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Coding and Computation in the Cortex: Single-Neuron
Activity and Cooperative Phenomena

Eilon Vaadial! and Ad Aertsenl23

1 Dept. of Physiology, Hadassah Medical School, P.O. Box 1172, Hebrew University, Jerusalem, Israel
2 Max-Planck-Institut fiir biologische Kybernetik, Spemannstrasse 38, 7400 Tiibingen, Germany

Introduction

There is widespread consensus among neurophysiologists and neuro-
psychologists that neurons are involved in information processing and
computations carried out by the brain. Yet there is still remarkably
little understanding of the mechanisms underlying these processes.
Similarly, also the nature of the neural code (or codes) being used by
the brain is still very much open for discussion. In view of this, it is
essential to consider different alternatives. Not only does each of them
dictate a way of thinking about brain mechanisms, they also suggest
different experimental approaches toward experimental studies of these
mechanisms.

A common view among many neurobiologists suggests that the
basic element of the neural code resides in the spike activity of a sin-
gle neuron. A different view was first presented by Hebb (1949), who
suggested that the coherent activity within groups of neurons (‘cell-
assemblies’) is the basis of the neural code. In this paper we will
present results from an ongoing electrophysiological study of cortical
function, focussing on different aspects of coding and processing
revealed by recordings of single and multiple neuron activity. We will
illustrate our considerations by experimental results from different
cortical areas in anaesthetized, as well as in awake, behaving monkeys.

3 present address: Institut fiir Neuroinformatik, Ruhr-Universitét, P.O. Box 102 148, 4630 Bochum,
Germany
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Cortical activity at the level of single-neuron spike trains
Single-neuron firing rate as a neural code

It is generally assumed, at least implicitly, that the most relevant para-
meter to be extracted from the spike train is the rate of spike occur-
rence, the single-neuron firing rate. Barlow (1972) suggested that, "The
frequency of neural impulses codes subjective certainty: a high impulse
frequency in a given neuron corresponds to a high degree of confi-
dence that the cause of the percept is present in the external world."
(See also Barlow’s contributions to this Volume.) Thus, according to
this view, the neural code is the firing rate of a single neuron and the
appropriate experimental tool is a microelectrode that can isolate and
record the activity of a single neuron (‘single-unit activity’).

Indeed, single-unit studies in many cortical and sub-cortical areas
have clearly demonstrated highly specific changes of firing rates that
were related to sensory and/or motor processing. Amongst others, this
culminated in a wealth of data on ‘receptive field’ properties of neu-
rons in various parts of the sensory system, exemplified in the work of
Mountcastle (1957, 1977) and Hubel and Wiesel (1968, 1977). In addi-
tion, however, this approach also turned out to be fruitful in the study
of cognitive and other higher brain functions, such as perceptual
analysis of sensory input, selective attention, short-term memory, etc.
(Fuster 1973, 1989; Evarts et al. 1984; Perrett et al. 1982; Goldberg and
Segraves 1987; Goldman-Rakic 1987; Niki and Watanabe 1976, 1979;
Gottlieb et al. 1989).

An example which illustrates how specific aspects of higher cortical
function may be expressed in the firing rate of a single neuron is pre-
sented in Figure 1 (from Vaadia et al. 1986). It shows the responses of
a neuron in the frontal cortex of a monkey which was trained to
respond to acoustic or visual stimuli, presented at one of 5 possible
locations. In one paradigm the monkey had to touch a key at the loca-
tion of the stimulus. There were two such ‘localizing’ tasks: auditory
localization (AL) and visual localization (VL). In addition, the same
monkey was also trained to perform an auditory detection (AD)
paradigm. In this ‘detection’ task, one of the 5 keys was randomly
designated as a ‘detect key’ and the monkey had to touch this key,
irrespective of the stimulus location, until a new ‘detect key’ was des-
ignated. The VL, AL, and AD conditions were alternated in blocks of
20 trials. In each block of AD trials, a different key was designated as
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the ‘detect key’. This latter task was designed to produce hand and eye
movements during the detect task that were similar to those employed
by the monkey in the AL and VL conditions (for details on the task
and additional control conditions, see Vaadia et al. 1986). Five groups
of five histograms each are shown. The first row shows that the
neuron did not respond to auditory stimuli when the monkey was not
performing any behavioral task (non-performing condition: NP). The
second (AD(S)) and third (AD(R)) rows show that the neuron did not
respond to stimuli (AD(S)) in the ‘auditory detect’ condition, nor was it
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Fig. 1. PST histograms showing the activity of one neuron as a function of stimulus location in 5
behavioral conditions. NP: non-performing conditions (stimuli: noise bursts of 100 ms). AD:
responses during performance of the auditory detection task, with AD(S): histograms of the
responses, sorted according to the location of the stimulus, AD(R): histograms of the responses
sorted according to the directional location of the arm movement. AL: responses of the unit when the
monkey had to localize auditory stimuli. VL: responses of the neuron when the monkey had to local-

ize visual stimuli. (From Vaadia et al. 1986)
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activated in relation to arm movements that were made towards the
targets (AD(R)). However, the last two rows reveal that a clear
response to stimuli from 60 and 30 degrees at the ipsilateral side
(irrespective of their modality) was evoked when the monkey had to
localize the stimuli (AL, VL).

The responses of the neuron demonstrated in this Figure were not
related strictly to auditory or visual stimuli, nor were they related to
movements per se. The neuron was activated only when the location of
the stimulus, irrespective of its modality, served as a cue for the
appropriate behavioral response. It was therefore suggested that this
neuron was involved in a mechanism that extracts spatlal cues from at
least two modalities.

