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Oram, Mike W., Nicholas G. Hatsopoulos, Barry J. Richmond, sponse measures (Abeles 1991; Rieke et al. 1996; Singer and
and John P. DonoghueExcess synchrony in motor cortical neurongGray 1995). The idea that the nervous system could use the
provides redundant direction information with that from coarse ter‘b’recise times as well as the number of spikes is compelling.

poral measures. Neurophysio6: 1700-1716, 200Previous studies ural spike trains have the potential to carry substantially more
have shown that measures of fine temporal correlation, such as syncmg- P P ry y

nous spikes, across responses of motor cortical neurons carries rmation than that available from spike count if timing (ap-
directional information than that predicted from statistically independeRfoximately millisecond accuracy) between neurons is considered
neurons. It is also known, however, that the coarse temporal measurediéieles 1991; Buracas and Albright 1999; Rieke et al. 1996).
responses, such as spike count, are not independent. We therefore eX@mporal correlation at fine scales could underlie aspects of
ined whether the information carried by coincident firing was related ligher cognitive process such as binding, motor coordination, and
that of coarsely defined spike counts and their correlation. Synchronegn consciousness because they could signal relationships
spikes were counted in the responses from 94 pairs of simultaneougfifong neurons carrying separate codes in their coarse temporal
recorded neurons in primary motor cortex (MI) while monkeys pefagnonse measures (Abeles 1991; Engel et al. 1992; von der
e mevement ke, Dret meesement o 1 meven g 1955 von cer Nelsurg and Sehneder 1996)

Studies of precisely timed spike patterns from cortical areas

precision) carry~10% of the information carried by a code of the two .
spike counts. Inclusion of the numbers of synchronous spikes did not 5§@ted to motor function have shown that the number of

information to that available from the spike counts and their coarBé€cisely timed spike patterns, including synchronous spikes,
temporal correlation. To assess the significance of the numbers of c&igdries information about the occurrence, initiation, and direc-
cident spikes, we extended the stochastic spike count matched (SCialm of limb movement unavailable from chance, under the
model to include correlations between spike counts of the individuassumption of statistical independence of each of the engaged
neural responses and slow temporal dependencies within neuralfeurons (Hatsopoulos et al. 1998b; Riehle et al. 1997; Vaadia
sponses+{30 Hz bandwidth). The extended SCM model underestimateq a|, 1995). Further study showed that the correlation between
the numbers of synchronous spikes. Therefore as with previous studjgs, spike counts of cells assessed over extended intervals
we found that there were more synchronous spikes in the neural data 's of milliseconds) also carries information unavailable

could be accounted for by this stochastic model. However, the S . : : .
model accounts for mosRt = 0.93 + 0.05, mean+ SE) of the m consideration of independent spike counts (Maynard et al.

differences in the observed number of synchronous spikes to diferd99). Given that correlation of coarse temporal response
directions of arm movement, indicating that synchronous spiking f@€asures almost always increases the information carried by
directly related to spike counts and their broad correlation. Further, t&Bike count (Abbott and Dayan 1999; Deneve et al. 1999;
model supports the information theoretic analysis that the synchronddaynard et al. 1999; Oram et al. 1998; Snippe and Koenderink
spikes do not provide directional information beyond that available fro®92), we examined whether the information carried by syn-
the firing rates of the same pool of directionally tuned MI neurons. Thesronous spikes between responses of motor cortical neurons is
results show that detection of precisely timed spike patterns above chagggpletely explained by the information carried by the number
levels does not imply that those spike patterns carry information unavgjf spikes in the neuron pair and their coarse temporal correla-
able from coarser population codes but leaves open the possibility 8 (>20-ms time scale).

excess syrjchrony parries othe_r forms of in_formation or serves other ro ®Ve find that. when the coarse temporal statistics within and
in cortical information processing not studied here. ! . . -
between motor cortical responses are included, both informa-
tion theoretic and modeling methods indicate that synchronous
INTRODUCTION spikes do not carry information unavailable from the spike
count pairs. Despite the observation that they carry no unique
The study of neural responses has concentrated, in genedgkctional information, the synchronous spikes occur at a rate
on how the number of Spikes varies with input stimulus, mOt(Pﬁgher than expected from two independent stochastic pro-
output, or the conjunction of both signals. More recentlysesses, leaving open the possibility that synchrony may have
precise spike timing has been proposed as a mechanism to
represent information not available from coarse temporal "~rhe costs of publication of this article were defrayed in part by the payment
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other roles. The difference between observed and predictgdnto its z-scorer, = (ry — Ty)/oy, wWherer, is the mean and is
numbers of synchronous spikes may be explained by postu[ﬁ? standard deviation of the responses to directioifhe overall

ing a common input or some other form of functional conneé&orrelation is therefore the correlation of the normalized response
variability and does not reflect correlation of the signal, nor is it biased

tivity. oS . s
y toward those directions with greater absolute response variability.
METHODS .
Assessment of synchronous spikes
Task

] ] The spike times were binned (i.e., rounded) to a temporal accuracy
Two monkeys ihacacca fascicularjswere operantly trained to of 1 ms. “Synchrony” was defined at three different temporal resolu-
move a cursor on a computer monitor whose position was controliggns: 1, 3, and 5 ms counted for each trial. That is, spikes in one
by a handle connected to a two-joint mechanical arm. Each monkeron were considered synchronous if they occurred atlQpr +2
was required to move the cursor from a center target to one of eigh§, relative to spikes in the second neuron, respectively. We used the
possible targets positioned radially from the center. Each trial wamber of synchronous spikes to form our measure of a precise
composed of four different epocttg:a 500-ms hold period beginning temporal code for the information theoretic analysis in the different
with the start of trial event during which the monkey had to keep th&ymple windows. Results based on 3- and 5-ms temporal resolutions

cursor over the center targefl) a variable 1-1.5 s instructed delaywere qualitatively similar to those observed at a 1-ms resolution and
period beginning with the appearance of one of the eight radiallyr conciseness are not included.

positioned targets (instruction trigger3) the reaction time period

beginning with the go signal (which was indicated by the blinking of . . .
the radially positioned target), am) a movement period beginning Measuring the information content of neural codes
with the onset of movement defined as the moment at which the cursolg

i o ransmitted information is a statistical measure quantifying, in the
left the center target. Because each radially positioned target cc%e q fying

sent situation, how well different directions of arm movement can
distinguished from each other using the responses of the neurons.
amount of information carried by a neuron’s response depends on

appear with equal probability, this task was fully specified by thr
bits of information (see Hatsopoulos et al. 1998a,b for more deta: B

regarding _this task). One of_two monkeys was also ”a‘”'?d 0N a SECYfl code used to interpret the response (e.g., spike count). If precisely
task that involved generating a two-segment sequent!al movemegfeq spikes play a special role by encoding unique information
Because there were two sequences that were possible under (W9s105'1991: Engel et al. 1992; Lestienne and Strehler 1987; Vaadia
condlt_lons (either preplanned or not),_the _condltlons were specified al. 1995; von der Malsburg and Schneider 1986), then some of the
tW(t))l.b'rt]S éN'bG' Hatsopoulos, L. Paninski, and J. P. Donoghue, Utzormation they carry should be unavailable from considering the
published observations). pair of spike counts alone. We were therefore interested in how much
) information was carried by the number of synchronous spikes and
Recordings second whether the synchronous spikes together with the paired spike
An array of 100 microelectrodes was implanted in the Ml arrﬁoﬂm ﬁig;eg,g}'ge information than that carried by the paired spike
representation, as described in earlier publications (Maynard et anetaiIs of information theory can be found elsewhere (Cover and

