOVA on the mean error distance between the endpoint attivation during ODR performance occurred during the sac-
memory-guided saccades and their respective visual cues (vaflle period also were impacted by cooling either area (17
cue direction and cortical temperature as factors), error dgarietal 7ip neurons, 25 prefrontal 8a neurons, Fig @ndF).
tance increased during cryogenic depression of prefrontal c®hus prefrontal cooling could reduce the presaccadic activation
tex—both the main effect of temperatufé(,, =149.47, df=  of neurons in area 7ip (Fig. 3 andB; Fie,, = 34.54, df= 1,
1, P < 0.001) and the interaction between temperature aRd<< 0.001), and cooling parietal cortex could augment the
direction Fmp+ir = 15.01, df= 10, P < 0.001) were signif presaccadic activation of neurons in prefrontal area 8a (Fig. 8,
icant in this analysis. This behavioral deficit was confine@ andD; Fm, = 34.89, df= 1, P < 0.001). In general, both

- 7] Parietal

Prefrontal

Number of Neurons

C D S

as well as the dorsal prelunate gyrus (including area DP)

parts of striate cortex imonkey JK(Fig. 2C). Parts of area 7a
were cooled in both animals. In prefrontal cortex, coolin
included not only area 8a in the anterior bank of the arcu
sulcus but also portions of area 46 in the posterior princip.

sulcus, posterior portions of the dorsolateral and inferior Pres
frontal convexities, and area 6 (Fig. B,andC).
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enhanced and suppressed levels of activation were observethdices of suppressed neurons (cortical area by trial period),
all task periods after the transient inactivation of either corticakither the main effects of area or trial period nor the interaction
area (Fig. 9A-H). between them were significarf {.,= 0.10, df= 1, P = 0.75;
MAGNITUDE AND FREQUENCY OF EFFECTS. In the case of Fperog= 0.37, df=4,P = 0.83;F,carperioa= 0.19, df= 4,P =
significant suppressive cooling effects, the mean coolifg94). Similarly, in the case of enhancing effects, neither the main
index was quite constant both across trial period and corticffects of areaK,.,= 0.89, df= 1, P = 0.35) or trial period
area (Fig. 18). In this population of neurons, firing rates(Fperlod 1.47,df=4,P = 0.22) were significant, although the
were reduced by-40% of their level of activation seen atinteraction term wasH,eacperioa = 2-72, df= 4,P = 0.03). Both
normal brain temperature. It was not the case that cooliegrly- and late-saccade period activities were more strongly aug-
one area produced stronger suppressive effects than coolimented in parietal units under prefrontal cooling than the converse
the other or that stronger suppressive effects were seen(fig. 1(B).

some trial periods. In a two-way ANOVA of the cooling Most often, cooling impacted firing rates in a given trial
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epoch equally across trials of different cue and saccade diretactivity of a neuron or changes in the quality of the isolation
tion. This is indicated by the fact that the interaction betweesf its activity. Comparable fractions of the neurons activated
temperature and direction in the ANOVA applied to neuronaluring the cue, delay, or saccade periods of the ODR task had
firing rates {ieTHoDS) was significant in a minority of neuronstheir activity augmented or suppressed irrespective of which
(19% of parietal neurons, 21% of prefrontal neurons, Table Xortical area was cooled (Fig. 9-H). Thus transient inacti-

On the other hand, a S|gn|f|Cant interaction was found betweﬁaion of parieta' and prefrontal cortex produced |arge|y sym-

cortical temperature and trial epoch in a larger proportion gdetrical effects on the patterns of neuronal activity distributed
the sample, in 62% of parietal neurons, and 42% of prefron{gdnyeen them.

neurons (Table 1). This finding indicates that firing rates in

different task epochs changed by different amounts. CooliR§VERSIBILITY OF EFFECTS. The activity of 52 neurons was
effects such as these, as well as others that were obseriegprded after the brain had been returned to normal temper-
across multiple cooling cycles (Fig. 11), would be difficult t@ture. A repeated-measures ANOVA similar to the original
ascribe to spurious sources such as changes in the overall levgllysis {ieTHops) was performed on these neurons to deter-
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C

FIG. 8. Saccade period activity recorded
from neurons in parietal area 7ip &ndB) and
prefrontal area 83 andD). Trials in each of
the 8 different cue directions are displayed