Under appropriate behavioral conditions, prolonged slow waves of
activity, marking distinct perceptual, cognitive and linguistic processes,
and lasting hundreds of milliseconds to several seconds, can be
recorded in a single cortical area (Donchin 1984; Deeke et al. 1985; see
also the contributions by Elbert and by Arieli in this Volume). Signs of
such long processing could also be found in the activity of single
neurons recorded from sensory, association, premotor and motor cor-
tices of behaving monkeys during some specified stages of behavior
(Fuster 1989; Wise and Mauritz 1985; Gottlieb et al. 1989; Vaadia et al.
1989). An example from such studies is shown in Figure 2 (from Gott-
lieb et al. 1989). This Figure illustrates the behavior of the firing rate
of a single neuron in the auditory cortex of a monkey, trained to per-
form an auditory short-term memory task. Two tone bursts (S1 and
S2), separated by a silent inter-stimulus interval of 1 second, were
presented in each trial. The monkey had to touch one key if the tones
were identical, and another one if they were different. The firing rate
of the unit while the monkey was performing correctly is shown as the
solid line. The broken line shows the activity of the same single unit
when the water spout was removed and the monkey did not perform
the task.

Though it is not possible to tell from such an experiment how this
particular unit was engaged in forming the short-term memory of
pitch, it is clear that the neuron did not end its role when the stimulus
was turned off. On the contrary, Figure 2 clearly shows that the
neuron took part in, or was affected by, a prolonged process that took
place in the primary auditory cortex during the inter-stimulus interval,
persisting long after the information was presumably transmitted to
other cortical areas. Approximately 60% of the recorded neurons in
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Fig. 2. Activity of a single neuron in the auditory cortex of the Rhesus monkey. The solid line shows a
PST-histogram, collected during performance of the short-term memory task. The broken line shows
the PST-histogram, collected when the stimuli were presented but the monkey did not perform the
task. The abscissa describes the time from 2.0 sec before onset of the first stimulus (S7) until 0.45 sec
after the second stimulus (S2) ended. The ordinate describes the firing rate in spikes/sec. (Adapted
from Gottlieb et al. 1989)

this study showed such prolonged changes in their firing rates during
the interval between the two tones (Gottlieb et al. 1989).

The activity of a single neuron may be quite complex. An example
of this is given in Figure 3. It shows a raster-display and PST-histo-
gram, illustrating the activity of a neuron in the premotor cortex of a
monkey, recorded during performance of a stimulus-guided reaching
task (after Vaadia et al. 1988). The monkey initiated a trial (‘INIT’) by
touching a key (located in front of him in a mid-sagital location) and
waited for 6 seconds. Then, one of two keys (either on the left or on
the right) was illuminated (the ‘cue’, marked as ‘Q’ in Fig. 3). The
monkey had to maintain contact with the center key for an additional
500 msec and then touch the illuminated key. Three components of
activity can be seen in the PST-histogram. First, the unit was activated
during the waiting period (from INIT to CUE, starting about 3 sec
before cue onset). EMG recordings of superficial muscles indicated
that the monkey did not attempt to make movements during the pre-
cue interval. This and other considerations led to the suggestion that
this activity was not related to the preparation or execution of the
movements, but rather to other aspects of task performance, such as
expectation or timing of events (Vaadia et al. 1988). Subsequently, the
spike discharge of the unit was suppressed in response to the direc-
tional-cue onset and, finally, it was activated again later at the time of
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Fig. 3. Activity of a single neuron in the premotor cortex of the Rhesus monkey. The raster display
and PST-histogram show 8 sec of activity centered around the onset time of the spatial cue (Q). Trial
initiation (INIT) is marked by a plus sign on each raster. The beginning of the limb movement (MVT)
is marked by an empty square. (From Vaadia et al. 1988)

movement onset (marked by an empty square on each line of the raster
display). This last component of activity was direction-specific and
could be easily matched with some of the EMG records, suggesting
that it was related to motor function. As this result illustrates, this type
of complex activation pattern strongly suggests a single neuron is not
dedicated to the processing of just one single function.

Summarizing, the notion that the rate of single-neuron firing may
serve as a neural code is supported by the above findings. Neverthe-
less, these findings do no tell us what the mechanism is by which the
bi-modal responses (cf. Fig. 1) or the prolonged (cf. Fig. 2) and
complex (cf. Fig. 3) rate modulation patterns were generated. More-
over, these findings do not rule out the possibility that increased firing
rate may not be the sole encoding mechanism, or may even be a by-
product of other mechanisms. Finally, there is a conceptual problem. If
we accept the notion of firing rate as the sole basis of neural encoding,
this implies that a neuron carries information only whenever its rate is
elevated, but that all other spikes, the so-called ‘background’ activity,
do not. It turns out, however, that the probability of finding a cortical
neuron with an elevated firing rate is extremely low: the average corti-
cal neuron spends over 99.8% of its time being idle (Abeles et al.
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1990). This, evidently, makes it rather unlikely that single-neuron
firing rate serves as the sole mechanism for neural encoding in the
cortex. We conclude that it is important to also examine alternative
codes.

Single-neuron firing patterns as a neural code

It is quite conceivable that a neuron may be coding for something (be
it as a ‘grandmother’ neuron, or as a member of a functional group)
without any observable change in its firing rate. One such possibility
of an alternative code .resides in the temporal firing pattern of the
neuron. We present here two examples to demonstrate the feasibility of
such a single-neuron firing pattern code, one taken from the somato-
sensory cortex, the other from the auditory cortex. For other examples
of single-unit firing patterns as a potential neural code we refer to
Dayhoff and Gerstein 1983a,b; Abeles 1983; and Abeles al. 1983.

