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Dynamic Synchrony of Firing in the Monkey Prefrontal
Cortex during Working-Memory Tasks

Yoshio Sakurai'? and Susumu Takahashi?
"Department of Psychology, Graduate School of Letters, Kyoto University, Kyoto 606-8501, Japan, and 2Core Research for Evolution Science and
Technology, Japan Science and Technology Agency, Kawaguchi 332-0012, Japan

Synchronized firing among neurons in the working brain is inferred to reflect coding by cell assemblies, which dynamically change their
sizes and functional connections to encode various information. It therefore follows that, if synchronized firing reflects cell-assembly
coding, it should show dynamic changes that depend on the tasks and events being processed and on the distance between the neurons.
By using unique spike-sorting and multi-neuronal recording methods, we investigated such dynamics of synchrony in the prefrontal
cortex of monkeys while they were successively performing two tasks in which working memory for either stimulus duration or color was
required. Forty-eight percent of 1405 neuronal pairs showed firing synchrony during the performance of the tasks. Almost half of such
neuronal pairs showed fixed synchrony and constantly fired together in both tasks. However, some neuronal pairs showed task-
dependent synchrony that appeared in only one of the tasks. Moreover, the other neuronal pairs showed event-task-dependent synchrony
that appeared during stimulus or retention periods in the tasks, but the periods showing synchrony varied between the tasks. Fixed
synchrony and task-dependent synchrony were mostly observed among neighboring neurons and showed little variation of spike tim-
ings; the event-task-dependent synchrony, in contrast, was more often detected among distant neurons with larger variation of spike
timings than the other two types of synchrony. These results suggest that some closely neighboring neurons have dynamic and sharp
synchrony to represent certain situations (tasks), whereas some distant neurons show more dynamic and unstable synchronous firing to

represent quickly changing events being processed in working memory.
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Introduction
Synchronized firing among neurons in the working brain was
inferred to reflect “cell assembly” (Hebb, 1949) and has now been
demonstrated in several brain regions (Abeles et al., 1993;
Eichenbaum, 1993; Vaadia etal., 1995; Riehle et al., 1997; Engel et
al., 2001; Harris, 2005). The cell assembly is a local and functional
population of neurons and dynamically changes its size and func-
tional connections to encode various types of information (Saku-
rai, 1999). If synchronized firing truly reflects cell-assembly cod-
ing, it should show dynamic changes that depend on tasks and
events being processed and on the distance among the neurons.
This assumption, however, has not been fully tested yet be-
cause of two technical problems. The first is that it is difficult to
separate extracellular activities from closely neighboring neu-
rons, because their spike waveforms sometimes overlap on a
common electrode when they fire coincidently. Ordinary spike-
sorting techniques cannot separate such overlapping spikes
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(Lewicki, 1994), making it impossible to detect synchrony in a
population of neighboring neurons. The second problem is that
variability of individual neuronal activities are inevitable in the
working brain, and averaging many spikes to reliably show firing
correlations among neurons is hard during short periods of stim-
ulus and internal events.

We recently solved the first problem and introduced a unique
method of spike sorting using a combination of independent
component analysis (ICA) and k-means clustering (Takahashi et
al., 2003a,b). This method solves the spike-overlapping problem
and the “non-stationary waveform problem” (Fee et al., 1996)
and can sort activities of closely neighboring neurons in behaving
animals. We also solved the second problem using chronically
implanted and movable tetrodes with microdrives (Sakurai,
1993, 1994, 19964, 2002; Wilson and McNaughton, 1993). This
enables long-term recording of multiple neurons, which gives us
much spike data to construct reliable averaged correlograms even
for short periods of events in tasks.

In the present study, by using the unique methods of spike
sorting and multi-neuronal recording, we investigated the dy-
namic synchronized firing among closely neighboring and dis-
tant neurons while monkeys were performing two working-
memory tasks. Our previous behavioral study (Sakurai, 2001) has
shown that these two tasks are appropriate to compare processes
of working memory for different, temporal and nontemporal,
information of the stimuli. The recording site was the prefrontal
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cortex (PFC), because PFC has been suggested to be crucial for
higher functions (Miller, 1999, 2000), especially for processes of
temporal information (Fuster, 2001; Onoe et al., 2001), and sev-
eral intriguing studies have reported behavior-dependent syn-
chrony (Abeles et al., 1993; Vaadia et al., 1995; Seidemann et al.,
1996) and working-memory related correlations (Constantinidis
etal., 2001) of PFC neurons. Although our previous electrophys-
iological study (Sakurai et al., 2004) showed that the PFC had
specific single neurons whose discharges reflected encoding or
retention of the temporal information of stimuli in the present
working-memory tasks, those task-related single neurons were
very few and their differential discharges were low. It is necessary,
as Sakurai et al. (2004) suggested, to investigate coding by neu-
ronal assemblies instead of single neurons during the same tasks.

Materials and Methods

Subjects. Two female rhesus monkeys (Macaca mulatta, Primate Re-
search Institute of Kyoto University, Inuyama, Japan) weighing ~5.0 kg
during the experiment were used. The monkeys were able to obtain their
daily requirement of water in the laboratory in the form of supplement
water (sports drink) as a reward during training or recording sessions. As
necessary, they received supplemental water, sweet potatoes, and fruit in
their home cages to keep their weight stable. Water was given ad libitum
at least 1 d/week in the cages. All experiments were performed in accor-
dance with the National Institutes of Health Guidelines for Care and Use
of Laboratory Animals and Kyoto University Primate Research Institute
Guide for Care and Use of Laboratory Primates.

Apparatus. In a dim, sound-attenuated and electrically shielded room
(Dana, Tokyo, Japan), the monkey sat in a primate chair (Nakazawa,
Tokyo, Japan) facing a 17-inch color display monitor. A response lever
was set just in front of the monkey’s arms in the chair. A multichannel
amplifier system (Nihon Kohden, Nagoya, Japan) amplified extracellular
neuronal activity. The neuronal data were stored in a multichannel data-
recording system (TEAC, Nagoya, Japan) for analysis. An infrared high
sampling-rate (4 ms) eye-camera system (RMS, Hirosaki, Japan) was
used for monitoring and recording the monkey’s eye position and move-
ment. The signals from the eye-camera system were stored in the mul-
tichannel data-recording system with neuronal data.