19.99)" Of the total larray,dork]:y 22 a_rlldblllfwere cogpectt_al% in the2, , 1as 1991: Golomb et al. 1997: Shannon 1948) In brief, we asked
animals, respectively, and thus available for recording, The micrp- ’ ’ ’ : ’ ;
electrode arrays (Bionic Technologies, Salt Lake City, UT) consist%R w well the responses of single or populations of neurons could, in

of 100, 1.5-mm-long platinized tip, silicon probes arranged in a squ 'qﬁ'apll?ﬁfgi%gfiovxhigggf'irnegé'%‘; of arm movement was performed.
grid (400 um on center). All surgical procedures conducted for this

study were in accordance with Brown University IACUC-approved p(dir)

protocols and the Guide for the Care and Use of Laboratory Animals lom =, {p(r)p(dlr) log, [W]} 1)
(National Institute of Health publication no. 85-23, revised 1985). °oF P

where | . is the information transmitted about the set of arm
Assessment of coarse temporal response measures movement direction®. The outer sum ranges over all the directions,
(>20-ms resolution) D. The inner sum ranges over the set of all observed respdrsesy

the terms of the inner produap(r) is the probability of observing

The number of spikes were counted-i50-, 100-, 200-, 500-, and response independent of the direction of arm movemapfti|r) is the
1,000-ms sample periods centered on each of the four event triggamsbability of directiond being the motor output having observed
(as the monkey'’s behavior is not controlled for before the start of tri\dsponser. p(d) is the a priori probability of directiord, which is
trigger, we only examined data after the start of trial trigger). Theetermined by the frequency with which the monkey moved its arm in
mean and variance of firing rate were calculated and the fano factiirectiond in the experiment.
(variance/mean) evaluated from data in th&,000-ms sample period  While p(d) is determined exactly from the experimepfr) and
using sliding windows of 20, 50, 100, 200, and 500 ms. To evalugbéd|r) must be estimated from the neuronal data. Because of limited
the independence of the responses over time, correlation of spianple sizep(r) and especiallyp(d|r) are subject to misestimation
counts between these sliding windows was also assessed for each(&jaer et al. 1994; Optican et al. 1991). Several methods have been
movement direction for individual cells. Statistical comparison of theéeveloped to correct for limited sample size (e.g., Kjaer et al. 1994;
correlation for each cell in each sliding window against independen¥etor and Purpura 1996; for review see Golomb et al. 1997). We
(r = 0) was performed using the Fisher transform of the correlatiamhose the method of Kjaer et al. (1994) because it does not require us
coefficient (Snedecor and Cochran 1980) from each arm movemamimake assumptions (e.g., Gaussian) to incorporate the distributions
direction to ensure normality of the distributions. of the response measures and their possibly nonlinear covariation.

Coarse temporal correlation between the responses of differenThe method of Kjaer et al. (1994) uses a back-propagation neural
neurons was calculated for each direction of arm movement using tietwork that performs nonlinear regression of the selected neural code
spike counts from the sample periodt$0, 100, 200, 500, and 1,000 on the direction of arm movement. The response measures were used
ms centered on the triggers. The correlation across all directions veasinputs to the neural network, and the directions of arm movement
calculated by transforming each set of responses to each dire;tionvere used as target outputs (Kjaer et al. 1994). After training, the
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outputs represemt(d|r). The network was trained on three-quarters afnovement to be repeated at least 15 times (typica®p—50,

the data and tested on the remaining quarter, preventing over-fittisghge 17-156, mean 58.7; total numbers of spikes: range

that leads to the overestimates of the information (Kjaer et al. 199938—36,482, mean 5,753.9). The data from 28 motor cortical

We used ”:je Spf'ke .iount' the mémberk?f SVPChrO';IOUS Sp'kesfkor H&urons were examined from 2 monkeys (see also Hatsopoulos

conjoint code of spike count and number of synchronous spikes . : )
|gﬁfal. 1998b; Maynard et al. 1999). The cells were simulta

response measures for input to the network of Kjaer et al. (1994). T . p
method provides a good estimatel gf., (Golomb et al. 1997; Heller neously recorded in groups of 4, 6, 8, and 10 cells, giving 94

et al. 1995: Kjaer et al. 1994). Statistical analysis of the informatid?@irs in total (6, 15, 28, and 45 pairs from the respective
measures was performed after transforming to ensure homogeneitj@gording session). For the pairs, the mean number of trials was
variance. 252.6 (range 188-337), and the mean number of spikes was

24,729.5 (range 4,905-69,169).

Assessment of the statistical significance of the numbers of We are primarily interested in the potential for spike trains
synchronous spikes to convey two independent messages: one message in the
_ _ o coarse temporal response properties and one using fine tempo-
We were also interested in estimating the number of synchrono[% response properties. Most previous studies have estimated

spikes expected by chance. Any synchronous spikes above ch . . : .
levels, even if they do not carry information, would indicate that thea}@%enumber of precisely timed spike patterns using models that

was some level of functional connectivity between the neurons. Sngzume a Splke count d'Str'b.Ut'OH b",’lse,d ona P0|ss.0n process.
connectivity between neurons has been examined using the pre@§e@ny deviation from a Poisson distribution of spike count
temporal structure of responses in visually responsive cortical ard¥dl necessarily influence the number of precisely timed spike
(e.g., Gochin et al. 1991). The spike density function captures coafiiterns expected by chance (Oram et al. 1999), we begin with
(<30-Hz bandwidth,>20-ms time scale) temporal structure in thea detailed examination of the coarse temporal response statis-
responses and is known to influence expected numbers of preties of single motor cortical neurons (Figs. 1-6). We then
response structures (Abeles and Gerstein 1988; Aertsen et al. 188mine the occurrence of precisely timed patterns of pairs of
enlnelancilj T#Ckwell(' 1298; Vic;or and I?urpu)raf 1996).hWe”therefo[§wr at a rate higher than expected by chance (Figs. 7-9).
calculated the spike density function (SDF) for each cell to ea . . . PR .
stimulus by convolution of individual responses with a Gaussi(However, an information theoretic analysis indicates that in-

(SD = 5 ms) (Richmond et al. 1987). Formation obtained from synchronous spikes is redundant with

We extended the spike count matched model (Oram et al. 1999)i¢ information from the spike counts (Fig. 10). Examination
examine the number of precisely timed spikes expected from &h the relationship between the coarse and fine temporal re-
underlying stochastic mechanism. Briefly, for each cell in the pair, tis9onse characteristics using a statistical model (Figs. 11-13)
SDF is transformed into a cumulative spike density function (CSDBuggests the most parsimonious explanation of the excess

. ' § . o synchrony is that of fixed, common input related to the firing
for each stimulus at each time poin El SDHi) |. Normalization by rates of both neurons in the pair.
the value at the end of the sample peribe-(T) gives the cumulative
spike probability function CSPE(= CSDKRt)/CSDKT). The spike
times of each artificial trial are found by applying the inverse of t
cumulative probability distribution to random numbers in the interv
(0,1),Rio_13- The time bin (widthdt) in which a spike occurd, g is
such thatg,. satisfies CSPK| = Ry, ,; < CSPFk + 1), the time of

pGoarse temporal response statistics of single motor
gortical neurons

Given the strong relationship between the coarse temporal
the kth bin beingkst — (k + 1)ot. response statistics of sm.gltle neurons and the expected fine
Each pair of spike count distributions and their correlation atemporal structure both within and between neurons (Aertsen
preserved by stepping through the experimental data trial by trial affd Gerstein 1985; Dayhoff and Gerstein 1983a; Lestienne and
forcing each simulated trial to have the same number of spikes as tHéckwell 1998; Oram et al. 1999), it is essential to incorporate
corresponding experimental trial. The extended SCM model therefdhe relevant statistics in any assessment of the possible func-
incorporates the slow variation in firing rate and the distribution dfonal significance of precisely timed spike patterns. While the
spike counts generated by individual neurons as well as the coafig-Poisson nature of the responses can be known from the
temporal correlation of the spike counts and the correlation betweilerspike interval (ISI) histograms, the effect of changes in
me 'SEj)'F .Sd("el'* correlation b‘f.t""e_e{‘hthe S'OYgl"é}[”agon in ‘;'””?hrate. bsponse variability is more influential on the numbers of
deenlsri]t;vflur?gionnesu:)c;ndsif?grzrntlwgﬁror?sptcc))sfilseear?g fglrl]%ggihere) 519' ?ecisely timed spike patterns than is deviation of the ISI from
numbers of synchronous spikes were counted and compared with @t eXpeCted. from a qusson process _(Qram et al. 1999). we
erefore begin by examining the variability of the responses of

experimental data using standard regression and ANOVA methods. .
motor cortical neurons.