An example which demonstrates the effect of stimuli on the firing
pattern of single cortical neurons is shown in Figure 4. This result was
taken from a study by Ahissar and Vaadia (1990), who examined
properties of oscillatory neurons in the upper bank of the lateral sulcus
(a polisensory area, were many neurons responded to tactile stimuli) of
an awake, behaving monkey. The Figure shows the effect of two
different tactile stimuli on the firing patterns of two simultaneously
recorded neurons. Both neurons (4 and 6) showed clear oscillatory
patterns when no stimuli were applied (‘spontaneous activity’ (SP1-3)),
which could be suppressed by tactile stimuli (STIMI: soft strokes of
the contralateral small toes at 1 stimulus/second, and STIM2: soft
strokes of the contralateral big toe at 1 stimulus/second). The Figure
further illustrates that tactile stimuli had different effects on the mean
firing rates and on the temporal firing patterns of the two neurons.
For example, the oscillatory firing pattern of unit 4 was suppressed by
both STIMI and STIM2, whereas only STIMI1 affected the firing rate,
which was enhanced in this case. For unit 6, on the other hand, again
both STIM1 and STIM2 suppressed the oscillatory firing pattern, but
now the firing rate was only affected (i.e. enhanced) by STIM2. It was
further reported that in most of the cases no consistent relations were
found between the effects of stimuli on a neuron’s firing rate and
their effects on its oscillatory firing pattern. In none of the cases could
a significant cross-correlation be observed between any of the pairs of
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Fig. 4. Suppression of oscillatory activity in the somatosensory cortex of a monkey by tactile stimuli.
(Left) Neuron 4 (33 Hz, full scale: 80 spikes/s). (Right) Neuron 6 (27 Hz, full scale: 55 spikes/s). Five
consecutive periods are shown. SP-1, 131 s of spontaneous activity; the oscillatory activity is clearly
seen. STIM-1, 147 s of soft strokes (1/s) to the contralateral small toes; the oscillations of unit 4 were
suppressed and its averaged firing rate was elevated from 32 to 62 spikes/s; the firing rate of unit 6
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oscillating neurons, not even when they were recorded on a single
microelectrode.

In contrast to the oscillatory firing patterns in the upper banks of
the lateral sulcus, the most striking feature of firing patterns of single
neurons in the auditory cortex of monkeys and cats was the absence of
periodicities (e.g. Abeles 1982a; Vaadia and Abeles 1987; Gottlieb et al.
1989; Ahissar et al. 1992). Nevertheless, in some cases it was found
that the firing pattern was clearly affected by the behavioral state,
even though the average firing rate remained almost the same. An
example of this is given in Figure 5, which shows two ‘snowflake’ dis-
plays, mapping the timing of triplets of spikes. Each triplet is defined
by two intervals Tg-Ta: and Tc-Tg, where Ta, Tg and Tc are the
times of occurrence of the spikes A, B and C. A triangular coordinate
system is used to map the triplets into unique points in a hexagon. For
example, a bin which maps the cases where the spike C occurred 100
msec after spike B, and the spike B occurred 50 msec after spike A,
lies at the point where the vertical line, perpendicular to the upper-
left axis (Tg-Ta) at +50 msec meets the line perpendicular to the
lower-left axis (Tc-Tg) at +100 msec. (For more details on ‘snowflake’
display see Perkel et al. 1975 and Abeles 1982a). In this particular
example, all spikes were taken from a single spike train. Therefore, the
snowflakes represent the three-spike auto-correlation of the neuron:
each triplet of spikes is represented in three bins, and the displays are
symmetric in a triangular fashion.

By computing such ‘snowflake’ displays for different sections of
recorded activity, we can observe changes in the neuronal activity and,
in particular, extract the temporal patterns of spike triplets which
dominated during each of these sections. The two snowflakes in Figure
5 represent the activity of a single neuron in the auditory cortex of a
monkey, recorded during each of two behavioral paradigms in an

was not affected and its oscillations were affected only very slightly. SP-2, 90 s of spontaneous activity;
note the recovery of unit 4’s oscillations. STIM-2, 117 s of soft strokes (1/s) to the contralateral big
toe; the oscillations of the two neurons were suppressed; while the firing rate of unit 6 increased from
22 to 40 spikes/s, the firing rate of unit 4 was not affected. SP-3, 136 s of spontaneous activity; the
oscillations recovered again. Recording of the two neurons lasted while the procedure (SP-1, STIM-1,
SP-2, STIM-2, SP-3) was repeated seven times with similar results. In three sets, the procedure was

carried out under ketalar anesthesia. (From Ahissar and Vaadia 1990)
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Fig. 5. Modification of single-neuron firing pattern by behavioral state. The hexagons in A and B show
firing patterns of a single neuron in the auditory cortex of a monkey, recorded during each of two
behavioral paradigms in an auditory discrimination task. The rate of firing is grouped to eight grey
levels. The scale at the lower right marks these levels in percent of the expected rate. A: Three-spike
auto-correlation, computed from the firing of the neuron during performance of the behavioral
paradigm 1, where tone stimuli initiated right shifts of the lever. B: similar auto-correlation for the
same neuron, computed from the firing during performance of the behavioral paradigm 2, where tone
stimuli initiated left shifts of the lever. R) = mean firing rate; E = expected number of counts in each
triangular bin. (From Vaadia and Abeles 1987).

auditory discrimination-reversal task (from Vaadia and Abeles 1987).
In the first behavioral paradigm, presentation of a tone burst stimulus
was associated with shifting a lever to the right, while presentation of
a noise burst was associated with shifting the lever to the left. In the
second paradigm, which was regularly alternated with the first, the
contingencies were reversed: left shift after tone burst and right shift
after noise burst. Fig. SA shows the unit activity upon presentation of
a tone stimulus during performance of the first behavioral paradigm,
while Fig. 5B shows the same neuron’s response to the same tone stim-
ulus during the second paradigm. A comparison of these two snow-
flakes reveals markedly different temporal firing patterns under the
two behavioral conditions. In the first condition, the neuron tended to
fire in burst of three spikes in response to the tone stimulus (Fig. 5A).
This tendency, however, was strongly decreased when the same tone
stimulus was associated with the opposite motor response, as expressed
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by the lack of dark bins around the center in Fig. 5B. Note also that,
while the firing patterns of the neuron clearly differ in the two cases,
the firing rate is not very different (0.73 spikes/sec as compared to
0.99 spikes/sec).