Behavioral tasks. Each of the monkeys was trained on two working-
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memory tasks, which have been fully described
in our previous behavioral study (Sakurai,
2001) (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). The
task to assess working memory for stimulus du-
ration, i.e., temporal information, was delayed
matching-to-sample of duration (DMS-D).
The other task to assess working memory
for nontemporal information was delayed
matching-to-sample of color (DMS-C). In both
tasks, the monkey initiated each trial by press-
ing the lever. This turned on a white fixation
spot (2°) on the center of the display. The mon-
key needed to continue fixating the fixation
spot and to depress the lever to complete the
trial. After a variable time interval (0.3-1.5 s)
from the fixation spot on, a sample stimulus (a
square of 10°) appeared for 0.5 or 2.0 s, then the
fixation spot appeared for 3 s (retention inter-
val), and a comparison stimulus (a square of
10°) appeared for 0.5 or 2.0 s. After the end of
the comparison stimulus, the fixation spot ap-
peared for a variable time interval (0.3-1.5 s),
then it shrank to 0.7° for 1.0 s, and returned to
2° for 1.0 s. The monkey had to release the lever
when the fixation spot shrank (go response) to
get a reward on a nonmatch trial and had to
release the lever when the fixation spot returned
to 2° (no-go response) to get a reward on a
match trial. The reward was a drop of 0.3 cc sports drink delivered on
both correct go and correct no-go responses. The sequence of stimuli and
responses were identical between the two tasks, except that the sample
and comparison stimuli were always green in the DMS-D task but red or
blue, randomly selected on each trial, in the DMS-C task. The to-be-
compared attributes of sample and comparison stimuli for match/non-
match judgments were their durations (0.5 and 2.0 s) in the DMS-D task
and their colors (red and blue) in the DMS-C task. That is, in the DMS-D
task, the monkeys encoded the duration of the sample stimuli, retained
them during the retention intervals, and compared them with the dura-
tion of the comparison stimuli. In the DMS-C task, the same monkeys
encoded the color of the sample stimuli, retained them during the reten-
tion intervals, and compared them with the color of the comparison
stimuli in the DMS-C task. The duration of samples and comparisons
were not relevant to correct performance.

Eye-movement monitoring and analysis. Eye positions and movements
were monitored and recorded using an infrared high sampling-rate eye-
camera system while the monkeys performed the tasks. The system gen-
erated analog output signals showing magnitude and directions (hori-
zontal X and vertical Y) of eye movement every 4 ms. The signals were
stored in the data-recording system with neuronal activity data. We
tested correlations of eye movements and neuronal activity by construct-
ing histograms of spike-triggered averaging of X and Y signals of eye
movements.

Electrode construction and implantation. Neuronal recording was per-
formed with tetrodes (Wilson and McNaughton, 1993), each of which
was composed of four tungsten microwires (20 um in diameter; Califor-
nia Fine Wire, Grover Beach, CA) (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material). The four microwires were
mounted in a 33 gauge stainless cannula (Small Parts, Miami, FL) with
~500 wm of tip protruding. The tip was cut at right angles with sharp
surgical scissors. The tip impedance was ~400 KQat 1 kHz. Six cannulas
with tetrodes were attached in a row to construct an array of tetrodes,
with a center-to-center spacing between the cannulas of ~500 um. The
array of tetrodes was mounted on a microdrive assembly (McNaughton
et al., 1989; Sakurai, 1993, 1994, 1996a, 2002) designed to allow fine
movements of the cannulas with tetrodes and stable recording of multi-
neuronal activity for extended periods. After completion of the behav-
ioral training, the monkey was anesthetized with sodium pentobarbital,
and the microdrive with an array of tetrodes was chronically implanted
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Figure2. Adetailed example of the raw signals from a single tetrode at slow (4) and fast (B)

timescales. The tetrode data are the same as in Figure 1. The box of dotted lines (B) is a period
when spikes from two of the single cells included in the tetrode data overlap. C, Overlapped and
separated waveforms for the overlapping spikes.
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ordinate values are accumulated numbers of spikes per bin.
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An example of the raw data of a single neuron separated by the present method from the tetrode data shown in
Figures 1and 2. The neuronal activity was recorded across all trials during the tasks. 4, Scatter plot of the spike cluster. Each black
point in the scatter plot represents a spike. The x- and y-axes represent valley amplitudes of spikes detected by ch. 1 and ch. 4,
respectively, of the four tetrode chs. B, Averaged waveforms recorded from each ch. of the tetrode at the two plots of spikes (a, b).
€, Autocorrelogram of firing of the single neuron. Bin width is 0.5 ms. The horizontal values indicate time in milliseconds, and the
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over the areas of the principal sulcus of the prefrontal cortex of the left or
right hemisphere. After puncturing the exposed dura mater, the tetrode
tips were implanted to a depth of ~500 wm into the cortex. The crani-
otomy was filled with White Petrolatum to a level just above the exit of
the tetrodes from the cannulas. After coating the supports of the micro-
drive and cannulas with a thin film of White Petrolatum, the entire
assembly was embedded in dental cement.

Neuronal recording. At ~10 d after the surgery, the implanted tetrodes
were lowered into the brain using the microdrive. The tetrodes were
lowered in steps of 40 wm, with pauses of ~1 min between the steps to
avoid moving the brain tissue around the tetrodes. The number of steps
needed to detect multi-neuronal activity depended on the location of the
tetrodes, but the maximum number of steps in 1 d was 10 (400 wm) to
minimize the pressure applied to the brain tissue attributable to the
lowering of the tetrodes. The detected activity from the tetrodes was
judged to be multi-neuronal if its peak amplitude was more than two
times greater than the noise (i.e., the signal-to-noise ratio was >2.0).
When multi-neuronal activity was detected, the monkey was returned
to its home cage, and, if it was still present after 2 or more hours, it was
judged to be stable and suitable for recording. Then the multi-
neuronal activity was recorded, as well as stored, in the data-
recording system at a 10 kHz sampling rate throughout 2 h, during
which the monkeys performed ~300 trials of the DMS-D task for 1 h
and then performed ~300 trials of the DMS-C task for 1 h. There was
no rest interval between the two tasks. The trials of the DMS-D and
DMS-C tasks were not interleaved because the interleaved trials low-
ered the monkey’s correct performance and they stopped performing
the tasks in much shorter periods than 2 h.