7 7 together in each raster and spike density func-
i . le\ j\/\w tion. Other conventions as in Fig. A.andC:
b W\“T'.“T—“‘T” e~ neuronal activity recorded in area 7ify)(and
o TrorT T r T SO area 8aC) when the alternate cortical area was
B u50293.000 u51061.000 at normal temperature. In both cases, bursts in
activity that are evident after the end of the
delay period precede the initiation of the mem-
ory-guided saccadd and D: activity of the
same 2 neurons after the remote cortical area
had been cooled. In the case of the parietal
: neuron, the saccade related burst is markedly
s/s reduced B). In the case of the prefrontal neu-
40 ron, saccade period activity is augmentB. (
30 +
oo N/\—’\PJ\"\
107 —— MM.MAJ\/\MNNM 104
0 MTr\'\/\IA//I\\‘W T T T T T T T T T 0 T T T J\\ T T T T T T T T T
u50293.001 500 ms / div u51061.001 500 ms / div

mine whether changes seen under cooling reversed on warndirgctions tested. Significant Gaussian fits were obtained to the
the brain. Nine of the 33 neurons (27%) whose activity wasctivity of 19 parietal neurons and 32 prefrontal neurons in at
augmented by cooling, and 9 of the 19 neurons (47%) wholgast one ODR task period in both warm and cold conditions.
activity was suppressed by cooling, exhibited significa@omparison of tuning curves fit with the activity of these 51
changes in activity in the opposite direction when the brain wasurons within a given trial period across temperature indi-
returned to normal temperature. Thus significant recovery Wagted whether cooling affected the breadth of tuning (Td pa-
more common among those neurons suppressed by coolingdfheter of the Gaussian equation) or the best direction (D
other neurons, changes in activity seen on cooling did norameter) of that activity. The best directions of fits to cue,
immediately reverse on warming the brain within the period Qfg|ay and saccade period activities shifted0® in the large
time over wh|c.h.that activity was sampled. In some neuroﬂ?ajority of neurons (Fig. 1& neurons contributed multiple
changes in activity were consistently observed across mU'“%ﬁift values to this distribution if they were activated L

cooling cycles. For example, cooling prefrontal cortex had . .
reversible and repeatable impact on the activity of the neur nDR task epoch). However, larger shifts occasionally were

located in parietal area 7ip (Fig. 1A-D, same neuron as in seen. For example, after cpollng _prefrontal cortex, the _best
Fig. 6). Before cooling, the firing rate of this neuron Wagjlrecnon qf the saccade peno_d activity of an are? 7ip parietal
elevated during the delay period (Fig.A)1 During the first neuron s_hlfted countgrcIOCKW|_s¢ (leftward) by 28° due largely
cooling of prefrontal cortex, the delay period activation wa® CPPOsite changes in mean firing rate observed at off-peak 45
reduced (Fig. 1B) and then after the brain was warmed bacRnd 135° directions (Fig. 19. In a neuron in prefrontal area
to normal temperature, rebounded to a level greater than tRas & 26° clockwise (rightward) shift in the preferred direction
originally seen before cooling was initiated (compare Fig. 19f saccade period activity was seen (FigC).3Comparing the
C andA). Delay period firing rates were again suppressedsée of the shifts in best direction across parietal and prefrontal
second time when prefrontal cortex was again cooled (Figeoling in a two-way ANOVA with cortical area and task
11D). The neuron in prefrontal area 8a exhibited a toniepoch as factors, the main effect of cortical area was significant
excitation during the delay period (Fig. B)lthat was attenu- (Faea= 5.08, df= 1, P = 0.027), indicating that larger shifts
ated when parietal cortex was cooled (FigF)Llregained its in best directions were associated with cooling parietal than
original strength when parietal cortex was warmed (Figs)11 prefrontal cortex (Fig. 1&). The size of the shift in best
and was attenuated again when parietal cortex was cooledirgction did not vary with task period{,,c,= 1.89, df= 2,
second time (Fig. 14). P = 0.157). Cooling also could affect the width of tuning (Td
parameter; Fig. 1B), and a minority of neurons exhibited
considerable shifts. The best direction of the saccade period
Cooling effects on spatial tuning activity of the illustrated area 8a neuron remained constant as
the width of tuning changed markedly (Fig. B)3 Cooling
The technique employed to quantify the spatial tuning @farietal and prefrontal cortex did not differentially impact this
neuronal activity fieTHops) provided for each neuron the pa-measure K,., = 0.64, df = 1, P = 0.424), which was
rameters of the Gaussian curve representing the best fit to teenparable across task epodff,.n = 0.32, df = 1, P =
mean firing rates observed in each of the eight cue/sacc&dé24).
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Cooling Effects on Neuronal Firing Rate cue onset; however, neither the mean onset time of cue (pari-
etal: paired = —1.43, df= 18,P = 0.169; prefrontal: paired
7ip Neurons 8a Neurons t = —0.55, df= 24, P = 0.585) or saccade period activation
(Prefrontal Cooling) (Parietal Cooling) (parietal: paired = 0.91, df= 14,P = 0.38; prefrontal: paired
A Cue Period B Cue Period t = 0.38, df = 36, P = 0.943) differed significantly as a

s 219 function of cortical temperature in either cortical area.