RESULTS

. " . The fano factor
For the present study it was critical to have well-isolated

single neurons. To avoid potential distortion of the spike num- Figure 1 shows the fano factor (variance/mean) assessed
bers and times from interference between spikes, we onlging a short (20 ms, Fig. 1op) and long (500 ms, Fig. 1,
accepted data from the activity of the optimal single neuron dotton) sliding window of the data from one cell over the
an electrode. This also means that our analysis always commt,000-ms sample period. The fano factor using the small time
pared pairs of cells recorded at least 4Qfh apart. The window is <1 and becomes larger than one when longer time
analysis required sufficient data for each experimental condiindows are used (compare Fig.tép andbotton). The result

tion to perform the information theoretic analysis (see Golonmdf a fano factor different from 1 demonstrates that the re-
et al. 1997). We therefore required each direction of argponses of this cell are not consistent with a Poisson firing

J Neurophysiol VOL 86 « OCTOBER 2001 WWW.jN.0rg



e/Mean)

S16
g12
2.0.8
e

504
©0.0

V

Fano Fa

Fano Factor (Variance/Mean)
L0 a4 o W s O

2.0. Direction 315
16
1.2
0.8
0.4

[ 1 —
-1000-500 0 500 1000

SYNCHRONY AND COARSE TEMPORAL CORRELATION

Direction 0

2.0
1.6
1.2
0.8
04 2.0
0.0 1.6
-1000-500 0 500 1000 1.2

0.8
0.4
0.0

Average 20 ms Window

8 2.0, Direction 270

-1000-500 0 500 1000

2.0, Direction 225

1.6
1.2
0.8
0.4

0.0
-1000-500 0 500 1000

Direction 315

5
4
3
2
1
065006 500 7000

20
1.6
1.2
0.8
04

0.0/
-10

00-500 0 500 1000

Post-Stimulus Time (ms)

2.0
1.6

0

2.0
16

1.2

L 0.8
Direction 180 04

0.0

Direction 45

RO

-1000-500 0 500 1000

20. Direction 90

1.6
1.2
0.8
0.4

00
-1000-500 0 500 1000

Direction 135

gt

1.2
04

.04
-10

5
4
3
2
1
0

L™

00-500 0 500 1000

Direction 0

-10

00-500 O 500 1000

5

4

3

2

1 M
A

-1000-500 0 500 1000

Direction 45

00-500 0 500 1000

Average 500 ms Window

Direction 270

EAAYa

000-500 0 500 1000

Direction 225

| N

5
4
3
2
1
[ —
-1000-500 0 500 1000

5

4
3
2
1)

Lo

TN

00-500 0 500 1000

Post-Stimulus Time (ms)

5
4
3
2
1
0

5
4
3
. . 2
Direction 180 1
0

RS

-10

00-500 0 500 1000

Direction 90

AVEEN

5
4
3
2
1
S ——
-1000-500 O 500 1000

Direction 135

Ve N

-1000-500 0 500 1000

J Neurophysiol VOL 86 « OCTOBER 2001 WWW.jN.0rg

1703

Fic. 1. Fano factor of 1 cell during the
task to the 8 movement directions. The re-
sponses were aligned to the onset of arm
movement and the fano factor (the ratio of
variance to the mean spike count) was cal-
culated using 20-mg@p) and 500-ms lfot-
tom) sample windows. Themiddle panel
shows the average of the fano factors. Note
that the fano factor for short intervals is
typically below 1, whereas it is-1 for the
longer time windows.
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process. Figure 2 shows the average fano factor for the motetl, but little sign of correlation of spike count after the start
cortical cells assessed using different sample windows startimigarm movement (Fig. 3op). The bottom sectiorof Fig. 3
at each of the four triggers. For the 20- and 50-ms samm@bows the correlation of successive 500-ms windows of the
windows, the variance is less than the mean firing rate takessponses from the same cell, showing positive correlation for
around all triggers® < 0.001 each comparison), indicatingmost of the sample windows. Figure 4 illustrates the mean
that at short sample windows there is less variability betwe&E strength of mean correlation across neurons between suc-
neural responses to single directions of movement than woulekssive time windows centered about each of the four triggers
be expected from a Poisson process. For the 100-ms sanfpteeach of the sample windows (20, 50, 100, 200, and 500 ms).
window, the fano factor is less than one taken from the i®verall, it can be seen that as the window size increases the
struction trigger P < 0.001). The variance is, on averagegorrelation between successive windows increases, changing
numerically larger than the mean when windows longer thdrom r ~ 0 at the shortest window (20 ms) to positive corre-
100 ms are considered for the start of trial, go and start of atation of spike count between 50 ms or longer windows. The
movement triggers and for the 500-ms window for the instrucerrelation is significantly different from O for all triggers at all
tion trigger P < 0.0005 each comparison), indicating that atample windows>20 ms P < 0.005 each comparison) and for
long sample windows there is greater variability between netlre instruction trigger at 20-ms window (< 0.0005). These
ral responses than would be expected from a Poisson processults also demonstrate that the responses of motor cortical
In summary, the fano factor is significantly smaller than 1 witbells cannot be adequately described as Poisson processes.
short sample windows and significantly greater than 1 with
longer windows. Thus the responses of motor cortical NeuroR§ gistribution
are not consistent with random samples from a Poisson process
(see also Baker and Lemon 2000; Lee et al. 1998). Finally, a third potentially independent influence on the
expected number of precisely timed spike pattern is the distri-
bution of the ISIs. In a Poisson process the occurrences of
events (spikes) are statistically independent. This implies an
A second method of assessing whether the neural respoegponential distribution of ISIs for a constant-rate process.
can be characterized as a Poisson process is to examine teuen with variable firing rate, the 1SI distribution would be a
poral correlation within the responses of a single neurosum of exponentials showing a monotonic decline. The
Correlation between time points within single responses ingianelof Fig. 5 shows the ISl distribution for the cell in Fig. 1.
cates a non-Poisson process and is another influence onThe bottom panelof Fig. 5 shows the ISI distributions of a
expected numbers and types of precisely timed spike pattersscond cell recorded simultaneously with the cell in the
While a certain amount of correlation is implied by deviatiopanel The ISI distribution does not have the exponential shape
of the response variability from that expected from a Poissexpected of a Poisson process (Kolmogorov-Smirnov est,
process, other sources of correlation are also possible. NOI@5; exponential estimated by least-squares fit) in either of
that the correlation between time periods of the response mésese examples, nor in any of the 28 recorded neurons. There
sures the deviations about the mean response at those fisneo reason to believe these are cells that are damaged. First,
periods and is not therefore related to the time course (spiké well established that certain cortical neurons exhibit bursts
density function) of the response. Figure t8p, shows the of spikes with short ISIs. These so-called intrinsic bursting
correlation of spike count between successive 20-ms tiroertical neurons bursters are usually pyramidal neurons and
windows of one cell over the-1,000-ms sample period. Therehave somata that lie in layers IV and V, which is likely from
is some evidence of negative correlation before the start of awhere we are recording (Connors and Gutnick 1990). Second,
movement with a short time window for the responses of thiee recorded cells exhibit normal movement-related modula-
tion that begins several hundred milliseconds before movement

Sequential correlation within responses

T20- gt% H of trial onset typical of cells in primary motor cortex.
8 Start of
Movement .
=16/ Instruction Coarse temporal correlation between responses
8 / of neuron pairs
1.2

g Poisson When the spike counts between different neurons were com-
=08 pared in £500-ms sample period around the start of arm
g movement, many cell pairs showed significant correlation (Fig.
~0.4 6). Note that the correlation could be either negative (Fig. 6,
g top) or positive (Fig. 6botton). Thirteen percent (1,061/8,080)
@ 0.0 : : : : : of the pairs of responses over all of the individual movement
L 20 50 100 = 200 500 directions at all sample windows and all triggers showed sig-

Window (ms) nificant (P < 0.05) correlation. Forty-five percent (850/1,880)

FiG. 2. Average fano factor of motor cortical cells. The fano factor (mean Of the cell pairs showed significant correlation between re-
SE) is shown for each of the 5 time windows for the 4 different triggerstart  sponses B < 0.05, after Bonferroni correction for multiple
of trial trigger; o, instruction triggera, go signal;a, start of movement. Overall comparisons) for at least one of the individual movement

ANOVA: Trigger Fig 405 = 12.0,P < 0.00005; WindowF, s = 215.8,P < oo . . .
0.00005; CelliDirection EstimatBiyss s = 12.1,P < 0.00005; Trigger by Girections assessed over all time windows ando all triggers. '?‘
Window Fyy5 1620,= 7.4,P < 0.00005; Trigger by Estimafi,s, 1620,= 4.8,P < significant proportion (average over triggers 37%, Table 1) o

0.00005; Window by EstimatBis,o 1620 = 2.7,P < 0.00005. pairs showed correlation of response variability either of the
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Fic. 3. Temporal correlation between
time periods for the 8 movement directions.
The responses were aligned to the onset of
arm movement, and the correlation of suc-
cessive time windows was calculatetbp
20-ms sample window.Bottom 500-ms
sample window. The horizontal line in each
panel indicates zero correlation (indepen-
dence). Each of the 8uter panelsepresents
the correlation for the responses to 1 arm
movement direction. Thmiddle panels the
average correlation.
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0.6 - unavailable from spike count is limited. If synchronous spikes
b= 0.5 1 Start were to carry direction information unavailable from spike
Q2 - Instruction  count, the cross-correlation at 0 ms delay would be high
g 0.4 - relative to the other delays for some but not all directions of
D arm movement. Indeed, the correlation at the fine temporal
o 031 scale varies with direction of arm movement, suggesting that it
o 0.2 Start of may act as a neural code independent of the spike counts. The
c Movement .