Spike-sorting and firing rate histograms. The multi-neuronal activity
recorded in the data-recording system was then stored in computer
memory and separated to single neuronal activities by our recently de-
veloped automatic sorting method (described in detail by Takahashi et
al., 2003a,b). All separated single neuronal activities were included in the
analysis. The automatic sorting method combines ICA and the efficiency
of the ordinary spike-sorting technique (k-means clustering). First,
multi-neuronal activities are sorted into an overly large number of clus-
ters by k-means clustering. Second, the sorted clusters are decomposed
by ICA. Third, the decomposed clusters are progressively aggregated into
a minimal set of putative single neurons based
on similarities of basis vectors estimated by
ICA. This method is not a waveform classifica-
tion technique and can rule out the possibility
of spike clustering errors that arise when sepa-
rating spikes from a single neuron, which gen-
erates spike bursts and attenuated waveforms.
Our previous studies (Takahashi et al., 2003a,b)
have already shown that the method solves the
problems of overlapping and nonstationarity of
spike waveforms with no limitation on the
number of single neurons to be separated. As in
those previous studies, all separated clusters of
spikes in the present datasets were identified as
single neuronal activities if their autocorrela-
tion functions indicate clear refractory periods
(1-2 ms) and their waveforms had parameters
(spike height, spike width, positive-peak angle,
negative-peak valley, etc.) that could be plotted
in individual clusters.

Because the shuffle subtraction and Poisson
statistics for the following cross-correlation
analysis of neuronal pairs could be problematic
if the spike rates are not stationary across re-
peated trials (Brody, 1998), we examined the
stationarity of spike rates for all separated single
neurons by calculating their coefficients of vari-
ation (CVs) (i.e., mean/SD X 100, of firing rates
across all trials for the DMS-D and DMS-C
tasks). For the short (0.5 s) sample stimuli and
comparison stimuli, the total periods of the
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stimuli were included for the analysis. For the
long (2.0 s) sample stimuli and comparison
stimuli, only the final 0.5 s periods of the stimuli
were included for the analysis to make the
length of all trials in which neuronal spikes were
counted equal. As a consequence, periods of 4 s
for each trial [i.e., sample stimulus (0.5 s) +
retention interval (3.0 s) + comparison stimu-
lus (0.5 s)], were analyzed to calculate CVs. The
stationarity of each neuron was then statisti-
cally tested by calculating the Z-score of the CV
for each neuron.

The single neuronal activity was collected
from all trials on which correct performance
was obtained during ~2 h per recording ses-
sion, from which the firing rate histograms of
individual neurons were constructed. Types of
task-related specific neurons based on the firing
rate histograms have been reported in our pre-
vious study (Sakurai et al., 2004). Histograms of
spike-triggered averaging of X and Y signals of
eye movements confirmed that none of the sin-
gle neurons showed significant (Z score >1.98)
activity correlations to eye movements during
the tasks.

Cross-correlation analysis and correlograms.
Cross-correlation analysis (Perkel et al., 1967)
is one of the most reliable and intelligible meth-
ods to detect activity correlations and show syn-
chrony among the neurons in behaving animals
(Ahissar et al., 1992; Sakurai, 1993, 1996a,
2002). Correlations in the activity between neu-
rons reveal the number of instances in which
the discharge of one neuron is followed by the
discharge in another neuron. This analysis was
performed on each pair of the simultaneously
recorded activities of neurons and gave a set of
correlograms by the same procedure as in our
previous studies (Sakurai, 1993, 1996a, 2002).
Correlograms were separately computed for
each of the periods of sample stimulus (0.5 or
2 s), retention (3 s), and comparison stimulus
(0.5 or 2 s) in the DMS-D and DMS-C tasks and
averaged for all trials on which correct re-
sponses were conducted in each session (300
trials) for the DMS-D and DMS-C tasks. Con-
sequently, six correlograms were computed on
each pair of neurons by averaging 240-270 tri-
als for each task.

To eliminate the effects of stimulus onset and
offset on activity correlations (“stimulus corre-
lation”), shuffled correlograms (Toyama et al.,
1981; Hata et al., 1988) were constructed and
subtracted from the original correlograms. All
results reported here refer to such subtracted
cross-correlograms, that is, “difference correlo-
grams” (Ahissar et al., 1992). To test whether
the revealed synchrony, appearing as peaks in
the center of the difference cross-correlograms,

are statistically significant, a band of 99.5% confidence limits (Abeles,
1982) for the equivalent, independent Poisson processes is shown for
each difference correlogram. The upper and lower confidence limits of
the statistical test are calculated as follows. Under the null hypothesis that
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Figure4. A, Anexample of difference correlograms from a pair of neurons showing the fixed synchrony. The correlograms were
constructed for the three event periods (sample stimulus, retention interval, and comparison stimulus) during the two tasks
(DMS-D and DMS-C). Each correlogram represents the number of spikes per bin that occurred in one neuron (target neuron) before
and after spikes in another neuron (reference neuron). Bin width is 1 ms. The horizontal values indicate time in milliseconds
between —100and + 100, and the ordinate values are accumulated numbers of spikes per bin. Aband of 99.5% confidence limits
(Abeles, 1982) is shown by broken lines. Red correlograms mean that they have significant synchrony, defined as those with more
than one bin above 1.5 times the band between the upper and lower confidence limits in each correlogram. The right top portion
of each correlogram shows the total number of spikes obtained from the reference neuron (R) and target neuron (T) of the pair to
calculate the correlograms. The bottom of the figure shows the data identification. The neurons of this pair were recorded from
one tetrode. B, Difference correlograms at higher temporal resolution to show detailed structures of the peaks. Bin width is 0.1 ms,
and the range of the horizontal values is —10 and + 10 ms. C, An example of scatter plots of spike clusters from the two neurons
of the pair. The x- and y-axes represent peak amplitude of spikes detected by ch. 4 and valley amplitude of spikes detected by ch.
1, respectively, of the four tetrode chs. Green and blue points represent the reference (R) and target (T) neurons, respectively.
Twenty-eight types of scatter plots of spike clusters (peak amplitude X valley amplitude X 4 chs.) were made for each neuron,
and this is one example showing the separated clusters. D, Averaged waveforms of the two neurons recorded from each ch. of the
tetrode across all trials of the tasks. Green and blue waveforms represent the reference (R) and target (T) neurons, respectively.

the neuron fires at a constant average rate and that this firing rate is
independent of the history of the neuron firing and other events, includ-
ing the firing of other neurons expected to be independent Poisson pro-
cesses, the average number of spikes in shuffled cross-correlogram in

each bin (0.1 ms) is expected to be x = A/N. A is the number of whole
spikes in the shuffled cross-correlogram, and N is the number of bins in
the shuffled cross-correlogram. Under these assumptions, the probabil-
ity of finding m spikes in the bin is given by the Poisson formula .

—X,.m

e *x
P(m,x) =

m!
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Spike rasters and averaged histograms of the reference (R) and target (T) neurons of the pair shown in Figure 4. The spike data were collected in the total period of the DMS-D task. The

numbers of collected trials for each raster display and histogram are 110 —130. The ordinate values of the histograms represent spikes per second. A bin is 100 ms. The thick lines below the histograms
represent the periods of the sample stimuli, the retention intervals, and the comparison stimuli, respectively. 4, Periods of the short sample stimulus and the following retention interval. B, Periods
of long sample stimulus and the following retention interval. C, Periods of short comparison stimulus. D, Periods of long comparison stimulus.