Conclusion

The above discussion of single-neuron firing codes was by no means
intended to be exhaustive. Several other single-neuron neural coding
schemes have been pursued, with varying degrees of success. For an
early overview of potential single-neuron codes we refer to the classi-
cal work of Perkel and Bullock (1968). As a more recent example we
mention the work of Richmond and Optican, who proposed a rate code
in the visual cortex, which explicitly takes into account the full time
course of the firing rate profile (e.g. Richmond and Optican 1987,
Optican and Richmond 1987).

Summarizing the findings on single-unit activity in the cortex, both
in terms of firing rates and firing patterns, we conclude that:

1. Usually, single-neuron activity consists of a transient response,
followed by a long lasting epoch of increased firing rate. The acti-
vity may be related to external events, such as sensory stimuli or
specific movements, but also to other aspects of behavior, such as
intentions to make movements or sensorimotor associations. A
single cortical neuron may be active for hundreds of milliseconds
to several seconds after the stimulus has disappeared, so that
‘something must keep it going’.

2. Higher order neurons show selectivity in a manner which can only
be explained by convergence from simple to more complex fea-
tures. This convergence can be envisaged in at least two different
ways, one leading to highly specific grandmother neurons, the other
to neurons that can participate in more than one functional group
(assembly?). The existence of two independent components of acti-
vity as in Fig. 2 suggests that a single neuron may participate in
more than one process.

3. If neurons are involved in computation and coding only when their
firing rates are elevated, it turns out that most cortical neurons are
idle for most of the time. Searching for alternative coding schemes,
it could be shown that the temporal firing pattern of single cortical
neurons may also serve as a potential neural code.
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Cortical activity at the level of multiple-neuron spike trains

In spite of the success in the search for codes in cortical single-neuron
activity, there is obviously room for alternative proposals. Clearly, the
brain is more than just a collection of single neurons, each living in
‘splendid isolation’. They also exert influences onto each other through
their anatomical connections. Just as in physics the ‘ideal gas’ theory of
non-interacting particles was considered a first and quite adequate
approximation, later approaches emphasized the importance of incor-
porating the interactions among these particles. Similarly, researchers
for a long time have looked for codes which reside in the activity of
ensembles of neurons.

One of the first to formulate this approach was Hebb (1949). He
suggested that the coherent activity within functional groups of
neurons (‘cell-assemblies’), mediated by anatomical, presumably plastic
connections, forms the basis of the neural code. The groups, he hypo-
thesized, are formed by modifications of synaptic strength that obey
what later became known as Hebb’s rule: "When an axon of cell A is
near enough to excite a cell B and repeatedly or persistently takes part
in firing it, some growth process or metabolic change takes place such
that A’s efficacy, as one of the cells firing B, is increased." (Hebb
1949).

Hebb’s hypothesis concerning the functional role of cell assemblies
in central processing was adopted widely among theoretically inclined
researchers. In fact, it lay the conceptual foundation for most of the
current work on ‘neural network theories’ of brain function (e.g.
Braitenberg 1978; Edelman 1981; Abeles 1982a; Palm 1982; Hopfield
1982; Hopfield and Tank 1986; Palm and Aertsen 1986; Rumelhart et
al. 1986; Amit 1989). However, there are very little experimental data
that challenge the cell assemblies hypothesis. Almost all the above
models assume that ‘learning’ is based on selective modifications of the
connectivity among neurons, and that ‘computations’ are carried out by
selective activation of groups of interconnected neurons. According to
these hypotheses, the neural code resides in correlated activity within
and between neuronal groups. Hence, neither the study of the overall
activity in large populations of neurons, nor the recording of single-
neuron activity, one at a time, allow for a critical test of the assembly
concept. In order to gain an understanding of the processes taking
place within and between hypothetical neuronal assemblies, the ex-
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perimental methodology must involve simultaneous recording of many
neurons in parallel, preferably in awake, behaving animals. This
enables one to observe simultaneously and separably the activities of
many neurons, while they are participating in meaningful processing
and computational tasks, and to analyze these activities for possible
signs of (dynamic) interactions (Gerstein et al. 1989). Indeed, recent
years have shown a growing interest in the simultaneous recording and
analysis of spike trains from groups of up to some 10-30 neurons
(Abeles 1982a, 1991; Gerstein et al. 1983; Kriiger 1983; Eggermont
1990). Associated with this, new computational tools were developed to
analyze and interpret the large flow of information coming from such
‘multi-neuron’ experiments. ‘

Ideally, one should study the activity in a cell assembly by record-
ing the activity of all the neurons in the region in which the cell as-
sembly resides. With the current technology of ‘spike sorting’ devices,
one can hope to record spike activity of a few single neurons (up to
six) through one microelectrode (e.g. Abeles and Goldstein 1977) and
up to 30 neurons by using multiple electrodes (Kriiger 1983; Gerstein
et al. 1983). At best, therefore, we can tap only a few members of a
hypothetical neuronal network. Nevertheless, it is appropriate to ex-
amine how the available physiological data support different concepts
and models of neural codes, in quest of an optimal research strategy.

Multiple-neuron firing as a neural code

Several attempts have been made to extend the notion of single-neuron
firing rate as a coding mechanism to the activity exhibited by ensem-
bles of neurons. The most notable examples of this approach of multi-
neuron firing rates as a code can be found in the study of the motor
cortex (e.g. Georgopoulos et al. 1988, 1989) and the coding of saccadic
eye movements (e.g. van Gisbergen et al. 1987; Lee et al. 1988).
Briefly, the firing rates of the various members of the ensemble,
usually all neurons in an activated patch of neural tissue, are combined
into a ‘population vector’, which ultimately specifies the direction of
the movement to be made. Each single neuron contributes an elemen-
tary component to this population vector, the direction of which is
determined by the neuron’s specificity in terms of the associated
movement, and its magnitude by the neuron’s firing rate. Related
approaches have been proposed for the visual cortex, with the popula-
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tion vector being defined either in the external, visual space (e.g.
Vogels 1990) or in an internal, neural activity space (see the contribu-
tion of Gerstein and Gochin in this Volume).