o Go low corr_elat|on values suggest that the code would, however,
= 0.1 1 be relatively weak. _
S 00 LS Poisson The peak in the cross-correlogram at a delay of 0 ms is
= Y clearest when all trials for a pair of cells are considered,
O -0.1 - / regardless of the particular direction of arm movement (Fig. 7,
o 02 i middle panel,calculated from pooling all trials across all

20 5'0 1(')0 260 560 directions of arm movement). Thus the result suggests the
Window (ms) amount of synchrony varies continuously with direction. This

was further examined by ranking the cross-correlation over
FIG. 4. Average correlation between successive time windows for motdelays—55 to +55 ms for each direction and each cell pair.

cortical neural responses. The mean correlation coefficier8E) across The R? of the correlation of the ranks between directions at the
neurons is plotted for each of the time windows and for each of the ev

triggers. The correlation coefficient wastransformed (see Snedecor angfjizmS delay (synchronous spikes) was 0.19, compared V\.”th
Cochran 1980) for statistical analysis. The inverse transform was applied pib02—0.09 (mear= 0.05) for delays between 5 and 55 ms. This
to plotting the values. The correlation between successive time windowtdicates that knowledge of the cross-correlation at 0-ms delay
increases with increasing sample window. Overall ANOVA: Trigggros;=  of one direction of arm movement allows some prediction of
21.0,P < 0.00005; WindowFs,s40) = 283.0,P < 0.00005; Cell/Direction  he cross-correlation at 0-ms delay (but not other delays) to the
EstimateF ;35 16200 = 10.3, P < 0.00005; Trigger by Windowr(;, 1550; = . . . . :
62.1, P < 0.00005; Trigger by ESHMAtE o5 1600 = 4.1, P < 0.00005; other directions of arm movement. This confirms that if a peak
Window by EstimateFs 0 1600;= 1.5, P < 0.00005. at 0-ms delay is present in one direction, then a peak is likely
for other directions, and if a pair does not show a peak in the
combined responses (seerHobs) or for one of the movement cross-correlogram for one direction, peaks will tend not be
directions in sample periods as short:a80 ms. The majority found in other directions. Note that this does not indicate
(~60%, Table 1) of the recorded pairs of cells showed at leaghether the information about direction carried by synchro-
one significant correlation value at longer sample periot®us spikes is independent of spike count. If the distribution of

(=500 and=1,000 ms). synchronous spikes changes across direction in a way that can
be related to the coarse temporal response measures, then the
Number and distribution of synchronous spikes information they carry will be redundant with the information

carried by those coarse temporal response measures.

Figure 7 shows the cross-correlogram of one pair of the The number of synchronous spikes for a pair of neurons
motor cortical neurons. Each point indicates the correlativmaries from ftrial to trial, even when the spike counts are
coefficient for the offset delay between the pair of neuronsomparable across trials. Figure 8 shows the number of syn-
This value is the number of times that spikes were observeddaronous spikes observed for one pair of neural responses. The
occur in the responses of both cells at each delay scalednimdle paneshows the summed distributions. The numbers of
account for the firing rates. We examined the cross-correlynchronous spikes to each direction of arm movement varies
grams for patterns ranging from100- to 100-ms delay. A considerably, and the distributions show appreciable overlap.
single pair showed a clear peak indicative of a monosynapiibis also suggests that when considering pairs of neurons the
connection between the two neurons: all other significant peaksmbers of synchronous spikes will carry relatively little in-
were at or centered near the zero delay bin (synchrony). Tioemation related to direction of arm movement.
existence of sharp synchrony exhibited in Fig. 7 has beenThe relationship between the number of spikes and the
observed before: Hatsopoulos et al. (1998b) estimated thamber of synchronous spikes was investigated because a
36% of all cell pairs that exhibited significant synchronyonlinear relationship implies that the exact rather than as-
showed cross-correlation peaks with widths at half height eimed distribution of spike counts needs to be incorporated
1-3 ms. The majority of cell pairs (64%) showed broader peakdgo models used to estimate the expected numbers of precisely
with widths ranging from 10 to 15 ms at half height. Theimed spikes (Oram et al. 1999). The numbers of synchronous
cross-correlogram illustrates two points. First, the correlationspikes from all cell pairs and all directions of arm movement
low, peaking at 0.02, indicating that at best, knowledge offave been combined and plotted as a function of the pair of
spike at one time point accounts for only 0.0004 of the varspike counts in Fig. @pp. The nonlinearity is illustrated in the
ability in whether a spike is going to occur at a given offset ibottom sectiorof Fig. 9, where the observed number of syn-
the response of the second cell. The correlation gives amronous spikes along the diagonal of thp sections plotted
indication of the potential power of the signal carried bgs a function of the response strength (number of spikes,
synchronous spikes; if a high correlation was observed it wouldsponses of both neurons having the same number of spikes).
imply many synchronous spikes above chance levels and hefibe regression curves show that the nonlinear (quadratic)
the possibility of a strong signal that was unavailable frorfunction fits the data more closely than a simple linear func-
spike count. However, the low observed correlation suggesittn. The nonlinearity was confirmed across all spike count
that the potential information carried by synchronous spik@sirs using regression of a linear plane on the data and com-
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Fic. 5. Distribution of interspike inter-
vals (ISIs) of 2 cells. The ISIs of the re-
sponses aligned to the onset of arm move-
ment were found. The outer ring of panels
are the ISI distributions for each of the 8
movement directions (0, 45, 90, 135, 180,
225, 270, and 315°). Theniddle panel
shows the ISI distribution from the com-
bined data of all 8 directions. Number of
trials: direction 0°= 45, 45°= 44, 90° =
37, 135° = 49, 180° = 48, 225° = 46,
270° = 34, 315°= 34, Combined= 337.
Top ISI distribution of cell T1052897-3
aligned to the start of movement. Number of
spikes: direction 0= 4,190, 45°= 3,881,
90° = 2,891, 135°= 3,865, 180°= 3,892,
225°= 4,102, 270°= 3,456, 315°= 3,445,
Combined= 29,722.Bottom ISI distribu-
tion from a 2nd cell 71052897-2 with data
aligned to the start of movement. Number of
spikes: direction 0°= 799, 45° = 655,
90° = 1,227, 135°= 2,945, 180°= 2,715,
225° = 2,080, 270°= 1,281, 315°= 666,
Combined= 12,368.
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The information from synchronous spikes obtained from
single pairs of cells is much less than that available from
considering the spike count code of that same pair (Figta0,
and Table 3). Synchronous spikes carry an averagez7.9
1.06% of the information carried by spike count (0.029
0.001 bits vs. 0.325- 0.006 bits). However, the information
per synchronous spike pair is larger than the information per
individual spike (overall average 0.011#50.001 vs. 0.0016=
0.0007 bits per event). Adding the number of synchronous
spikes to the spike count code adds no further information to
that already available from knowing the two spike counts
(compared for all pairs in Fig. 1®otton), demonstrating that
no additional information about movement direction is added
by synchronous events?(> 0.05). Note that the lack of
additional information about movement direction provided by
synchronous events holds for all 96 pairs (Fig. b6ttomn),
including those pairs with the greatest absolute numbers of
synchronous spikes and those pairs with the greatest excess of
synchronous spikes above chance levels. This result was found
at all window periods.