Then the lower confidence line is set at one less than the smallest m for

m

> P(i,x) > 0.005,

i=0
and the upper confidence limit is the smallest  for

m

> P(i,x) > 0.995.

i=0

The peak in difference correlogram is defined as significant synchrony
when more than one bin (1 ms) is above 1.5 times the band between the
upper and lower confidence limits.

An additional control of the cross-correlation analysis was done with
the interval statistics and cross-correlograms using interspike interval
shuffling, not the firing rate shuffling, for the samples of neuronal pairs.
This control constructed difference correlograms after interspike interval
shuffling was subtracted. Moreover, an additional control was applied to
the neuron pairs when the cross-correlation analysis revealed significant
zero-lag peaks in the correlograms to exclude the possibility of contam-
ination of spikes from different neurons in the correlograms. The analy-
sis separated spikes contributing to the sharp zero-lag peaks in =1 ms
around the zero from each of the neuronal pairs, then applied the present
spike sorting to the spikes from those temporally separated neurons, and
determined whether the correlated and uncorrelated spikes exhibited any
systematic differences in waveforms.

Histology. We used standard histological procedures to construct maps
of all penetrations in the PFC. The monkeys were killed under deep
sodium pentobarbital anesthesia and perfused with saline and 10% For-
malin. The brains were removed, and serial (coronary) sections of 0.08
mm thickness were prepared. Penetrations of cannulas with tetrodes
were normalized against the arcuate sulcus and principal sulcus. The
locations of tetrode tips and tracks in the brain were identified with the
aid of a stereotaxic atlas (Paxinos et al., 2000).

Results

Behavior

Median probabilities of correct responses of the monkeys during
the recording sessions were 84% (range, 82—87%) in the DMS-D
task and 83% (range, 81-89%) in the DMS-C task. Median reac-
tion times were 0.42 s (range, 0.38—0.55 s) for go response
(elapsed time until releasing the lever after the fixation spot
shrinks) and 0.45 s (range, 0.37-0.58 s) for no-go responses
(lapsed time until releasing the lever after the fixation spot
returns).

Stability of recording

The distribution of the signal-to-noise ratios of the present data-
sets is ~2.0—4.0. Figure 1 is an example of multi-neuronal activ-
ities detected by a tetrode (ch. 1-ch. 4) in the start and end
periods of the DMS-D and the DMS-C tasks. The peak ampli-
tudes and constituents of spikes showed no change across the
periods and the tasks. All multi-neuronal activities analyzed in
the present study showed such constancy and had the same inde-
pendent components representing single neurons in both tasks,
which means that the same neurons were recorded and analyzed
across the two tasks. The unique recording procedure of the
present study ensures such stability of recording (see Materials
and Methods).

Performance of the spike sorting method

As in our previous studies (Takahashi et al., 2003a,b), our spike-
sorting method was able to separate single neurons from the
multi-neuronal activities even when they had overlapping spikes
and attenuating waveforms caused by spike bursts. Figure 2
shows a detailed example of the raw data, which includes plots of
the raw signals from a single tetrode at both slow (Fig. 2A) and
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fast (Fig. 2 B) timescales. The tetrode data
are the same as in Figure 1 and have several
single neurons. The box of dotted lines in
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the spike clusters (Fig. 3A), averaged wave- e ey I e T T e BT
forms recorded from each of the four mi- . o & i
crowires (ch.) of the tetrode (Fig. 3B), and 2 5 = 4 50 R=an 50 Mz gl =4
. comparison Bl V=¥ P Lt w0 L
the autocorrelogram of firing of the neu-  giipijus o e e i
ron (Fig. 3C). The peaks on both sides of 0.5/2.06 w0 l 20 1 0 0
. . . [
zero in the autocorrelogram (Fig. 3C) in- '“‘; " 5 G
dicate that the neuron generates spike 0 5 0 8 10 -0 B 0 5 10 a0 S 0 S W W K 0 @ 10
bursts, and the widely distributed points in SR T i Rl
the cluster (Fig. 3A) indicate that the spike
bursts caused waveform attenuation. Even C
at the two points of spikes most distant
from each other (g, b), which implies large DMS-D DMS-C D
differences in their waveforms, the serial - & R T
patterns of waveforms on the four mi- = s L5 Re g o,V enidch, Joh:d ehlich2.ch,3 e 4
. fth d imil . sample = a0 Z ol & [ 2 wl 1 |
crowires of the tetrode are similar (Fig.  gtimulus 2 100 = A L 13N, | — W'\ Lf
3B), and the correlation coefficient be- 0.5/2.0s XM l 20 t . ‘|| ARIRLEE PN
“ 1m ) = £
tween the waveform patterns of the plots for 0 ! o B ( B
aand b is 0.75. Besides such waveform con- w0 0 oI e R0 % 10301030 1030 10,30 103 1030 10 30 10 30
. - Time (s) Time (ms) Time (ns)
sistency, the clear refractory period in Figure 0 0
.1 . . ’ %0 A= 1153 50 R = 1102
3C indicates that the cluster is from a single  retention TrMm T e
neuron. This example is a strong indication ~ interval a0 E
that the present method can separate single %08 fﬁz o R T
neurons even when they generate spike J 2 e ch. 1 ¢h 2.ch.3 ch.4 ch 1 ch 2h 3ch 4
. 00 5 0 50 100 00 50 0 50 100 E = 4
bursts that cause waveform attenuations. z Mkl z w| |\| i L
= ANRARPRE S oK
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Samples of S}ngle neurons and e ﬁ x é"wi | | ‘ é_,m,; | |
neuronal pairs . . 0.5/2.0s 00 00 R0 B 0D 0% 10301030 10 30 10 3
The number of recording sites of the te- 100 l 1to Time. (ms) Time. (ns)
. 0 . o
trode arrays was 64 in total. Twenty-four e
was in one monkey and 40 was in the other
monkey. On average per recording site, 3.2 Figure6. Raw (4) and shuffled (B) correlograms of the neuronal pair before constructing the difference correlograms in Figure

tetrodes of an array of six tetrodes simul-
taneously recorded multiple neurons, and
each tetrode recorded 3.8 single neurons.
The range of CV of firing rates of the re-
corded single neurons was 28.1-929.9.
Neurons for which spike rates showed a
significant lack of stationarity across the trials compared with the
other neurons were excluded from the final analysis, i.e., when
the Z-score was >1.96 ( p < 0.05) in either one of the tasks. As a
consequence, the number of samples of single neurons used in
the analysis was 514 from the PFC of both hemispheres of the two
monkeys.