o 11 (38%)
10 (53%) 13 (45%) DISCUSSION

5 (26%)

Neuronal activity in both prefrontal and parietal cortex in-
creases during the primary ODR trial epochs that separate
sensory stimulation, working memory operation, and response
C Delay Period D Delay Period execution in time. The population of neurons activated in both
cortical areas can be divided into several distinct groups on the
basis of which combination of these task epochs include ele-
vated activity (Fig. 5), and the large majority of neuronal types
so defined were found to exist simultaneously in both parietal
and prefrontal cortex (Chafee and Goldman-Rakic 1998). Thus
several subpopulations of neurons in parietal and prefrontal

5 (17%)

5 (23%)

6 (40%)

13 (59%) 4 (18%)

E Saccade Period F Saccade Period
Magnitude of Cooling Effects

7 (29%) \ 10 @2%) 16 (39%) \ 16 (39%) on Firing Rate
/ A ] Suppressed Activity
7 (29% ]
(29%) 9 (22%) y
. . o 08
G Intertrial Period H Intertrial Period 'g 1
s TO= —
2 06 —'&\@- B Lo
10 (32%) \ 17 (33%) £ 1 O]
16 (52%) 30 (58%) (OJ 0.4
c
5 (16%) 5(10% 3
(10%) 2 o2 Parietal Units
O Prefrontal Units —
Augmented 0 f f
. C D ES LS ITl
Suppressed
B Augmented Activity
l:l Unchanged 2
Fic. 9. Frequency of significant cooling effects obtained in a repeated- J
measures ANOVA (methods) of neuronal firing rates. Numbers and propor- 1.8 ) i
tions of neurons for which cooling suppressed, augmented, or did not change ~ <
the activity level within a given task period are shown. Area of the circle in 16 4
each case is proportional to the number of neurons represented. Cooling effects o 7 N
on neuronal activity during cué\(@ndB), delay C andD), saccadeHE andF), 1 o p i /&
and intertrial G andH) periods of the ODR task are indicated separately on the 1.4 £ A
left for parietal area 7ip neurons during prefrontal inactivatiang, E,andG) N ! \Q;-—O——'O
and on the right for prefrontal area 8a neurons during parietal inactivaion ( I H
D, F, andH). 1.2 1
Cooling effects on neuronal latency 14
C D ES LS ITI
Cooling neither prefrontal nor parietal cortex had an appre- Trial Period

ciable impact on d9|aying the aCti\_/ation of neurons during therc, 10.  Magnitude of cooling effects observed in parietal and prefrontal
cue and saccade periods. Recruitment curves illustrating te@rons. For each neuron, a cooling index was calculated as the ratio between
percentage of the populations of neurons activated during d¢bemean firing rate observed in a given task epoch on trials collected at cold

and saccade periods as a function of time relative to cue o warm temperaturéd: mean cooling index associated with suppressive
cooling effects in all neurons in parietal (dark gray squares) and prefrontal

(Fig. 14, A and B) or saccade initiation (Fig. 142 and D) (jignt gray circles) populations activated during each ODR task epoch are
largely overlap, indicating that on average the activation ehown.C, D, ES, LS, and ITI designate the cue, delay, early-saccade, late-
these populations followed a similar time course whether thaccade, and intertrial periods, respectively. Suppressive effects were of com-
brain was cold or at normal temperature. In both parietal (Fi arable size across all task epochs, irrespective of whether parietal or prefron-

. - | cortex was cooledB: mean cooling index associated with augmenting
14A) and prefrontal (Fig. 18) cortex, there is a tendency forcooling effects in parietal (dark squares) and prefrontal (light circles) neurons.

neur_ona| activation late in the cue perioq to be delayed durigivity during the saccade period was augmented in parietal neurons during
cooling, such that recruitment curves divergd00 ms after prefrontal cooling more than the converse.
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unit operates. Our results included the following observatidps:

recording cortical

cortical cooling neurons the activation of which occurred during periods of

cooling unit

sensory input, working memory operation, or saccade execu-

recordin
P \ : tion were equally vulnerable to the effects of cooli2y.The
‘e . effects of cooling parietal versus prefrontal cortex were largely
equivalent (with a few exceptions discussed in the following
text). 3) The average change in neuronal activity associated
Delay Delay with cooling was on the order of 40% of the firing rate
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Fic. 11. Repeatability of cooling effects. Activity each of the 2 illustrated
neurons was elevated during the delay period on preferred direction trials (only
preferred direction trials are shown). Trials in each raster are segregated into
4 groups, collected during a particular temperature condition. Four groups
correspond a warmA(andE), cold B andF), warm C andG), and cold D
and H) temperature sequence. Pairs of spike density functions (SDF) below
each raster compare activation on the Iep) and 2nd botton) cooling
cycles. In each panel, the SDF at normal temperature is shaded, whereas the
SDF during cooling is open. Other conventions as in Figh-D: delay period
activity of an area 7ip neuron observed after the cue appeared in the 135°
location was repeatedly suppressed through 2 cycles of cooling prefrontal
cortex (the activity of this neuron across all target locations is depicted in Fig.
6). E-H: similar observations in a prefrontal area 8a neuron.

cortex appear to be physiologically synchronized in the sense
that the levels of their activity rise and fall together throughout

the ODR trial. The present experiments were intended in part
to address the mechanisms through which this parallel activa-
tion might come about, specifically whether reciprocal neuro-

transmission between these cortical areas may be involved.
The known projection between parietal neurons in area 7ip and
prefrontal neurons in area 8a (Andersen et al. 1990a; Cavada

A

Number of Units

Number of Units

15

15

observed in each trial epoch at normal temperature and tended
to be equally strong across all cue/saccade directions tested.
i smtigmdmen)  And 4) both the suppression and enhancement of activation
- wemt - were observed. How these findings might bear on the nature of
the interaction between prefrontal and posterior parietal neu-
rons during the ODR task will be considered in turn. It should
be noted that using the current technique it is not possible to
conclude whether cooling effects were mediated by direct
monosynaptic projections between parietal and prefrontal neu-
my i TONS Or via multisynaptic pathways involving other cortical or
i subcortical areas.

Neuronal activity in all ODR task epochs was affected

The similarity that parietal and prefrontal neuronal activities
achieve during ODR performance might arise through any one
of several different mechanisms. One possibility is that this
similarity is the consequence of a redundancy of oculomotor

Spatial Tuning
Best Direction Shift

[ 1
M Parietal ||

Prefrontal ||

0° 10° 20° 30°

Width Shift

L

-40° -30°-20° -10° 0° 10° 20° 30° 40°

and G_Oldman‘RakiC 1989, Schall et al. 1995; Stanton et algg, 12, Effects of cold on spatial tuning. Gaussian curves fit to the mean
1995) implies that activity is exchanged between these neufiéing rate observed across cue direction in a given task epoch provided a
nal populations during ODR performance but not whether thiggasure of the width (Td parameter) and best direction (D parameter) of

exchange is symmetrical or asymmetrical M
equally includes neuronal activation during the cue, delay, aglggg,

nor whether q;eatial tuning. For each neuron, separate Gaussian functions were fit to data
trials collected at normal brain temperature and during cooling, and the
lute difference between the best directions of these functions (D param-

saccade epochs of the task. As some of these signals (Sp&géts) was determined along with the absolute difference between their widths
ically neuronal activity sustained throughout the delay perio¢ljd parameters). Data obtained from 17 parietal and 32 prefrontal neurons are
appear to effect the retention of a spatial datum defined by ti¢strated. A: distribution of the changes seen in best directions of parietal

location of a visual stimulus in working memory, the questio@r

eurons §) and prefrontal neuronsif associated with cooling. Best directions
the large majority of neurons changed.0°. B: distribution of the changes

is of interest as to how prefrontal cortex may engage, and déen in the width of tuning of parietal neurom 4nd prefrontal neurons

turn be engaged by, other cortical areas as working memaitying cooling.
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>

memory operation, and saccade execution in both parietal and
502792 prefrontal cortex all participate in cortical output. The hetero-
geneity of output signals suggested by these data are consistent
with the results of Parand Wurtz (1997), who have combined
antidromic activation and unit recording to demonstrate that
two physiologically distinct classes of 7ip neuron, one active
5 e A during the cue period, and another the activity of which ex-
A e ® tended into the delay and saccade periods of a memory-guided
225°270° 315° 0° 45° 90° 135° 180° saccade task, both give rise to axons projecting to the superior
colliculus.
B The present results are in agreement with the data presented
20 s51061a by Quintana and colleagues (1989) in their study of the effects
of parietal cooling on prefrontal unit activity during delayed
match to sample and conditional position discrimination tasks,
both of which employed the color of a cue stimulus to direct a
delayed arm movement. These authors found that cooling
parietal cortex significantly altered the level of activity of some
prefrontal neurons in each of the cue, delay, choice, and
response epochs comprising these tasks. Further, cooling pro-
duced a mixture of increased and decreased levels of activa-
tion. Our results extend these by examining the impact of
C prefrontal inactivation on parietal unit activity and the use of a
s51205a C task employing a visuospatial cue and an oculomotor response
to investigate this system. In their study of interactions be-
e tween prefrontal and inferotemporal cortex, Fuster and col-
leagues (1985) observed that in either cortical area, remote
cortical inactivation had a significant impact on the neuronal
Awarm activity observed during cue, delay, and choice epochs of the
o cold
same delayed color match to sample task. The agreement
205° 270° 315° 0° 45° 90° 135° 180° between these data suggests a general pattern of intracortical
communication existing between prefrontal cortex and areas