To investigate further whether the synchronous spikes car-
ried information unavailable from spike counts and the coarse
correlation, an ANOVA was performed using code and cell as
factors. Information values were log transformed to ensure
homogeneity of variance. This analysis also revealed no effect
of code (dual spike count 0.324% 0.006 bits, addition of

Fic. 6. Correlation exists between responses of different motor corticd@ynchronous spikes 0.3252 0.006 bits,F; o3; = 0.184,P >
neurons.Top negative correlation between responses of a single pair of5). The power of the analysis was such that changes of a few

neurons assessed with response alignment on the start of arm movement.
plot point is the paired-scores of an individual response from the pair o
neurons. The different symbols correspond to responses collected du

h of bits (-0.02 bits) would have been deemed significant,
the result is not due to lack of sensitivity of the test. The

different directions of arm movement (0, 45, 90, 135, 180, 225, 270, 315). Fagldition of synchronous spikes did not interact with neural pair
this pair of cells, significant correlation was observed for 7 of the 8 directiorff o3 540¢;= 0.78,P > 0.5), indicating that synchronous spikes

of arm movement as well as across all responBettom positive correlation  did not add information above that carried by spike counts for
between responses of a single pair of neurons. Significant correlation was

observed in 6 of the 8 directions of arm movement as well as across
responses.

flBLE 1. Prevalence of response correlation

Sample Window

paring it with the regression of a surface defined by the sum of
the individual spike counts and their product. For all sample +50  +100 *+200 +500 +1,000
periods, the increase iR when including the product of the Trigger Measure ~ ms ms ms ms ms
two spike counts in the regression was significdht( 0.05; ol
Table 2) Start trial o
see : Individual 28 29 43 52 48
Combined 36 37 51 60 59

Information carried by synchronous spikes is redundant with . Overall 42 (45) 43 (46) 56 (60) 63 (67) 64 (68)

that carried by spike count

Individual 13 23 34 40 43
. . . Combined 23 35 42 54 57
_ .The observation of preusely timed synchrqny between the Overall 20(31) 37(39) 47 (50) 56 (60) 57 (61)
firing of two neurons does not in and of itself indicate that thgo signal
synchrony is separable from the coarse temporal characteristics Individual 26 33 37 38 42
of the responses. We use information theoretic analysis to Combined 30 42 49 48 48
Overall 36 (38) 52 (55) 55(59) 52 (55) 55 (59)

directly assess whether the synchrony can form a separ
code from the coarse temporal characteristics. Although the
analyses were performed using all four trigger points, we
present data from all cell pairs primarily for the analyses

Ia?t move

Individual 18 28 31 44 38
Combined 27 34 31 47 42
Overall 32 (34) 41 (44) 41 (44) 54 (57) 50 (53)

round th ignal an rt of arm movemen h
around the go signal a d start of & ovement because t e?\ﬁmbers of neuron pairs showing significant correlation between spike counts.

are '_[he iny time perlods where S|gn|f|cant information l'elatﬁ\%mbers in parentheses are percentages. The number of the 94 cell pairs showing
to direction of arm movement was found. The three respongiistically significant correlatioP(< 0.05) between the pairs of spike counts for

measures used in the calculation of the information vi¢tae
dual spike counts (1 spike count from each neur@)the
number of synchronous spikes, aB)the conjoint code of the
dual spike counts and the number of synchronous spikes (
meTHoDs for further details).

each of the 4 trigger points for each of the 5 sample windows are shown.

Individual: a significant correlation between the spike counts was found in at least
1 of the individual directions of arm movement. Combined: a significant correla-

tion between the spike counts from the combined data set (all spike counts
#&%formed to theie-scores). Overall: either an individual direction or the com-
bined data set showed significant correlation between the spike counts.
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Direction 0

0.020. Direction 315 . 0020, Direction 45

FIG. 7. Structure of fine temporal cross-cor-
relation between responses of 2 cells. The cor-
relation coefficient between the responses of 2
cells at temporal offsets of-50 to 50 ms are
. shown. Theouter circle shows the correlation
Combined coefficients for each of the 8 directions of arm
movement. Themiddle panelshows the corre-
lation coefficient calculated from all trials. Num-
ber of trials: direction 0%= 45, 45°= 44, 90°=
37, 135°= 49, 180°= 48, 225°= 46, 270°=
34, 315°= 34, Combined= 337. Number of
. spikes: ¢ell a) direction 0° = 4,190, 45°=

25 50 0 3,881, 90°= 2,891, 135°= 3,865, 180°=
Spike Offset (ms) 3,892, 225°= 4,102, 270°= 3,456, 315°=
3,445, Combined= 29,722; ¢€ell b) 0° = 799,
45° = 655, 90°= 1,227, 135°= 2,945, 180°=
2,715, 225°= 2,080, 270°= 1,281, 315°=
666, Combined= 12,368.

Correlation

0

0.020. Direction 225

any of the 94 pairs (see also Fig. Iitton). Note again that independent of the particular arm direction: this would give
this includes those pairs with the greatest absolute numbersisé to excess synchrony that was equal across all directions of
synchronous spikes and those pairs with the greatest excessraf movement. Alternatively the common input could form
synchronous spikes above chance levels. This effect did peirt of the driving inputs, predicting excess synchrony that rose
vary with trigger point £, o5 = 3.7,P > 0.05). The lack of in proportion to the chance numbers of synchronous spikes.
extra information carried by synchronous spikes was robustrigure 11 shows the regressions of the number of synchro-
across the sizes of sample window,(z7; = 0.73,P > 0.5), nous spikes predicted by the SCM model against the number of
for all pairs at all sample period§ &, 5405 = 0.48,P > 0.5)  synchronous spikes found in six pairs from the motor cortical
and for all pairs at both trigger point& 3 5405 = 0.303,P > data. TheR? values indicate the proportion of the variance in
0.5). In summary, despite extensive examination, there wast@ number of synchronous spikes seen in the neural data that
evidence that the synchronous spikes between the responsesaffbe accounted for by a linear transformation of the SCM
cell pairs carried information beyond that available from a COQ%timate_ The range & values is generally high. However,
that includes spike counts and their coarse temporal correlghen the range of observed numbers of synchronous spikes is

tions. low (<1, pair 1 and 4), thé¥ value becomes low for some
pairs. The regression slopes aré&, demonstrating that there is

Scaling the SCM model to predict the numbers of an excess of synchronous spikes for these cell pairs. Thus the

synchronous spikes SCM model does not predict the absolute number of synchro-

nous spikes. For those cases with hif a simple scaling of

The information theoretic analyses showed that a relatiotihe numbers of synchronous spikes from the model would
ship exists between the coarse temporal response charact@rigeuce nearly perfect predictions. For those cases where the
tics and the precisely timed synchrony. Excess synchroRy is low, there are two possibilities. Either the synchronous
would be expected to carry information redundant with thepikes observed in the neural data are not predictable from the
coarse temporal characteristics if simple (e.g., linear) relatiospike counts and the coarse temporal correlation, or theRfow
ships exist between the predicted and observed numbersvalues are simply due to a small range in the mean number of
synchronous spikes. For example, local network properties camchronous spikes and the high variability in the individual
give rise to synchronous firing (Bush and Sejnowski 199@ijstributions of the synchronous spikes (Fig. 8). We tested
Engel et al. 1991a,b; Hansel 1996; White et al. 1998). Thehich of these possibilities is more likely by examining the
simplest source of excess synchrony is to postulate a direefationship between the results from the regressions and the
common input from either a single neuron or a small populaange of the mean number of synchronous spikes found for the
tion of neurons. The source of excess synchrony could b#ferent directions of arm movement.
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25 Direction 0

25 Direction 315 25 Direction 45

Direction 90 FIG. 8. Number and distribution of syn-
chronous spikes. The numbers of synchro-
nous spikes between 2 cells were noted for
315 each trial. The distribution of the number is
3 . .
shown for each of the 8 movement directions
and the overall distributionnfiddle panél.
Data from the trials aligned to the start of
arm movement, sample window 1,000 to
1,000 ms.