Only neuronal pairs from one tetrode or two adjacent tetrodes
~500 wm apart were included in the samples of neuron pairs for
analysis because the neurons from two tetrodes >1000 wm apart
showed few correlations of activity, as a former study (Constan-
tinidis et al., 2001) investigating effects of electrode distance on

4 A. All parameters and symbols are as in Figure 4 A. €, Correlograms constructed with interspike interval shuffling for the neuronal
pair in Figure 4. Red correlograms mean that they have significant synchrony above the upper confidence limits in each correlo-
gram. D, Averaged waveforms of the spikes from the reference (R) and target (T) neurons that contributed to the zero-lag peaks
in ==1msaround the zeroin the correlograms in Figure 4 A. E, Averaged waveforms of the spikes from the reference (R) and target
(T) neurons that did not contribute to the zero-lag peaks in the correlograms in Figure 4A.

cross-correlations has already reported. Like the former study
investigating correlated firing of PFC neurons (Constantinidis et
al,, 2001), neuronal pairs whose combined total numbers of dis-
charges were <1000 in one or more correlograms in a set of the six
correlograms (see Material and Methods) were excluded, because
constructing reliable averaging correlograms requires large enough
numbers of neuronal discharges. Neuronal pairs whose combined
total numbers of discharges in three correlograms for one task
(DMS-D or DMS-C) were twice or more of those for the other task
(DMS-D or DMS-C) were also excluded from the data, because large
differences in the numbers of spikes affect the detection of correla-
tions (Brody, 1998) and might make it inaccurate to compare syn-
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B neurons across all trials of the tasks. Figure
4C, indicates that the neurons of the pair had
attenuated waveforms and are not clearly

DMS-D DMS-C separated by these two-dimensional dis-

plays. The present spike-sorting method,

120 120
400 - 0 . £ e W 12l however, could separate the single neu-
sanple & ;Zz T = 2182 :;3 1= 388 =% | rons despite their attenuation and two-
stimulus 3 1 150 = » » i dimensional sirr}ilarity .(see above, Perfor-
0.5/2. 08 ;; 122 100 SO W 0 F i mance of the spike sorting method).
| T ) e - Figure 5 shows spike rasters of each
00 50 0 50 10 ® ; | s neuron of the pair shown in Figure 4. The
Time (ns) o b data were obtained in one (DMS-D) of the
ﬁ Be g o el Lo ‘i pmeemsbore  tasks. Because the trial periods were not
retention 20 ) Wose s A0S0 = regylar as a result of changes in sample
interval T o B ol s=# length and comparison stimuli, the rasters
3.0s 'ﬁ o %] are grouped into four periods, i.e., short
0 ity I | sample stimulus and the following reten-
e opmeme 0T tion interval [3.5 s (Fig. 5A)], long sample
20 200 stimulus and the following retention inter-
compar i son ji R :i Boge val [5 s (Fig. .SB)], short comparison st.im—
stimulus il = ulus [0.5 s (Fig. 5C)], and long comparison
0.5/2.0s 100 J 100 5 stimulus [2 s (Fig. 5D)], for each task. In
L o] 2 both the reference (R) and target (T) neu-
e T _Um'o T p rons, the rasters show no notable changes
H of spike rates across the trials of the task.
ST0NERcTn. V8. A30RTRU = " The neurons of the other samples of neu-
Peak ch.2  (M¥) ronal pairs also showed no clear changes of
spike rates during the tasks.
D Figure 6, A and B, are the raw and the
shuffled correlograms, respectively, before
DMS-D R DNS-C T constructing the difference correlograms
chl eh2 ch3 chd et ch2 oh3 chd chl ch2 ch3 chd ehl ch2 oh3d chd of the neuronal pair in Figure 4. Because
S | m X L/ % ol | | the patterns of correlations in Figure 6 A
g o\, N/ g o/ e g ° N/ 3 0-{ I,\‘,r are quite similar to those in Figure 4A and
g:;z / i gee B t § 0| ‘ | the shuffled correlograms in Figure 6 B are
L_ L_L! . L L_| . almost flat, stimulus onset and offset ef-
R f:,fo e o 'Tu.f .:,;.n v o e i o e fects on the synchrony in the difference

correlograms are little. The patterns of

Figure7.  An example of neuronal pairs showing the task-dependent synchrony in the DMS-D task. A-D, All parametersand  correlations were similar between the dif-
symbols are asin Figure 4. The neurons of this pair were recorded from one tetrode. Averaged waveforms (D) are shown separately  ference correlograms and the raw correlo-

for the two tasks in this example.

chrony between the two tasks. Consequently, the total number of
neuronal pairs for the final analysis was 1405, in which 787 pairs
(56%) were recorded within one tetrode and 618 pairs (44%) were
recorded between two adjacent tetrodes.

Types of synchrony in correlograms

Forty-eight percent of the total 1405 neuronal pairs showed sig-
nificant synchrony during performance of the tasks. Figure 4 A is
an example of the correlograms obtained from a neuron pair
during the three event periods, i.e., sample stimulus, retention
interval, and comparison stimulus, when the monkey was per-
forming the DMS-D and DMS-C tasks. This pair consisting of the
reference and target neurons showed clear synchrony in all event
periods and in both tasks. This type of synchrony is referred to
“fixed synchrony.”

Figure 4 B shows higher temporal resolution correlograms to
illustrate the detailed structures of the peaks in Figure 4 A. They
indicate that the synchrony between the neurons has narrow
zero-lag peaks and is nearly simultaneous. Figure 4C is a result of
the clustering analysis of spike waveforms from the two neurons
of the pair. Figure 4D shows averaged waveforms of the two

grams for the other samples of neuronal

pairs. Figure 6C shows correlograms con-
structed with interspike interval shuffling (see Materials and
Methods) for the neuronal pair in Figure 4. The type of syn-
chrony in Figure 6C is quite similar to that in Figure 4 A, and the
types of synchrony revealed by the interval statistics were not
different from the results obtained from the firing rate statistics
for the other samples of neuronal pairs. Figure 6, D and E, is the
result of the additional analysis to further exclude the possibility
of contamination of spikes from different neurons (see Materials
and Methods). In both the reference (R) and target (T) neurons,
the waveforms of the spikes that contributed to the sharp zero-lag
peaks in the correlograms (Fig. 6 D) are almost identical with
those that did not contribute to the peaks (Fig. 6 E), suggesting
that there was no contamination of different neurons in any of
the separated neurons. In all samples of neuron pairs that had
peaks in their correlograms, the additional analysis showed that
the correlated and uncorrelated spikes in each correlogram ex-
hibited no systematic differences in waveforms.