_ ) ) o providing its input during a variety of working memory-de-
FIG. 13. Examples of changes in the spatial tuning of individual neuro

ns. ;
Gaussian tuning functions fit to mean firing rates observed while the brain V\élgndent behaviors.
at normal temperature.] and during cortical coolingdcirc]). A: saccade period

activity of a neuron in parietal area 7ip. Cooling is associated with a clockwige, rietal and prefrontal cooIing were equivalent
(leftward) shift in the best directiorB: saccade period activity of a neuron in

prefrontal area 8a. In this instance, the best direction remained constant whil ; | cooling were largelvy equivalent in
the width of tuning changed (broadened). saccade period activity of a Parietal and prefronta 9 gely €q

neuron in prefrontal area 8a. A counterclockwise (rightward) shift in the bed#€1l impact on neuronal activity. Cooling had a significant
direction of the neuron occurred during cooling of parietal cortex. impact on cue, delay, and saccade class neurons with compa-

rable frequency irrespective of which cortical area was cooled
function between parietal and prefrontal cortex, which genergteg. 9). Furthermore suppressive effects were of comparable
similar patterns of neuronal activity in physiological isolatiomagnitude (Fig. 18), although saccade responses were en-
without requiring or involving the exchange of neuronal sighanced to a larger degree after prefrontal cooling (Fid3)10
nals between them. As this would predict that cooling ortean the converse. Thus it did not appear to be the case that the
cortical area ought to have negligible effect on the other, tlisgmmetrical patterning of neuronal activity patterns previously
present data indicate that a physiological interaction betwegescribed (Chafee and Goldman-Rakic 1998) was achieved
parietal and prefrontal neurons takes place during ODR péhrough an asymmetrical exchange of signals between parietal
formance and that this interaction contributes to the modulatiand prefrontal neurons. For example, it is possible that activa-
of activity that neurons in both areas exhibit. In this mannetipn elicited by the visual stimulus during the cue period
the physiological operations performed by the two corticalriginates in parietal cortex and then is transmitted to prefron-
areas appear to be linked. It was observed further that tia cortex in a strictly feedforward direction. Along similar
reduction of output that could be assumed to accompany colites, prefrontal neurons might employ this input to generate
ing of one of the two cortical areas produced equal effects @rtally a neural signal that is sustained throughout the delay
neuronal activation during cue, delay, and saccade epogesiod that once initiated drives parietal neurons in a strictly
concurrently recorded in the remaining cortical area (Figs.f@edback manner. This exchange of different neural signals in
and 10). This was evidence that the cortical output suppresseddforward and feedback components of the reciprocal pro-
by cooling was normally active during each of these ODR tagéction between parietal and prefrontal neurons would have the
epochs to contribute to the modulation of neuronal activitgffect of mixing activity patterns between the two populations
taking place in the other cortical area during those same tinteat were initially unique to one or the other. However, the
in the ODR trial. Thus the present data favor the hypothegisesent data do not support the possibility that activation dur-
that neural signals associated with sensory input, workimgg any individual period of the ODR task is transmitted in

N
o

—
o

Firing Rate (s/s)

154

104

225° 270° 315° 0° 45° 90° 135° 180°

20

10

Saccade Direction
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only one direction between parietal and prefrontal neurorieys, prefrontal feedback can drive pattern-selective visual
Instead, they argue that all neuronal signals in this system adivity in inferotemporal neurons that have been otherwise
concurrently feedforward and feedback signals and consteprived of feedforward visual input from ipsilateral extrastri-
quently that the input prefrontal cortex provides to parietglte cortex (Tomita et al. 1999). Such a dynamic opens a
neurons conveys the same signals as the input from pariga@sibility that dysfunction of prefrontal cortex also might
cortex to prefrontal neurons. This is supported by the symnigpact sensory processing in disease states, contributing to
try of the effects of cooling parietal and prefrontal cortex oRathology observed in schizophrenia, for example, that is as-
their shared activity. That the suppression of function of préociated with abnormalities in both anatomic and functional
frontal cortex was able to modify the sustained modulation gfaracteristics of prefrontal cortex (Goldman-Rakic and
neuronal activity during a working memory interval in a dista elemon 1997) and also is characterized by sensory hallucina-
cortical area (Figs. 6,®, and 10,A andB) indicates that the 1ons.