25 Direction 270
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The top sectionof Fig. 12 shows the distribution of the?  varied across cell pairs, so that a different constant had to be
for all 94 pairs of motor cortical neurons from all the Sadded to the model for each cell pair to account for the fit
different sample periods®50, 100, 200, 500, and 1,000 ms)between the predicted number of synchronous spikes and the
When the range of the observed number of synchronous spikesnber obtained from the data. This individuality means that
is small, theR? value is evenly distributed across the entirexcess synchrony cannot be reduced to a simple global feature
range (0—1). This is to be expected. With small ranges, diffesf rate modulation for all pairs, but the excess can, neverthe-
ent samples from a single distribution would give rise to smd#ss, be related to rate modulation on a pair by pair basis.
differences in the mean number of synchronous spikes. UndefThe correlation coefficient associated with ed@hcan be
these circumstances, the observed variability in the numbergminsformed to account for its limits—(1 and 1) and the
synchronous spikes would be due to sample bias and noawerage taken (seeetHops) (Snedecor and Cochran 1980).
systematic variation. Thus the observed variability in the nurifaking all data values, including those with the expedée
ber of synchronous spikes simply reflects the statistics of sm@lD (i.e., little variation in the neural data), the reverse trans-
sample sizes, so no additional explanation for this variability ferm of the mean suggests the average 0.874 giving arR?
necessary. As the range of the mean numbers of synchronof8.76 = 0.03 (meant SE). Thus a scaled version of the SCM
spikes to different movement directions increases, only highodel accounts for approximately three-quarters of the vari-
values ofR? values are seen. This shows that when significaahce in the observed number of synchronous spikes even when
variation is observed in the range of the number of synchrimcluding pairs of neurons where there is no meaningful vari-
nous spikes, the SCM model explains a high proportion of tlaion in the number of synchronous spikes between directions.
variance 80%). Thebottom sectiorof Fig. 12 shows the Thetop sectiorof Fig. 13 shows the averad® calculated for
slope of the regressions between the numbers of synchroneash of the time windows from those window/pair combina-
spikes predicted by the SCM model and the number obsertézhs that had a range of at least 0.5 synchronous spikes/trial or
in the neural data. As all intercepts of the regressions werenabre over different movement directions. As there was no
or near to zero, a slope of 1 corresponds to equality betwesignificant difference between the time windows,(,,¢ =
the SCM model and the motor cortical data. The slopes wed3,P > 0.4) the estimates were combined. When the values
variable when the range of the numbers of synchronous spiles taken from all sample window/neural pair combinations
was small. When the range of synchronous spikes was highttgt showed a difference of 0.5 synchronous spikesitrial or
the slopes showed more consistent values, clustering in there between different arm movemerf®,was 0.93+ 0.05
range 0.75-0.85. However, it is noteworthy that the slopésean* SE). This suggests that when there is true variation in
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FIc. 9. Number of synchronous spikes is nonlinearly related to the 2 spikeFIG 10
counts. Theop plotshows the number of synchronous spikes as a function e
the spike counts averaged across all cell pairs. The mean number of sync
nous spikes seen in spike trains with total spike counts given ox-thed
y-axes is plotted using the gray scale. The mean was calculated over all
pairs and all directions of arm movements. Tattom plotshows the number
of synchronous spikes along diagonal of tbp plot (thick line) as a function
of the spike count (count fromeuron 1= count fromneuron 3. The resultant Eif

Information content of spike count and synchronous spikes. Data
om the trials aligned to the start of movement from the 94 pairs. Sample
Hdow —1,000 to 1,000 ms. Information from the spike counts of the 2 cells,

synchronous spikes, a dual code of the 2 spike counts and the triple code of 2

spike counts and the number of synchronous spikeg. mean=+ SE infor-

mation from the 94 pairsBottom information for each of the 94 pairs.

regression lines assumes a linear (thin line) or quadratic (medium line) re the SIOpe were taken from those neural pairs that showed a
tionship between the spike count pair and the number of synchronous spi '@‘erence of 0.5 synchronous splkes/trlal or more between
(see Table 2 for the results of the regressions of planar and quadratic surfaddéjerent arm movements, the average slope was to 6:78

.015 (Fig. 13botton), giving a mean scale factor of 1.41
the neural data (rather than sample error), the SCM mm%?bg)_ (Fig. 13bottom). giving

typically accounts for=90% of the variance in the number of

synchronous spikes. TABLE 3. Information by code
While the SCM model accurately predicts the variability in _
the number of synchronous spikes, the model consistently . . Synchronous  Dual Spike Dual Count and
. . Trigger Spikes Count Synchronous Spikes
underestimates the absolute numbers. The Rgkalues in
dicate that applying a scaling factor to the numbers of syn- Sample period
chronous spikes obtained from the SCM model would bringsy s 0.004 0.087 0.091
those numbers into line with those observed in the neural dataoo ms 0.008 0.125 0.126
The appropriate scale factor for each pair is given by 1/slope:p200 ms 0.012 0.174 0.173
the regression. Across all pairs and sample windows the avgﬁﬂoooéns %-%ég %?82 3’123
age slope was 0.65 0.051 (mean+ SE). When the estimates™ """ ™® ' ' '
5 ] ) ] ) Start of movement
TABLE 2. Nonllnear_relatlonshlp between spike counts +50 ms 0.011 0.327 0.324
and synchronous spikes +100 ms 0.020 0.393 0.394
+200 ms 0.037 0.457 0.455
Sample Linear Linear + +500 ms 0.060 0.518 0.517
Period, ms R? ProductR? Significance of Adding Product +1,000 ms 0.060 0.482 0.482
+50 0.703 0.874 F1,407) = 549.6,P < 0.0005 The directional information carried by synchronous spikes is redundant with
+100 0.701 0.854 F1.043 = 989.6,P < 0.0005 the information carried by the spike counts and their correlation. The mean
+200 0.720 0.866 Fi1.2529) = 2,746.0P < 0.0005 information is shown for each of the 5 sample window sizes for each of the 3
+500 0.727 0.898 Fr1.0433 = 15,754.1P < 0.0005  chosen measures of the neural responses (number of synchronous spikes, dual
+1,000 0.724 0.900 Fi1.30051) = 53,074.5P < 0.0005 spike count pair, and the conjoint code of spike counts and number of

synchronous spikes). The analysis was performed for response alignment at

R? of the regression of the number of synchronous spikes against sphi@th the onset of the go signal and the start of arm movement. The directional
count. The number of synchronous spikes from all cell pairs was regressefbrmation from the number of synchronous spikes-& 1 of the information
against the spike count pairs independent of the direction of arm movemeatried by the dual spike code (compare Synchronous Spikes with Dual Spike
using either a linear combination of the spike counts (the plane) defined Gpunt). The information carried by the number of synchronous spikes did not
Sync= b,*Spkl+ b,*Spk2, or using the curved surface defined by Sync provide any more information than was available from the dual spike count
b,Spk1+ b,Spk2+ b,Spk1:Spk2. For all window sizes thg? of the curved code alone (compare Dual Spike Count with Dual Count and Synchronous
surface indicated a significantly improved fit. Spikes).
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1.00 Cells1&2 Equality, 4 Cells2 &3 information about movement direction beyond that provided by
3 s 05 thespike count and broad covariance of the same cell pair. Others
E %7 ' have examined the responses of motor cortical responses for more
é;o_so 2 complex patterns of precisely timed spikes (Baker and Lemon
D 2000). The existence of an excess number of synchronous spikes
Z 0.25 1 (seeresuLTy (Baker et al. 2001; Hatsopoulos et al. 1998b) indi-

D ook il cates greater than expected numbers of any complex patterns of

0.00 025 050 075 1.00 spikes that incorporates synchronous spikes. While the numbers

of repeating triplets of spikes within a single neuron (Oram et al.
Cells 1 & 3 1999) are predicted almost exactly by the SCM model (unpub-

' - lished observation), the excess synchrony is spread across all the
complex spike patterns involving synchrony and does not there-
fore appear to be above chance levels for any particular complex
spike pattern. Thus the analysis we performed was aimed to
examine the excess synchrony (delay 0 ms): delays upl@0
ms were not found to be significant, and, with the proviso given
above, we found no evidence for more complex spike patterns to
be above chance levels (see also Baker and Lemon 2000). Of
course, this analysis is restricted to spike patterns across pairs of

SCM (Sync/Trial)

_1.00 Cells 1 &4 o3 Neurons and does not address other possible patterns involving
g more than two neurons.
E 0.75 e 0.61
g Nyl
0.50 N . . . .
5 a Response statistics of single motor cortical neurons and fine
= 025 temporal structure
Q
[}

000 o2 om0 o35 100 o 3 5 3 4 The responses of single MI neurons cannot be characterized
by a Poisson process becaubethe variance/mean of the
responses is less than that expected from a Poisson process

Fic. 11. Regression of predicted and observed numbers of synchrong4sQ) at short intervals ang1.0 at long sample periods (Figs.
spikes. The regressions from 6 pairs are shown. The gray lines indicate
equality. TheR? value is given at the top of each regression line. Note that the
worst regression still explains over 60% of the variance in the numbers of
synchronous spikes, with typically90% of the variance being explained by
the spike count matched (SCM) model. As the range in the observed number
of synchronous spikes increase, so doesRhealue, suggesting the po&®
values are due to sample error more than inadequacies of the model.

Motor Cortex (Sync/Trial) Motor Cortex (Sync/Trial)

DISCUSSION

Correlation between the spike counts of motor cortical neu-
rons has been shown to exist (Lee et al. 1998; Maynard et al.
1999), and incorporating them into models improves the dis-
crimination of movement direction (Maynard et al. 1999).
Broad temporal correlation therefore needs to be considered
when measuring information carried by populations of spike
counts (Abbott and Dayan 1999; Oram et al. 1998). It is also
essential to consider broad correlations to provide an accurate X N .
estimate of the information carried by synchronous spikes. The
ability to obtain simultaneous recording of many MI neurons
now makes it possible to examine directly whether or not
synchronous spikes added to the information available from the
spike counts plus their broad correlations across different cells.
As with previous studies, we foungt10-20% of cell pairs 3 a4 5 &
showed levels of synchrony that were significanfy<¢ 0.05) Range (Sync/Trial)
above chance (Baker et al. 2001; Hatsopoulos et al. 1998b).