Also the firing patterns in multi-neuron activity have been invoked
in several population coding schemes. An early attempt is found in the
concept of ‘multi-unit receptive field’, introduced by Stevens and
Gerstein (1976). A vector-type approach, with the population vector
defined in sensory space but based on the instants of multi-unit spike
firings rather than their rates, was proposed for the auditory system by
Johannesma (1981; see also Gielen et al. 1988; Hesselmans and
Johannesma 1989); similar ideas were later applied in the visual system
(Bialek et al. 1991). A transition between a rate and a pattern code was
proposed for the visual cortex by Kriiger (1991; see also Kriiger and
Becker in this Volume); similarly to Gerstein’s proposal, his population
vector is defined in neural activity space.

Alternative pattern codes, which do not resort to the notion of a
population vector, but instead look at the detailed temporal pattern of
multi-unit firing were investigated by Legendy and Salcmann (1985)
and Frostig et al. (1985). Pattern codes, based on the notion of ‘synfire
chains’ (Abeles 1982a) were studied by Abeles and Gerstein (1988; see
also Abeles 1991). More recently, and inspired by recent findings on
oscillatory firing behavior in the cat visual cortex (Gray and Singer
1989; Gray et al. 1989; Eckhorn et al. 1988 and in this Volume), sev-
eral models have been proposed which invoke the notion of ‘dynamic
linking’ (von der Malsburg 1981, 1986) as a mechanism by which
multi-neuron activity reflects information about the visual world. In
most of these models, the linking of neurons into functional groups is
mediated by the synchronization of oscillatory activity (e.g. Sporns et
al. 1989; Sompolinsky et al. 1990, 1991; Konig and Schillen 1991;
Schillen and Konig 1991; Eckhorn et al. 1990, 1991). An alternative
model, which emphasizes synchronization rather than oscillation as the
principal information carrying device was proposed by Neven and
Aertsen (1992; see also Johannesma et al. 1986; and Erb and Aertsen in
this Volume).

Response properties of neighboring cortical neurons

Many of the above mentioned multi-unit coding schemes rely essen-
tially on the idea of ‘functional maps’. Briefly, this concept is used to
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describe findings that the functional properties of neurons are dis-
tributed over the cortical surface in a topologically ordered way. In
particular, it is also used to indicate that neurons at anatomically
neighboring positions have °‘neighboring’ functional properties. The
most notable examples of functional maps in the cortex are the colum-
nar systems proposed for the somatosensory cortex (Mountcastle 1957,
1977) and the visual cortex (Hubel and Wiesel 1968, 1977; see also the
contributions of Bonhoeffer and Grinvald, Lowel and Braitenberg in
this Volume). In order to investigate to what extent this concept holds
as a general organizational principle for cortical representations, we
examined in two sets of experiments the relations between the firing
behaviors of neighboring neurons in the primary auditory cortex and
in the granular frontal ‘association’ areas (Vaadia et al. 1991). Typical
examples of our findings are given in Figures 6 and 7, which show the
activity of two sets of adjacent neurons recorded simultaneously in
each of these two cortical fields.

Figure 6 shows the multi-neuron activity, recorded by five micro-
electrodes arranged in a circle, from the primary auditory cortex of an
alert Rhesus monkey. Three electrodes recorded more than one isolated
neuron each (units 2 and 3; units 4 and 5; and units 7, 8 and 9). Each
of the nine raster-display bands depicts a single neuron’s activity,
recorded over a number of trials of 1.2 seconds each. Individual traces
are locked in time to the onset of a stimulus (at time=0), which con-
sisted of 3.4 kHz tone bursts of 300 msec duration at an intensity of
68 dB SPL. This result clearly demonstrates that a number of neurons
within the recording area shared certain functional properties and
responded to the same stimulus (neurons 1, 4, 5, 6 and 7). However, it
is also evident that the response patterns of some of these neighboring
neurons differed, and that some of them did not respond at all to the
stimulus. For example, while units 1 and 5 responded very strongly to
the tone stimuli, the activity of units 2 and 8 was virtually unaffected.
Notice also that this strong variability of firing behavior was seen even
among neurons that were recorded by the same electrode (for example,
units 7, 8 and 9). The distance separating these neurons is probably
less than 100 um (Abeles et al. 1975). The dogma of columnar organi-
zation of the auditory cortex implies that all the neurons in the same
column share the same best frequency. Although the results shown in
Fig. 6 are consistent with this dogma, they evidently do not support
the simplistic interpretation that the neurons within a column are all
activated in unison.
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Fig. 6. Raster displays of the responses to tone bursts of 9 neurons in the primary auditory cortex of
the Rhesus monkey. The stimulus (a tone burst of 3.4 kHz at 68 dB SPL) is marked by a black bar
under the abscissa. The neurons were recorded by 5 microelectrodes. The first electrode recorded
unit 1; the second: units 2 and 3; the third: units 4 and 5; the fourth: unit 6; and the fifth: units 7, 8
and 9. Note that neurons 1, 4, 5, 6 and 7 respond to the stimulus, whereas some of the neighboring
neurons, e.g. 2 and 8, do not respond at all. This strong variability of firing behavior was seen even
among neurons that were recorded by the same electrode (for example, units 7, 8 and 9) (From
Vaadia et al. 1991)