role of prefrontal cortex in working memory may be partly

carried out through its output projections to other cortic@oth enhancement and suppression were observed

areas. It is of further interest that prefrontal cooling was effec-

tive in altering the response of posterior parietal neurons to theln the present experiments, cooling was associated both with
presentation of a visual stimulus in the present experimeetnihancement and suppression of the response magnitude ob-
This argues for a prefrontal modulation of even early sensasgrved before cooling, depending on the neuron under study. A
processing taking place in posterior sensory association cortsixpilar mixture of enhanced and suppressed unit responses
where neurons appear to be driven from two sides in effeefter cryoinactivation has been reported in several studies of
from earlier extrastriate areas on the one hand and prefrorgafticocortical interaction between striate and extrastriate cor-
cortex on the other. Similar feedback influences on neuroriek (Girard et al. 1992; Rodman et al. 1989; Sandell and
activation evoked by a visual stimulus have been described fchiller 1982), between prefrontal and inferotemporal cortex
V1 neurons, the responses of which can be suppressed(Byster et al. 1985), and between prefrontal and posterior
cryoinactivation of V2 (Sandell and Schiller 1982), and alsparietal cortex (Quintana et al. 1989). Corticocortical projec-
for IT neurons, whose differential activation to the color of #ons target both pyramidal neurons and also GABAergic in-
cue stimulus diminishes under conditions of prefrontal inactierneurons within the target area (Somogyi et al. 1998). As
vation (Fuster et al. 1985). Furthermore, in split-brain morsuch, cooling the neurons that give rise to a corticocortical
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projection would be expected to produce a mixture of effecégse commonly less complete (Salin and Bullier 1995). In the
on target pyramidal neurons, a direct suppression of thgiresent experiments, two structures in association cortex were
activity as the level of excitatory input they received wagxamined that share reciprocal projections with 15 cortical
reduced and an indirect augmentation of activity, as excitatgsfuctures (Selemon and Goldman-Rakic 1988). Thus the net-
drive to interneurons was reduced and pyramidal neuronsWi@rk of input projections that could convey activity potentially
their vicinity were released from inhibition. Althoughrelevantto ODR performance into parietal and prefrontal cor-
GABAergic interneurons are less numerous than pyramid§x is broadly distributed. Among the cortical projections
cells by~5 to 1, in the case of basket and chandelier cells, tiqéPne, this network includes inputs from area STP in the upper
output of each targets-300 surrounding pyramidal neurong?@nK Of the superior temporal sulcus (Seltzer and Pandya

: : ; 84,1989) and from other extrastriate cortical areas (Barbas
(Salin and Bullier 1995). Reduced drive to a small number &P ' i . )
interneurons could impact a much larger number of pyrami rIld Mesulam 1981; Cavada and Goldman-Rakic 1989; Huerta

cells. There is also supporting evidence that activation al. 1987) as well as from area 7m located on the medial wall

corticocortical inputs can produce an exclusively inhibito’:étlthe cerebral hemisphere (Cavada and Goldman-Rakic 1989),
e

. . : of which are potential conduits for parallel visual input to
influence in some target neurons. Intracellular recording P P P

motor cortical pyramidal neurons demonstrated that in a mi- gon_tal %n? parleéal lct:_o rtlc;els |n|t|at|ndg th? ;:héaun of evelnts
nority of cases, stimulation of corticocortical inputs from preF-)ro ucing | ﬁ. ayhan uitimately saccade-related neuronal re-
motor and somatosensory cortex produced inhibitory posts;?r?—onses within them.

aptic potentials without a preceding excitatory postsynaptic

potential (Ghosh and Porter 1988). In the present data, perhB&ct interaction between areas 7ip and 8a

the clearest difference between prefrontal and parietal coolingThe experimental technique presently employed did not