Unlike most previous studies, we could extend the examinatiorf'®: 12. Accuracy of the extended SCM model in predicting the synchro-
of cell pair characteristics bé ond those recorded on the s nous spikes. Regres_sion of the number of sync_hronous spikes pre_dict_ed from
p Yy ARESCM model against the number observed in the neural Tafa.distri-

electrode to neurons that were separated by 4@@r more in  pution of theR? values as a function of the range of the observed number of
the cortex. Thus our study is novel in that we provide asynchronous spikes to different directions of arm movement. As expected from
analysis of a simultaneously acting neuron populations actifi PLe statistical EOHSideraﬁ:Pﬁé tﬁéva“ae_s \{{)er? highffffr\]/vher the fange of
s synchronous spikes was highéBottom distribution of the slopes of the
over several Square m"“meters of cortex. regression as a function of observed range. A slope of 1.0 indicates that the
Our results show that there is an excess of synchronous spikgsber of synchronous spikes in the SCM model data are the same as that in
in MI neuron pairs. However, this excess provides no additionak motor cortical data.

Equality
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spike counts of motor cortical neurons (Lee et al. 1998; May-
nard et al. 1999). Moreover, these broad correlations add

1.0- additional information about movement direction (Maynard et
al. 1999). Such correlation needs to be included when calcu-
0.8 lating numbers of synchronous spikes occurring by chance on
) a fine time scale (Brody 1999a,b), because these factors mark-
% edly effect their numbers.
0.41 The observed positive correlation of spike counts between
neuron pairs means there will be more instances with both
0.2 counts being high or both being low than if the responses were
55 independent. The nonlinear relationship between the pair of
50 100 200 500 1000 spike counts and the number of synchronous spikes (Fig. 9 and

Table 2) implies that a decrease in synchronous spikes in low

& i spike count trials is more than offset by an increase in syn-
0.8 . chronous spikes in high spike count trials. Thus the expected
number of synchronous spikes is sensitive to the coarse tem-
L 0s6; poral correlation of spike count (Brody 1999a—c). A misesti-
o mate of the distribution or failure to account accurately for any
n 04 coarse temporal correlation will therefore necessarily lead to a
02 misestimate of the expected number of synchronous spikes.
e 50 100 200 500 1000 Information carried by spike counts and synchronous spikes
Window (ms) We incorporated the observed spike count distributions and

Fic. 13.  Summary of the predicted number of synchronous spikes using e coarse temporal correlation when examining the informa-
extended SCM model. Accuracy of the extended SCM model in predicting ti@n carried by synchronous spikes using the method of Kjaer
number of synchronous spikes at different time windovign mean= SE of  (Kjaer et al. 1994). The amount of information provided by a
the R® values from the regressions for sample windowst60, 100, 200, 500, gle synchronous spike pair wasl2-fold larger than that
and 1,000 ms centered in start of movement. For all window sizes, the S . . . - . R
model explained, on average, more than 90% of variability in the observ @m a smgle Splke, but the total information available in time
number of synchronous spikes between directions of arm moveetton ~ Windows from =50 to 1,000 ms was only~1/12 of that
mean* SE of the slopes the individual regressions for sample windows efvailable from the number of spikes. Further, the information
+50, 100, 200, 500, and 1,000 ms centered in start of movement. The m%{ﬂ}'ned by the Synchronous Splkes was redundant W|th that
slope was below 1.0 for all window sizes, indicating that the neural da - f -
contained more synchronous spikes than expected by chance. &?”‘e" by th.e Splke Count$ (Flg' 10)’ S(.) that th.e SynChronous

firing of a pair of cells provided no new information about the

1 and 2) (see also Lee et al. 1998), @)dignificant sequential direction of arm movement. Within a given time window the
correlation was found (Figs. 3 and 4). (Note that the sequenti§V€rse is not true: spike counts provide information about
correlation is over and above the correlation between succlg€ction that is not available from synchronous spikes. Previ-
sive points of the average response profile.) As any deviatiBHS analysis demonstrated that the synchronous spike carried
of the spike count distribution of responses from Poissdlirectional information above that available from coincidences
indicates that correlations must exist within the responses ffgm statistically independent responses (Hatsopoulos et al.
the cells (Oram et al. 1999), it was necessary to include tA@98b). The present analysis shows that this directional infor-
observed spike count distribution when assessing the expedi&@fion is the same as or part of the information carried by the
number of synchronous spikes. correlation of fche coarse response measures. Thgs under the
The S| distribution deviates significantly from a monotoni®resent experimental conditions, synchronous spikes do not
distribution for the first 15-ms intervals or so (Fig. 5). Studiegede directional information that is separate from that coded by
of the responses of retinal ganglion cells have shown that e spike counts and their coarse temporal statistics. Our ex-
ISIs also have an influence on the expected fine tempop(grlmental paradigm, however, does not allow us to determine
structure of responses (Berry and Meister 1998). The |yhether th_e observed synchro_noys_ spikes between neurons (or
distribution of responses from LGN and striate cortical neurotzdeed spike counts) of the individual neurons are actually
require adjustment to the first and second intervals to matefing used by the nervous system. Both these signals contain
that seen in the data (Oram et al. 1999). It was therefof€ctional information, and they may be used in separate ways
necessary to include the observed IS| distributions as well #9st@g” movement direction for subsequent or ongoing pro-

the observed distributions of the spike counts to properly ass€8§sing. It is clear that the postsynaptic impact of synchro-
the statistical significance of synchrony. nously arriving events is considerably more powerful than

spikes that are temporally dispersed. The synchrony we ob-
merved may be more significant physiologically in directional
coding than the firing rates of individual neurons. Therefore
one cannot equate the redundancy in the abstract information
The responses between pairs of MI neurons are significarglgnse with physiological relevance. Indeed, it is possible that
correlated at coarse temporal scales (Fig. 6 and Table dynchrony we observed is created to increase the functional
Previous studies have shown similar correlation between tingpact of the elevated firing rates. The synchrony (as measured

Coarse temporal correlation in spike count between neuro
and synchrony
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by the number of spikes withirt0, 1, 2, or 5 ms) does not, synchrony could be used to provide a code giving information
however, add information that is unavailable from the firingbout aspects of behavior not studied here, it will be essential
rates (the spike counts from each of the neurons in the pdmw)incorporate concurrent changes in the coarse temporal char-

assessed from windows ranging from 50 to 1,000 ms. acteristics of the responses for these conditions.
Modeling synchronous spikes between motor cortical Excess synchronous spikes and information
responses