The example in Figure 7 shows synchronization in all event
periods in only the DMS-D task. Figure 8 is another example of
neuronal pairs showing such synchrony but in only the DMS-C
task. These types of synchrony are referred to “task-dependent
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synchrony.” The higher temporal resolu-
tion correlograms in Figures 7B and 8B
indicate that the synchrony between these
neurons has narrow zero-lag peaks and the
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make doubly sure that the same neurons 150 ~ i
were recorded in both tasks, waveforms £ 650 i zs . i
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Figure 11 shows an example of neuronal Velley i (W)
pairs between non-adjacent tetrodes that D
were >1000 um apart. No synchrony was
found in such neuronal pairs. The data DMS-D DMS-C
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Figure 12 A summarizes the proportions of
the neuronal pairs that showed fixed
synchrony, task-dependent synchrony,
event-task-dependent synchrony, and no
synchrony among the total neuronal pairs
recorded. Forty-eight percent of the total 1405 neuronal pairs
showed some synchrony, and the remaining 52% showed no
synchrony.

The task-dependent synchrony appears in either the DMS-D
task or the DMS-C task (Figs. 7, 8). Figure 12B shows the
proportions of the neuronal pairs showing the task-dependent
synchrony in the DMS-D task or the DMS-C task. There is no
significant difference between the proportions. The event-task-
dependent synchrony appears in one or two event periods in
either task. Figure 12Cillustrates the proportions of the neuronal
pairs that showed event-task-dependent synchrony in each of the
three event periods, i.e., sample stimulus, retention interval, and
comparison stimulus, in the DMS-D and DMS-C tasks. Because
some of those neuronal pairs showed synchrony in two event
periods, the total percentages in the panels are >100%. In both
DMS-D and DMS-C tasks, there are significant differences
among the event periods (Fig. 12C) (DMS-D, x?=27.83,df =2,
p < 0.001; DMS-C, x> = 36.48, df = 2, p < 0.001), and the
proportions in the retention interval are higher than in the other

Figure 8.  Anexample of neuronal pairs showing the task-dependent synchrony in the DMS-C task. A-D, All parameters and
symbols are as in Figure 4. The neurons of this pair were recorded from one tetrode. Averaged waveforms (D) are shown separately
for the two tasks in this example.

event periods (between sample stimulus and retention interval in
the DMS-D, x* = 18.44, df = 1, p < 0.001; between comparison
stimulus and retention interval in the DMS-D, x* = 21.52,df = 1,
p < 0.001; between sample stimulus and retention interval in the
DMS-C, x* = 18.81, df = 1, p < 0.001; between comparison
stimulus and retention interval in the DMS-C, x> = 30.44, df = 1,
p < 0.001).

Synchrony in a tetrode and between tetrodes

We divided all neuronal pairs showing synchrony into two
groups: one is of neuronal pairs recorded from one tetrode, and
the other is of neuronal pairs from two adjacent tetrodes. Figure
13 summarizes the proportions of neuronal pairs that showed the
fixed, task-dependent, and event-task-dependent synchrony re-
corded from one tetrode (Fig. 13A) and from two tetrodes (Fig.
13B). By comparing Figure 13, A and B, it is apparent that most of
the neuron pairs in all types of synchrony were recorded from one
tetrode. The neuronal pairs in Figures 4, 7, and 8 are examples of
such neuronal pairs. The type of event-task-dependent syn-
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B dence limit), and the latter is defined as a
wide significant peak (=10 ms width at the
level of confidence limit) in the correlo-
grams. We then divided the total neuronal
pairs showing synchrony into two groups,
sharp synchrony or broad synchrony. Fig-
ure 13 also illustrates the proportions of
neuronal pairs with the sharp and broad
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synchrony in the neuronal pairs recorded
iz from one or two tetrodes. In all types of
synchrony, it is clear that most of the neu-
ron pairs showing sharp synchrony were
recorded from one tetrode (Fig. 13A). Fig-
ures 4, 7, and 8 are examples of such neu-
ronal pairs. Conversely, most of the neu-
ronal pairs showing broad synchrony were
recorded from two tetrodes (Fig. 13B).
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plotted in the different scatter plots (C).

chrony, however, has fewer neuronal pairs recorded from one
tetrode (Fig. 13A) (among the types of synchrony, x> = 34.69,
df = 2, p < 0.001; between fixed synchrony and event-task-
dependent synchrony, x?=30.34,df = 1, p < 0.001; between
task-dependent synchrony and event-task-dependent syn-
chrony, x* = 14.75, df = 1, p < 0.001) and more neuronal pairs
recorded from two tetrodes (Fig. 13B) (among the types of syn-
chrony, x* = 39.66, df = 2, p < 0.001; between fixed synchrony
and event-task-dependent synchrony, x? = 33.65, df = 1, p<
0.001; between task-dependent synchrony and event-task-
dependent synchrony, x> = 16.02, df = 1, p < 0.001) than the
other types of synchrony. Figures 9 and 10 are examples of such
neuronal pairs.

Sharp and broad synchrony

The sharpness of the synchrony was various among the neuronal
pairs. However, proportions of the distributions of peak widths at
the level of the confidence limit in all neuronal pairs showing the
synchrony indicated that they could be divided into very narrow
or wider peaks (1-9 ms, 81%; 10—49 ms, 1%; 50-99 ms, 11%;
100-149 ms, 5%; 150200 ms, 2%). Therefore, we classified the
synchrony peaks as either sharp or broad. The former is defined
as a narrow significant peak (<10 ms width at the level of confi-

Valley ch.2 (HV)

Figures 9 and 10 are clear examples of such
neuronal pairs.

Relations to task-related single neurons
In the previous study (Sakurai et al., 2004),
we analyzed the modification of firing
rates of single neurons in the present data-
——— base and reported several types of task-
Valley ch.3 (WV) related specific neurons whose firing rates

4 T reflect encoding or retention of the tempo-
‘ ral information of stimuli in the present

Valley ch.2 (HV)

An example of neuronal pairs showing the event-task-dependent synchrony in one event period. A-D, All param-
eters and symbols are as in Figure 4. The neurons of this pair were recorded from two different tetrodes, and the spike clusters are

tasks. The proportions, however, of the
— task-related single neurons in the total
T
Valley ch.3 (WY number of recorded neurons are very low
(2.0—4.9%) (Sakurai et al., 2004, their Ta-
ble 1). Therefore, in the present study an-
alyzing firing correlations among the sin-
gle neurons, almost all of the neuronal
pairs comprised task-unrelated single neu-
rons, and we found no significant relation-
ship between the types of task-related sin-
gle neurons and the types of synchrony.