I:%Ig;[i?]g t(%_tt_]kée daelé]gr;neeg;aatﬁ)gn?efr?tzct:i%%d\?v;seg?rgr?gcgntr:eti gutg{%rﬂit inactivation to parietal area 7ip and prefrontal area 8a nor
A : s inactivation of these areas (particularly area 7ip) complete.
period when prefrontal cortex was C(.)Oled and parietal neuroquwever, the volumes of coolgc)j cortex %cludedpgubsts?ntial
reco_rded from than the converse .(F'g'BlO . .portions of both areas 7ip and 8a (Figs. 3 and 4). Projections

flt is also possible t.hﬁ.t Coﬁ“ng d|{egtly en_halnced.the anV' etween parietal area 7ip and prefrontal area 8a are strong and
of some neurons within the cooled cortical region and sg .
. . ; ; . elective (Andersen et al. 1985a, 1990a; Barbas 1988; Cavada
increased their output. Cooling depolarizes the resting meﬁwﬁd GoIdEnan-Rakic 1989: Schall et al. 1995). Granting the
brane potential and if cooling is slight (5° below norm ' . :

. - echnological limitations of the cooling method employed, the
temperature), higher firing rates result (Adey 1974). Neurofs ferent%]al interconnection of area398a and 7ip Eug{;est that

. L. [
have been observed to discharge repetitively at Somewﬁﬁ%nges in neuronal activation we observed in each cortical

colde.r temperatures (9. bel_ow normal temperature) befo&?ea were mediated at least in part by changes that cooling
entering a state of electrical silence (Moseley et al. 1972). Th nosed on the direct interaction between the two. Thus the

neurons cooled to intermediate temperatures may have exﬁl oling effects observed in prefrontal area 8a, for example,

ited an increased level of activity, contributing to the augmeﬁ-ere much more likely to be due to partial cooling of area 7ip

:22?(? nOf neuronal activity we observed in the target COrtlc%‘vith which it is directly and reciprocally connected (Cavada

Both the enhancing and depressing effects of cooling Ognd Goldman-Rakic 1989) than to partial cooling of areas

served in the present experiments support the view that co urrounding 7ip (such as area 5) that are indirectly or not at all

X e o . nnected to area 8a. However, cooling of some parietal areas,
cocortical projections within the same hemisphere, perhapsC#?\Ch as areas 7a and DP, were more likely to contribute to the

. . . . . u
addition to influencing the temporal structure of spike traln§5Serveol effects as these areas both contain neurons that are

can and do directly influence the total number of spikes emitt .
by target neurons during a given behavioral epoch, contribﬁodum’[ed during ODR performance (Chafee and Goldman-
e

ing therefore to changes in average firing rate over time, or r kic 1998) and project to prefrontal area 8a (Andersen et al.

X . > Oa). Similarly area 46 in the principal sulcus contains
coding, as this feature of neuronal physiology has been ter rons that are driven during ODR performance (Chafee and

(Shadlen and Newsome 1994). Goldman-Rakic 1998; Funahashi et al. 1989), and the posterior
COOLING COMMONLY MODULATED BUT DID NOT BLOCK principal sulcus projects to area 7ip (Cavada and Goldman-
NEURONAL ACTIVATION. Cooling effects were common in theRakic 1989). The present results can be characterized therefore
present results; firing rates of the majority of the current samps the effect on the neuronal activity specifically within parietal
of task-related neurons were significantly different at coldrea 7ip and prefrontal 8a of cooling groups of neighboring
temperatures. Some of these significant effects were nonethras in each cortical region including but not limited to these
less subtle, and the general pattern of activity across the OB areas.

trial typically persisted through cryoinactivation. The effects of We estimate, on the basis of the depth of the recorded
cooling were on average40% of the activity level in a given neurons, the measured temperature-depth relationship (Fig. 3),
task epoch measured before cooling began (Fig. 10). In taed a study of the direct effects of cooling in the striate cortex
monkey visual system, cryoinactivation of area V1 complete(@irard and Bullier 1989), that cooling suppressed neuronal
silences neurons in areas V2-V4 the receptive fields of whieltivation by=80% in the majority of neurons in parietal area
overlap those represented in the inactivated portion of V7ip and prefrontal area 8a. This represents a substantial if
(Salin and Bullier 1995). However, in cases where projectiomscomplete reduction in output. There is further evidence in a
exist to circumnavigate the blocked projection (such as the catmber of systems that the physiological response to cold at
where LGN projections target V2), the effects of cooling V1his level and beyond is graded and progressive (Gahwiler et al.
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1972; Girard and Bullier 1989; Jasper et al. 1970; Moseley &HDERSEN R. A., AsanumA, C., Essick, G.,AND SIEGEL, R. M. Corticocortical
al 1972) Deeper |nactlvat|on Of parletal area 7|p or prefrontalconnecﬂons of anatomically and phySIOI0g|caIIy defined subdivisions within
area 8a therefore might be expected to produce stronger effectd® inferior parietal lobuleJ. Comp. Neurol296: 65-113, 1990a.