Despite incorporating the coarse temporal correlation be-
We predicted numbers of synchronous spikes using the codmeen and within the responses, the extended spike count
temporal statistics within and between individual MI neurons. Tmatched model consistently underestimated the number of
do this we extended the spike count matched model (Oram etsyinchronous spikes found in the neural data (Fig. 11). Closer
1999) to include the responses of a pair of neurons. The extenégedmination revealed that the SCM model underestimated the
SCM model incorporates the observed spike count distribution@dserved number of synchronous spikes by a scale factor that
the individual cells and thereby includes the within responseas constant across directions of movement (Fig. 13). Had we
correlation induced by deviation from a Poisson process (s&amined data from just two directions, we would have noted
Oram et al. 1999 for discussion). By matching the spike countstbfit the excess synchronous spikes depended on the particular
each recorded pair of responses on a trial-by-trial basis, the ditection but could not have observed that the excess was in
tended SCM model implicitly includes both linear and nonlinegroportion to the expected number. The scaling factor sug-
coarse temporal correlation between the spike counts of the irgisted that the numbers of synchronous spikes in the neural
vidual neurons. While we could have calculated the standaddta were approximately 1.4 times the number expected by
co-variance measure and assumed a multidimensional Gausstgnce for all directions of arm movement.
distribution of spike count, the method adopted makes fewerThe observed excess of synchronous spikes does not, by
assumptions about the coarse temporal statistics and was therefeedf, support the hypothesis that synchronous spikes have a
more appropriate for assessing relationships between obserseecial role in directional coding. When a constant scaling
coarse and fine response statistics. It is also known that fhetor for each neural pair is incorporated, the extended SCM
numbers of synchronous spikes depends on the “shape” or prafiledel accounted for90% of the variability on averag®f =
of responses (Aertsen and Gerstein 1985; Lestienne and TuckWedi3 = 0.05, mean+ SE) in the absolute numbers of synchro-
1998; Oram et al. 1999). The SCM model incorporates the meus spikes to different arm movement directions (Fig. 13).
sponse profiles of each neuron by using the SDF (Oram et Hhus there is a small amount of total variabilitgg 10%) in the
1999), and the extended SCM model used here incorporates mamber of synchronous spikes that is not explained by the
only each SDF but also any co-variation between the two SDE§fferences in spike counts between directions of arm move-
With inclusion of a linear adjustment, the SCM modemment. It is only this residual variability that could carry direc-
generally predicted the mean number of synchronous spikestional information unavailable from spike count. Hence it is not
all directions. The variability in the synchronous spikes is largaurprising that the information theoretical analysis indicated
compared with the range (Fig. 8), and therefore the differendésit the directional information carried by synchronous spikes
in mean spike counts over different directions when the rangas redundant with the information carried by spike count
is small is likely due to noise. Thus those cases where ttfeig. 10). The lack of additional information about movement
model did not predict the mean number of synchronous spikdisection added by synchronous events was found for all pairs
can be attributed to the effects of the high variability in thand therefore holds for those pairs with both small and large
trial-by-trial numbers of synchronous spikes (Fig. 12). Thusraumbers of synchronous spikes, both in terms of absolute
parsimonious explanation of these data are that the synchnambers of synchronous spikes and in terms of the excess of
nous spikes above chance levels are directly related to the sgikachronous spikes above chance levels. This, combined with
counts and their correlation. The model does, however, requihe sensitivity of the measure (a change of 0.02 bits being
a different scaling factor for each cell pair. The variability irleemed significant) leads us to conclude that our findings are
the number of synchronous spikes with direction of arm moveet a “false-negative” but reflect a genuine lack of a unique
ment (Figs. 7 and 8) indicates the presence of a “tuning curvele for most or all synchronously occurring spikes in coding
for the synchronous spikes with direction. In predicting thdirectional information.
variability in the number of synchronous spikes, the SCM
model generates the correctly shaped tuning curve: all thaiggeess synchronous spikes and functional connectivity
missing is the amplitude of the tuning curve. The SCM model
therefore can be thought of as providing a normalized tuninglt is natural to consider possible structural or anatomical
curve. Thus while the absolute numbers of synchronous spileglanations for this mismatch between the observed syn-
are not accounted for by the model, the variation in the nurokhrony and that predicted by the statistical SCM model. In
bers of synchronous spikes between different directions ayeneral, the mechanism driving the excess of synchronous
directly related to the firing rates and their correlation. As thepikes seen in the neural data increases its effectiveness with
variation in numbers of synchronous spikes with direction iacreasing expected numbers of synchronous spikes (Fig. 11).
predictable from the coarse temporal characteristics of tfia those cases where the model does not predict the variability
responses, the number of synchronous spikes cannot carry @nthe numbers of synchronous spikes, there is little variation
information about the direction that is not present in the coarpeesent and the low®? value can likely be attributed to sam
temporal characteristics of the responses. While the excesglirig error (Fig. 12).] As the number of synchronous spikes
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increases with the spike count (Fig. 9 and Table 2), the meatess-correlations between distant cortical cells with short lags
anism driving the excess of synchronous spikes rises with tinelicative of monosynaptic driving of one cell onto another.
spike counts. In other words, for most of the cell pairs it is not Recent computational studies provide further insight into
possible to distinguish between the inputs driving the neufadw a fixed functional connectivity between neurons and neu-
activity and the mechanism that gives rise to the synchronaws populations could give rise to the results we observed.
spikes above the number expected by chance. We note that@mawla and colleagues (Chawla et al. 1999) have shown, using
presence of a single scaling factor from the SCM model ftwoth integrate and fire models and models based on Hodgkin-
each neural pair shows that a variable amount of excess in Hhexley equations, that chang&pin the strength or number of
numbers of synchronous spikes with direction does not necéashibitory connections?) the strength or numbers of excitatory
sarily imply changes in the relationships between the neuromsnnections, oB) changes in the time course of the synaptic
We have shown here that data from several conditions dennections can all influence the relationship between the
needed before being able to conclude that an excess of syumbers of synchronous spikes and firing rate. Changes or
chronous spikes, or indeed any precisely timed spike pattevariation in these parameters with experimental condition
reflects dynamic changes in the relationships between neuromsuld therefore allow information unavailable from the spike
One possible explanation for the observed excess in sywount to be carried by the synchronous spikes. For constant
chrony may be that it is a natural consequence of a network\sflues relating td—3above, they found their models indicated
mutually interconnected neurons. There is anatomical evideriBat the number of synchronous spikes above chance levels
that neurons in motor cortex are highly interconnected viacreased with increasing firing rates of the interconnected
horizontal connections (Donoghue et al. 1996; Huntley appPulations, but the synchronous spikes could not carry infor-
Jones 1991). Moreover, functional studies have shown tHBgtion beyond that available from the spike count and coarse
motor cortex, unlike primary sensory cortices, exhibit distrig€mporal correlation (Chawla et al. 1999). The analysis of our

uted patterns of activation with very little somatotopy (Sanes gotor cortical data also shows that the number of synchronous

al. 1995; Schieber and Hibbard 1993), consistent with trlfgikes above chance levels typically increased with increasing

anatomically demonstrated extensive interconnectivity (Hu ffing rates and that the synchronous spikes did not carry

ley and Jones 1991). A number of neural modeling studi&jormation beyond that_available from the spike count anq
have shown that neurons with mutual interconnections cSRarse temporal correlation. Thus our data are consistent with
engage in synchronous firing, particularly if one or more of thHe network that, under the experimental variations used (see

component cells are oscillatory (Bush and Sejnowski 199%%':)?;’?' Shg‘r’]"ecg) r?gzczan%e :]n Ini:]htehstr(tarn%thtﬁr r:lrJ]mrl;%r cr)f
Engel et al. 1991a,b; Hansel 1996; White et al. 1998). How! ory connections ) no change € strength or numbers
oifnexmtatory connections, @) no change in the dynamics of

ever, such networks engage in synchronous firing patterns . .
ways that do not necessarily predict a linear increase in ﬂ'ﬂ? synaptic connections.
excess synchrony with the background firing rate.

Another possible explanation for the excess of synchronoggmmary
spikes is common driving input from a cell or population of
cells. Consider a pair of neurons, each with their own set ofIn summary, because the responses of individual motor
inputs, and a further neuron (or population) that is connectedrtical neurons are not well described by a Poisson process,
directly to each of the pair. Assuming this input represents tllgey must contain temporal structure (correlation). Further-
entire source of synchronous spikes above chance levels amate, the responses between different neurons assessed at
that the synaptic strength of this input is constant within theparse time scale are correlated. Even though we included
experimental period, it follows that the excess of synchronotlsese sources of correlation in our calculations, there was a
spikes above chance levels will be determined solely by thkear excess of synchronous spikes seen in our data. However,
activity of this input. The more active this input neuron is, theve found no evidence that the synchronous spikes carried
greater the excess of synchronous spikes. This would give risBormation related to direction of arm movement above that
to the excess over chance levels rising with the number @failable from the spike counts and their correlation. These
observed synchronous spikes and is precisely what was @sues highlight the difficulties in interpretation of cross-cor-
served (Figs. 11-13). This argument explains our data onlyré@lograms from nonstationary data. It is important to note that
the postulated common input mechanism co-varied with tleerrent methods make it practical only to examine synchrony
other inputs to the cells. It is possible to imagine two cells withmong cell pairs. There is no reason to believe that there is
common preferred directions (say 90°) and common inpparticular significance of our randomly selected cell pairs; the
being greatest for another direction of arm movement (saprtex may operate using very large numbers of cooperating
270°). The largest number of synchronous spikes could thelements. These may create synchrony occurring across vari-
occur at 90° because of the high activity of both cells, but ttaus collections of cells that we have inadequately sampled. Our
greatest number of unexpected synchronous spikes would bexgieriments do not rule out the possibility that larger groups of
270°. This was not seen in our data. Hence the argument basellis provide considerable information about direction or other
on common input with fixed functional connectivity that coaspects of movement, beyond that found in rate alone. Despite
varies with the other inputs is consistent with the data. these caveats, our results show conclusively that detection of
puzzling aspect of the “common input” hypothesis, however, & excess of synchronous spikes above chance levels does not
that pairs of cells at a distance from each other almost alwagsply that the synchronous spikes carry information unavailable
show a zero lag correlation. That is, there is little evidence &bm spike count. It remains to be seen whether synchrony or any
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