The study of neuronal activity in the ‘non-specific’ association areas
poses some difficulties. The functional organization is not very well
known and the majority of neurons do not respond at all to sensory
stimuli. It is important to study these areas, however, if we wish to
examine the mechanisms involved in higher brain functions. To
examine the properties of adjacent neurons related to higher functions,
one should carefully select and match a recording area with an appro-
priate, controlled behavioral task. Previous studies in primates have
demonstrated that the projections to the prefrontal cortex are segre-
gated in the form of vertical columns (Goldman and Nauta 1977;
Goldman-Rakic 1987), and that areas within the frontal cortex are
related to higher brain functions (Butters and Pandya 1969; Passingham
1975; Niki and Watanabe 1976, 1979; Evarts et al. 1984; Petrides 1986;
Watanabe 1986a,b; Goldman-Rakic 1987; Fuster 1989, and many
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Fig. 7. Raster displays of the activity of 10 neurons in the frontal cortex of a monkey during perfor-
mance of a localizing task. The rasters show 4 seconds of activity centered around the onset-time of
the GO-signal. The trials are sorted (from bottom to top of each strip) according to the reaction time
(the time from the onset of the GO-signal to the initiation of arm movement (marked by small
crosses). The activity was collected from correct trials where the auditory spatial cues were presented
in the left (contralateral) hemifield, at 15° from the midline. The units were recorded by 5 microelec-
trodes. The first electrode recorded unit 1; the second: units 2 and 3; the third: units 4 and §; the
fourth: units 6 and 7; and the fifth: units 8, 9 and 10. Note the task-related activity of the units 1,4,6,7,

while the neighboring units (2,3,5,9) were practically unaffected by behavioral events. (From Vaadia
et al. 1989)

others). It was also found that many neurons in the vicinity of the
arcuate sulcus responded to both auditory and visual stimuli, when the
stimulus served to cue the direction of movements (Vaadia et al. 1986).
The combined results of some of the above studies suggest that neuro-
nal activities related to sensory analysis, sensorimotor association, and
preparation or execution of movements may be found in the same area.
Thus, the frontal cortex seems to be a good place to study neuronal
interactions in behaving animals.

In order to study the activity of neighboring neurons in this area,
monkeys were trained to perform a spatial task with delay, in which
the monkey had to localize auditory and visual stimuli (for details see
Vaadia et al. 1991). Figure 7 presents an illustrative example of the
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neuronal activity in a group of ten neurons in the frontal cortex, that
were recorded simultaneously while the monkey was performing the
localizing task. The raster-display shows those trials in which the rele-
vant spatial cue was an auditory stimulus, presented at 15° in the
contra-lateral hemifield. Each of the 10 strips shows a raster display
for the activity of one unit. The vertical line at time 0 marks the onset
of the ‘GO’ signal, which instructed the monkey to make an arm
movement towards the location where the auditory stimulus was pre-
sented. The units were recorded by 5 microelectrodes (electrode 1: unit
1, electr. 2: units 2 and 3, electr. 3: units 4 and 5, electr. 4: units 6 and
7, and electr. 5: units 8, 9 and 10). Observe that this Figure reveals
many similarities with the auditory cortex recording in Figure 6. In
particular, it demonstrates that, while the firing rates of some units
were clearly affected by the ‘GO’-signal during performance of the
task, other neurons, even those recorded at the same recording site by
the same microelectrode, were not affected at all.

Conclusion

The pattern revealed in Figures 6 and 7 was found to repeat at many
other recording sites. Neighboring units could be activated under
similar conditions, but could also have different response properties.
Moreover, responsive neurons were intermingled with non-responsive
neurons. Summarizing, we conclude that: ‘

Neighboring neurons may be functionally related and share com-
mon features. However, even when neurons were recorded by the same
microelectrode, they were not all activated in unison. These findings
suggest that the functional organization of each small volume of cortex
allows for the co-existence of functionally distinct neurons, which may
participate in several different processes.

Interactions between neighboring cortical neurons

In order to assess the extent to which neurons with similar response
properties organize into functional groups, we analyzed the interactions
taking place between these neurons. The analysis of interactions among
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neurons usually consists of cross-correlating spikes from pairs (some-
times triplets) of neurons and inspecting the results for possible signs
of ‘functional’ or ‘effective’ connectivity (Moore et al. 1966; Perkel et
al. 1967, 1975). Recent developments have expanded the scope of these
studies. Methods were developed in an effort to reveal global coopera-
tivity in groups of neurons (Gerstein et al. 1985; Gerstein and Aertsen
1985; Aertsen et al. 1986, 1987) and to study in detail the dynamic
properties of the correlation between two neurons (Gerstein 1988;
Aertsen et al. 1989).

Figure 8 illustrates different types of cross-correlograms obtained
from pairs of neurons in the auditory cortex and the frontal cortex of
awake monkeys during ‘non-performance’ periods, i.e.' when no stimuli
were delivered and the monkey did not perform the task. Fig. 8A
shows an example of uncorrelated activity: the firing probability of the
first cell did not change significantly before or after the firing of the
other. About 30% of the neuron pairs recorded from the same micro-
electrode showed such uncorrelated activity (Vaadia et al. 1991). In
some cases a narrow peak confined to one side of the origin could be
observed (Fig. 8B). The interpretation that these correlograms reflect a
direct excitatory connection between the two neurons is supported by
the finding that most of these one-sided peaks were found among
neurons that were recorded by the same microelectrode, but never
among neurons that were more than 600 um apart. Signs of a direct
inhibitory connection (a one-sided trough) were found in only very few
cases. This is not surprising, however, in view of the low sensitivity of
cross-correlation for inhibition under conditions of low firing rates
(Aertsen and Gerstein 1985), as typically found in this part of the
cortex (Abeles et al. 1990). In the sample of neuron pairs that were
recorded by one microelectrode, signs of such ‘direct connections’
(excitatory and inhibitory) were found in about 20% of the cases, most
of them weaker than the example in Fig. 8B (Vaadia et al. 1991).