. but th ted t ield bstanti NDERSEN R. A., BRACEWELL, R. M., BARASH, S., QVADT, J. W.,AND FOGASS|
In More neurons but may not be expected [o yield substanuvely Eye position effects on visual, memory, and saccade-related activity in

different results from those presently obtained. The possibilityareas LIP and 7a of macaque.Neurosci.10: 11761196, 1990b.
cannot be excluded at present, however, that an asymmetriBersen R. A., Essick, G. K., AND SEGEL, R. M. Encoding of spatial
the physiological effects of inactivating areas 7ip and 8a mightlocation by posterior parietal neurorcience230: 456458, 1985b.

not emerge if total inactivation of each area was achieve\DERsEN R. A., Essick, G. K., AND SEGEL, R. M. Neurons of area 7 activated

Finally, changes in neuronal activity we observed may havegyz/zboltggl;sual stimuli and oculomotor behavi@xp. Brain Res67: 316—

been Seco”daW to changes "_1 qculomotor_ behavior that COOIK}Q}ERSEN R. A. AND MounTcasTLE, V. B. The influence of the angle of gaze
produced. Arguing against this interpretation of the results wasipon the excitability of the light-sensitive neurons of the posterior parietal
the finding that cooling parietal and prefrontal cortex producedcortex.J. Neurosci3: 532-548, 1983.

largely equivalent effects on neuronal physiology but hatpHE J.AND GEORGOPouLOs A. P. Movement parameters and neural activity

. - in motor cortex and area &ereb. Cortexd: 590—-600, 1994.
differential effects on ODR performance' BARASH, S., BRACEWELL, R. M., Focass,, L., GNADT, J. W.,AND ANDERSEN

The r'eSlj”tS of the present eXperimem agree with Work INR. A, Saccade-related activity in the lateral intraparietal area. I. Temporal
other distributed cortical networks in the visual (Bressler properties; comparison with area 7&. Neurophysiol.66: 1095-1108,
1995,1996; Payne et al. 1996; Salin and Bullier 1995) andl%91a.

motor systems (Alexander and Crutcher 1990a,b; Ashe a‘?@ASH' S., BRACEWELL, R. M., FOGASS} L., GNADT, J. W., AND ANDERSEN
: e . T . A. Saccade-related activity in the lateral intraparietal area. Il. Spatial
Georgopoulos 1994; Caminiti et al. 1996; Crutcher and Alex-,nerties.). Neurophysiol66: 1109-1124, 1991b.

ander 1990; _J(_'Jhnson et al. 1_99_6) to i.ndiCate that patternspakeas, H. Anatomic organization of basoventral and mediodorsal visual
neuronal activity recorded within a single cortical area arerecipient prefrontal regions in the rhesus monk&yComp. Neurol276:
likely to reflect concurrent processing in many others. Taken jn313-342, 1988.

: . . . P RBAS, H. AND MEsuLAM, M. M. Organization of afferent input to subdivi-
conjunction with anatomic data |nd|cat|ng the prevalence f\sions of area 8 in the rhesus monké&yComp. Neurol200: 407—431, 1981.

projections between cortical areas (Felleman and Van Es$ssieg S. L. Large-scale cortical networks and cognitiBrain Res. Brain
1991), the present data support a dynamic view in which theres. Rev20: 288-304, 1995.
patterns of neuronal activity modulation associated with bBREsSLER S. L. Interareal synchronization in the visual cortBehav Brain

havioral events are generated by the concerted action of grog%ﬁiﬁfﬁ“%ii?&h‘ R A Suroem L. H. anb Goooman. S. 3. Head

of Interacting cortlcallareas. This interaction appears to m_Vo"/eposition signals used by parietal neurons to encode locations of visual
the flux across cortical areas of a group of shared signalstimuli. Nature375: 232-375, 1995.

exchanged between neurons with similar patterns of actividguce C. J.aND GoLbBERG, M. E. Primate frontal eye fields. 1. Single neurons
modulation. The present data favor the inclusion of working discharging before saccades.Neurophysiol53: 603-635, 1985.

memory in such a process through which prefrontal cortex a :ETTERS N. AND PanDya, D. Retention of delayed-alternation: effect of

. . . . elective lesions of sulcus principalSciencel65: 1271-1273, 1969.
other cortical areas interact to drive the sustained neuro@@luwm , R.. Ferraina, S., AND JoHNSON, P. B. The sources of visual infor-

discharge associated with the formation and maintenance ahation to the primate frontal lobe: a novel role for the superior parietal
internal representations. lobule. Cereb. Cortex6: 319-328, 1996.
Cavapa, C. AND GoLbMAN-RAkic, P. S. Posterior parietal cortex in rhesus
o ) ) monkey. Il. Evidence for segregated corticocortical networks linking sen-
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