Recorded sites

Figure 14 illustrates the anatomical locations of tracks of the can-
nula rows of the tetrodes (Fig. 14 A) and an example of the stained
histological section, which shows one of the tracks (Fig. 14 B).
The cannula rows were inserted in both hemispheres, but the
tracks are combined and drawn on the left hemisphere. The te-
trodes were moved a total of 5-8 mm from the cortex surfaces
and were left in the cortices for 40-54 d for the entire period of
the experiment. These procedures made small tracks of the te-
trodes in the brain tissues (Fig. 14B) but did not cause large
damage or lead to infection.

Each of the neuronal pairs showing the three types of syn-
chrony was distributed over a wide area in the recorded region of
the principal sulcus, i.e., areas 9/46D, 46D, and 46V of the atlas
(Paxinos etal., 2000). No neuronal pairs showing specific types of
synchrony were localized to any specific region of the principal
sulcus.

Discussion

Dynamic synchrony and cell assembly

The present study reports that the monkey PFC has functional
populations of neurons with different properties of effective con-
nectivity (Aertsen et al., 1989) revealed by firing correlations.



10150 - J. Neurosci., October 4, 2006 - 26(40):10141-10153

One type of population consists of neu-
rons that usually fire synchronously with
each other. Neuronal pairs showing fixed
synchrony (Fig. 4) are members of such a
population. The other type of population
consists of neurons that also fire synchro-
nously with each other, but the synchrony
dynamically changes depending on the
type of information to be processed, i.e.,
tasks and events. The neuronal pairs show-
ing the task-dependent synchrony (Figs. 7,

sample
stimulus

0.5/2.0s

Spikes / bin
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8) and the event-task-dependent syn-
chrony (Figs. 9, 10) are members of such
populations. These functional populations
comprising neurons with dynamic func-
tional connectivity among them can be
called cell assemblies.

The task-dependent synchrony of the
neuronal pairs was not dominant in either
the DMS-D task or the DMS-C task (Fig.
12B). This indicates that the cell assem-
blies in the PFC are not biased to process
one specific type of information, i.e., tem-
poral (DMS-D) or color (DMS-C) infor-
mation of the stimuli, for working mem-
ory. The event-task-dependent synchrony
appears during the sample stimulus, reten-
tion intervals, or comparison stimulus in
the tasks. This dynamic synchrony could
be detected only by the present method of
long-term recording, which uses much
spike data to construct reliable averaged
correlograms even for the short event pe-
riods (a few seconds) in the tasks. We
found no event-task-dependent syn-
chrony that appeared in any same event
periods in both tasks. It appeared in differ-
ent event periods between the tasks or in
one or two event periods in one of the tasks
(Figs. 9, 10). This means that the event-
task-dependent synchrony depends not on
the physical attributes of the events, i.e.,
stimulus presentation or interstimulus in-
tervals, which are common for both tasks, but on information
attributes of the events, i.e., encoding, retention, and/or compar-
ison of valid information, which are different between the tasks.
Moreover, the synchrony was more often observed during the
retention intervals than during the sample stimulus and the com-
parison stimulus (Fig. 12C). Therefore, the cell assemblies re-
flected by the event-task-dependent synchrony among the neu-
rons are suggested to more often underlie retention of
information in the retention periods. Such synchronous firings
during the retention intervals might represent the reverberating
circuits that, according to the cell-assembly concept, retain infor-
mation in working memory.

Since the pioneering studies of Kubota and Niki (1971) and
Fuster (1973), many studies have revealed that PFC neurons re-
tain some stimulus attributes and identity (Fuster, 1997; Wa-
tanabe, 1998; Sakagami and Tsutsui, 1999; Funahashi, 2001; Iba
and Sawaguchi, 2003) and to-be-conducted-next responses (Ma-
tsumoto et al., 2003). Besides those individual neuronal dis-
charges of the PFC, the firing synchrony among the neurons in
the present study also supports the above notion. To further clar-
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An example of neuronal pairs showing the event-task-dependent synchrony in two event periods. A-D, All param-
eters and symbols are as in Figure 4. The neurons of this pair were recorded from two tetrodes, and the spike clusters are plotted
in the different scatter plots (C).

ify the functional significance of the event-task-dependent syn-
chrony, it is desirable to obtain the synchrony separately for the
different attributes of stimuli of each event, i.e., for shortand long
stimuli in the DMS-D task and blue and red stimuli in the DMS-C
task. Computing such separate correlograms, however, resulted
in constructing more separated correlograms for each pair of
neurons for each task, most of which had much fewer spikes and
showed no reliable averaging correlations between the neurons.
More long-term recordings to obtain more spike data to con-
struct reliable averaged correlations, even for the different at-
tributes of stimuli, will be needed.

Although approximately half of the neuronal pairs with firing
synchrony showed the dynamic task-dependent or event-task-
dependent synchrony that reflects coding by cell assemblies, the
remaining half showed fixed synchrony (Figs. 4, 12A). Almost all
of the neuronal pairs showing fixed synchrony were recorded
from one tetrode and had sharp peaks of correlation (Fig. 13A).
These results suggest that some of the closely neighboring neu-
rons recorded from one tetrode may fire together with highly
synchronous timings. These constantly coactive neighboring neu-
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trodes. The spike-sorting method is not a
waveform classification technique. It can
rule out the possibility of spike clustering
errors that arise when the data have wave-

DMS-D DNS-C _ D D6 form attenuation attributable to spike
ig: _— fz - . L R-gm % i=e2  burstsand can make it possible to separate
— £ ol S T= 4% : ¥ n.euronal firings from closely nelghborfng
stimlus 3 % -----=: sof - 3 o s19gle neurons thgt generate overlapping
e ;; £MW ;WWW L spikes (Takahashi et al., 2‘003'a,b'). There-
s o St fore, although the former intriguing study
e e SN e e P (Constantinidis et al., 2001) using an ordi-
o Tine. (ms) - nary method of spike sorting has e}lready
‘ | B R 15 reported the effec.ts of electrc.)de distance
retention w" e wof--------- on cross-correlation interactions among
interval ) & monkey PFC neurons, the present study is
3.0s ;M _52 W the first that reports firing synchrony
B 109 among closely neighboring neurons and
K0 % W 0 W 0 W its comparison with the synchrony among
0 200 distant neurons.
" 150 Sl R L Most of the neuron pairs recorded
g%mgmgon ':.: W e - c from one tetrode showed firing synchrony
sic § IR 0 YA of all types (Fig. 13A). According to the
: =) - =y R simultaneous intracellular and extracellu-
'“‘:m e "’m e v * lar recordings (Henze et al., 2000), the di-
: . ameter of the recording area of one tetrode
wETeE0Y Ju v T 10 30 is ~100 wm. This indicates that the neigh-
s 2 P boring neurons in an area of ~100 uwm
: o7 tend to fire synchronously whether or not
D = the synchrony is dynamic. Almostall of the
R T 5 neighboring neurons recorded from one
¢h ! ch2 ch3 chd ch1 ch2 ch.3 chd E-lw - tetrode had sharp peaks of synchrony
T \ {\ A ||'\ :® | b e (Figs. 4, 7, 8, 13). This indicates that spike
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Figure11.  Anexample of pairs of neuronsrecorded between non-adjacent tetrodes, separated by >1000 um. All parameters chrony (Figs. 9, 10), and the event-task-

and symbols are as in Figure 4.