By far the most common type of interaction found (30% of all
pairs; Vaadia et al. 1991) was a more or less symmetrical peak
straddling the origin. This type of interaction came in two variants,
distinguished by the width of the two-sided peak: wide (more than 200
ms; Fig. 8C) and narrow (15-100 ms; Figs. 8D,E). Cross-correlograms
of this type could emerge when the two neurons shared common exci-
tatory or inhibitory inputs. Two-sided peaks could also emerge when
the two neurons excited each other (although this interpretation is
highly unlikely for the wider peaks). In most cases the peak gradually
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Fig. 8. Cross-correlograms between pairs of neurons in the auditory cortex and the frontal cortex of
awake monkeys during ‘non-performance’ conditions. The abscissa describes the time (ms) around
the firing of one neuron, the ordinate describes the firing rate (spikes/s) of the other neuron. The
labels on each correlogram give the total data collection time (T), the average firing rate of the two
neurons (RT and RC), the bin size (BIN), and the number of data sections (L). For each correlation,
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decayed with increasing time interval to the reference spike. In a few
cases, there were weak signs of periodicity in the cross-correlograms,
as demonstrated in Fig. 8E. The periodicity was in all cases at a fre-
quency of less than 14 Hz. Interestingly, the probability of finding
‘narrow’ two-sided peaks decreased rapidly with the distance between
the cells: according to a preliminary investigation (Lavner 1989) such
interaction was found among 30-40% of the pairs recorded by the
same microelectrode, as opposed to only 3-8% of the pairs that were
500-600 pum apart. In contrast to this, the probability of finding ‘wide’
two-sided peaks did not show a clear dependence on pair distance for
distances up to 1 mm; within that range the overall frequency of oc-
currence was 10-20%. Finally, several previous studies: reported ‘ultra-
narrow’ peaks of 1 msec or less in cross-correlograms (Toyama et al.
1981; Allum et al. 1982; Murphy et al. 1985; Lurito et al. 1988). An
example of such an ‘ultra-narrow’ peak is shown in Fig. 8F. This
correlogram indicates that some spikes of the two units were highly
synchronized. This type of cross-correlogram was very infrequent in
our studies. A possible explanation may lie in the technological diffi-
culty of detecting two spikes that occur at the same time using a single
electrode.

The width of the two-sided peak reflects the degree of synchro-
nization of the two neurons and, hence, the time-scale of the processes
that affect them. Whether ‘narrow’ and ‘wide’ peaks reflect different
type of interactions is an still open question. Nevertheless, it is reason-
able to hypothesize that the narrow peaks reflect local direct co-acti-
vation of relatively small groups of neurons, while the wide peaks
reflect a more general co-activation of larger groups of neurons in a
relatively wide-spread cortical area. Ultra-narrow peaks were some-
times found at time delays different from zero, which suggests that
groups of neurons can fire in precise synchrony and transmit informa-
tion with high temporal accuracy.

The area under the two-sided peak was on the average 0.06 spikes.
This area, which equals the correlation coefficient, indicates to what
extent the two neurons tend to discharge in synchrony. The low values

a band of 99% confidence limits for the equivalent, independent Poisson processes (Abeles 1982b) is
shown by broken lines. A: Uncorrelated activity. B: ‘One-sided’ narrow peak. (Note the time scale: 60
ms) C: ‘“Two-sided’ wide peak. D: “Two-sided’ narrow peak. E: “Two-sided’ peak with slight signs of
periodicity. F: ‘Ultra-narrow’ peak at time 0 (time scale: 60 ms). (From Vaadia et al. 1991)
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that we usually measured suggest that most impulse discharges were
not correlated. That is, most of the spikes fired by two neurons that
shared a common excitatory input originated from EPSPs of other
excitatory inputs, which drove each of the neurons independently. This
finding confirms the results of previous studies, where triple cross-
correlograms (compare the ‘snowflakes’ in Fig. 5) were used to demon-
strate that a single neuron may share common-input with an adjacent
neuron from one source, while another input drives the same neuron in
unison with another neuron (Abeles 1983; Abeles et al. 1983; Frostig et
al. 1983; Vaadia and Abeles 1987).

Conclusion

From these and many similar findings we conclude that:

1. The interactions among adjacent neurons as revealed by cross-
correlation analysis are mostly of the ‘two-sided’, less often of the
‘one-sided’ type.

2. Usually the observed interactions between neuron pairs are weak,
in the sense that many of their spikes are not correlated, even
among neurons that have similar functional properties.

3. It is likely that the neurons receive some correlated inputs and
other independent inputs. We speculate that the three types of
‘two-sided’ peak width in cross-correlograms reflect three different
mechanisms of neuronal interactions. The ‘ultra-narrow’ peaks re-
flect the activity in ‘synfire chains’, the ‘narrow’ peaks reflect local
co-activation of neurons, and the ‘wide’ peaks reflect a more gen-
eral asynchronous mechanism affecting large cortical areas.

4. Oscillating interactions (40-70 Hz) have been reported between
cells in the cat visual cortex, that respond with oscillatory firing to
adequate visual stimuli. Although oscillatory single-neuron firing in
that frequency range was also observed in the somatosensory cor-
tex, not a single case of oscillatory interaction was found there.
Oscillations in that frequency range are conspicuously absent in the
auditory cortex and the frontal cortex, both in single-neuron firing
and in neuronal interactions.
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Modifications of neuronal interactions
Modifications in relation to sensory or behavioral events

One of the consequences of Hebb’s cell assembly hypothesis would be
that neurons organize into functional groups, depending on the mo-
mentary computational demand. This would imply that the interactions
among neurons should be variable, in particular that they should be
modified in relation to behavioral state, or to the presentation of rele-
vant sensory stimuli. Such dependencies on sensory stimulation, arousal
levels and behavioral state have indeed been observed (e.g. Dickson
and Gerstein 1974; Gassanov et al. 1980; Abeles et al. 1983; Eggermont
et al. 1983; Frostig et al. 1983; Eckhorn et al. 1988; Gray and Singer
1989; Aertsen et al. 1987; Kriiger and Aiple 1988; Aertsen and Ger-
stein 1991; Vaadia et al. 1991). We present here two illustrative exam-
ples of such modification of interactions by behavioral and stimulus
events, one from the auditory cortex, the other from the prefrontal
cortex.