rons may be parts of cell assemblies together with neurons that have
dynamic functional connectivity and provide functional redun-
dancy and compensation for the cell-assembly coding against death
or destruction of the individual neurons. The present study, how-
ever, compared only two behavioral tasks, and the fixed synchrony
might be unfixed if more behavioral tasks are tested.

Although the neuronal pairs with fixed synchrony always
showed significant peaks, the height of the synchrony, i.e.,
connectivity strength and contribution, varied among the
event periods and/or the tasks (Fig. 4). Such changes of the
strength of synchrony should be taken into account. Precise
comparison of the strength, however, requires that almost equal
numbers of spikes between the periods be compared, because
variations in the number of spikes could affect the height and
shapes of peaks in the correlograms. The present datasets had
some variations in the numbers of spikes among the event peri-
ods and/or the tasks and did not provide any reliable suggestions
concerning the change of the strength of synchrony.

Synchrony and distance among the neurons
The present study used spike sorting with a combination of ICA
and k-means clustering and multi-neuronal recording with te-

dependent synchrony was observed in

more of the distant neuronal pairs than

were the other types of synchrony (Fig.
13). This suggests that some of the cell assemblies reflected by the
event-task-dependent synchrony might comprise more distant
neurons. The long-distance and multisynaptic connections
among the neurons might make it possible to dynamically change
the effective connectivity in a time period on the order of 1 sina
trial period of the tasks. The larger variation of spike timings in
the broad synchrony between distant neurons (Figs. 9, 10) might
contribute to the dynamic changes of the effective connectivity.

Single neurons and synchrony in ensemble coding by

cell assemblies

The type of firing synchrony among neurons during behavioral
tasks often depends on the type of task-related firing modifica-
tion of the individual neurons, because cell assemblies can consist
of task-related single neurons (Sakurai, 1996b, 1999). This pos-
sibility is the “dual-coding” hypothesis proposed in several pre-
vious studies (Kriiger and Becker, 1991; Arieli et al., 1996; Saku-
rai, 1996a,b; de Oliveira et al., 1997; Riehle et al., 1997; Sakurai,
2002). This hypothesis suggests that single neurons encode the
types of incoming stimuli and cell assemblies encode the types of
tasks, situations, contexts, and/or inner cognitive functions, to
process the incoming stimuli. The present study showed the task-
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Figure 12. A, Proportions of the neuronal pairs showing fixed synchrony, task-dependent
synchrony, event-task-dependent synchrony, and no synchrony to the total neuronal pairs
(1405) analyzed. The values in parentheses are numbers of neuronal pairs. B, Proportions of the
neuronal pairs showing task-dependent synchrony in the DMS-D and DMS-C tasks. C, Propor-
tions of the neuronal pairs showing event-task-dependent synchrony in the three event periods
in the DMS-D (left) and DMS-C (right) tasks. An asterisk means significantly different propor-
tions between the event periods.

dependent synchrony among the PFC neurons and supports the
notion that cell assemblies encode the types of tasks. Our previ-
ous study (Sakurai et al., 2004) examined the modification of
firing rates of the individual neurons in the present database and
found several types of task-related neurons thought to encode or
retain the temporal information of stimuli in the present
working-memory tasks. However, the numbers of those task-
related single neurons were very small (see Results), which means
that almost all of the neuronal pairs in the present study com-
prised task-unrelated single neurons. We also found no signifi-
cant relationship between the small numbers of the task-related
single neurons and the types of synchrony. These results suggest
that pairs of task-unrelated single neurons showed all of the types
of firing synchrony in the present study. Dynamic synchrony and
fixed synchrony of firing among task-unrelated neurons possibly
play a principal role in the ensemble coding by cell assemblies,
particularly for working memory in the present study, as Sakurai
et al. (2004) already suggested, and very slight modulation of
firing rates of the individual neurons generally does not contrib-
ute to the ensemble with many neurons.

Many electrophysiological studies, conversely, have consis-
tently revealed high proportions of task-related single neurons in
the monkey PFC that is active in several working-memory tasks
(Fuster, 1997; Watanabe, 1998; Sakagami and Tsutsui, 1999;
Hoshi et al., 2000; Funahashi, 2001; Iba and Sawaguchi, 2003).
Notably, Constantinidis et al. (2001) reported not only many
task-related PFC neurons during working-memory (oculomotor
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Figure13. A, B, Proportions of the neuronal pairs showing fixed synchrony, task-dependent

synchrony, and event-task-dependent synchrony recorded from one tetrode (A) and two te-
trodes (B). White bars, Proportions of the neuronal pairs showing sharp synchrony. Gray bars,
Proportions of the neuronal pairs showing broad synchrony. The values in parentheses are
numbers of neuronal pairs (the denominators are the total neuronal pairs showing each syn-
chrony). An asterisk above the bar means significantly different proportion between the types
of synchrony.
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Figure14. A, Anatomical locations of tracks of the cannula rows of the tetrodes. The cannula
rows were inserted in both hemispheres, but the tracks are combined and drawn on the left
hemisphere (constructed from Paxinos et al., 2000, reprinted with permission). B, An example
of the stained histological section that shows one of the tracks.

delayed response) task but also the dependence of correlated fir-
ing on the functional properties of those single neurons by means
of cross-correlation analysis. As the recording sites, the dorsolat-
eral and principal sulcus areas of the PFC in the present study are
not very different from the sites in the former studies, the specific
task demand, i.e., working memory for temporal and nontempo-
ral events in the two tasks, could be a reason for the different
results. Besides that, the paucity of task-related neurons in the
present tasks might have been caused by the fact that the monkeys
were not fully trained, because the median probabilities of correct
responses were 83—84% (see Results). It is possible that the task
performance was already supported by the ensemble activities of
many task-unrelated neurons, which, after more training, could
later become task-related neurons.
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