Figure 9 shows an example where the spike correlation between
two cortical neurons was influenced by a sensory stimulus (from
Ahissar et al. 1992). The Figure illustrates the different interactions
between two neurons in the auditory cortex of a monkey during pre-
sentations of two sound movements in opposite directions. A statisti-
cally significant peak can be seen in the first cross-correlogram, com-
puted for the intervals when the stimulus was moving from right to
left (Fig. 9A). The position of the peak indicates that the probability
of detecting a spike of neuron 9 was increased for about 30 msec after
neuron 3 fired a spike. However, when the sound stimulus was moving
in the opposite direction (from left to right; Fig. 9B), the interaction
between the same two neurons was distinctly different. The correlation
in this case was very weak and seems to reflect an opposite interaction,
namely, a weak direct inhibitory connection, again from neuron 3 onto
neuron 9. Note that the PST histograms of these neurons do not show
any such sensitivity; both of them responded with a very similar on-
response to the two stimuli (Figs. 9C to 9F). Joint-PST analysis (see
next Section) for these two neurons showed that both the peak (Fig.
9A) and trough (Fig. 9B) in the corresponding cross-correlograms
originated from spikes fired during the on-response of the two
neurons; no significant correlation was observed during the remainder
of the response.
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Fig. 9. Modification of interactions in the auditory cortex by sensory stimuli. Example of direction
sensitivity, expressed only in the interaction between two neurons, and not in any one of the two
single-neuron response profiles. A-B: Difference-correlograms of units 3 and 9, computed from data
segments recorded during presentation of moving stimuli: A) rightwards (-15° to +15°); B) leftwards
(+15° to -15°). C-F: PST-histograms showing the responses of units 3 (C,D) and 9 (E,F) to the two
stimuli moving in opposite directions (N=291 stimuli for rightward movements; N=295 stimuli for
leftward movements). Correlograms and PST-histograms were smoothed, using a gaussian with

sigma=15 ms. (From Abhissar et al. 1992)

An example of an interaction that was modified in relation to be-
havior is presented in Figure 10. It shows the correlation between the
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spike trains of two prefrontal cortex neurons, collected from two
different time sections while the monkey was engaged in the delayed-
localization task (cf. Fig. 7). The spike trains in Fig. 10A were
recorded during intervals of 1 second, during and immediately fol-
lowing the presentation of a visual stimulus at 30° on the left. The data
in Fig. 10B were collected from sections of inter-trial intervals (ITI; 3
seconds each). Comparison of these two correlograms shows that there
is a marked difference in the interactions during the two behavioral
conditions. An irregular, but very distinct, two-sided peak of the nar-
row type can be observed when the monkey was presented with the
visual stimulus, while the spike trains recorded during the inter-trial
intervals show no correlation at all. We note that in the actual trials,
these two conditions were separated in time by at most a few seconds.

Dynamical properties of neuronal interactions

It is quite conceivable that these changes of interaction induced by
sensory and behavioral events are due to rapid modulations of dis-
charge synchronization among the neurons. Unfortunately, the ordinary
cross-correlogram, representing a time-averaged count of near-coinci-
dent spikes, does not allow to examine the time course of such possible
changes. Recent developments in analysis methodology, however, have
overcome this problem. In particular, the Joint-PSTH (Aertsen et al.
1989; Palm et al. 1988) was designed to highlight the detailed time
structure of firing correlation among two neurons, and its possible
time-locking to a third event, such as a stimulus or behavioral event.
Moreover, appropriate normalization of the Joint-PSTH enables us to
distinguish between contributions due to stimulus- or behavior-in-
duced modulations of the single-neuron firing rates, and those from
interneuronal correlation, the latter reflecting the ‘effective’ or ‘functio-
nal connectivity’ among the neurons involved.

Figure 11 shows an example of the results of such Joint-PSTH
analysis and the dynamic changes of pair interaction revealed by it.
Data were collected from two different time sections of spike trains
from two frontal cortex neurons during performance of the same
localization task as used in Figure 7. The first section comprises 600
ms immediately following the GO-signal (Fig. 11A), the second one
covers an interval of 600 ms, starting 900 ms after the monkey’s hand
left the target key (after it hit the correct location, and the monkey
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Fig. 10. Modification of interactions in relation to behavioral state. Two cross-correlograms of one
pair of neurons recorded in the prefrontal cortex of the monkey during performance of the delayed
localization task. The cross-correlogram in A was computed from sections of activity, recorded during
intervals of 1 second, during and immediately following the presentation of a visual stimulus at 30° on
the left. The cross-correlogram in B was computed from sections of inter-trial intervals (ITI; 3 sec-
onds each). Observe the marked difference in the interactions during the two behavioral conditions.

Note that in the actual trials, these two conditions were separated in time by at most a few seconds.
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received its reward) and returned to its resting position (Fig. 11B).
Comparison of the normalized Joint-PST histograms in both panels
reveals considerable differences in the interaction patterns among the
two neurons, both in the time-averaged correlograms and, even more
so, in the detailed time course of the correlation, displayed along the
diagonal. Following the GO-signal (Fig. 11A), the time-averaged cor-
relation is characterized by a strong, ‘bi-phasic’ interaction pattern: a
narrow peak for negative delays (left of the origin), accompanied by a
wider trough for positive delays (right). Interestingly, the positive peak
does not reflect an ongoing and stable interaction, but is the net result
of two extremely short-lasting instances of discharge synchronization
(cf. the diagonal histogram in Fig. 11A), occurring in coincidence with
the onset and offset of firing of one of the two neurons (compare the
PST-histogram along the y-axis), with no interaction whatsoever out-
side these two short intervals. Similarly, the negative interaction
changes dramatically as time proceeds. The time tourse of modulation,
however, is quite different: a sharply increasing and gradually decay-
ing negativity, with the dominant contribution originating from the
onset phase of the first neuron, shortly after the first peak of positive
interaction, when also the second neuron (PST-histogram along the x-
axis) elevates its firing rate. During the second time section, however,
separated from the first one by a mere 1.5 s, these same two neurons
exhibit a completely different type of correlation (Fig. 11B). In con-
trast to the earlier result, the overall interaction now is characterized
by an asymmetric, damped-oscillation-type correlation, with the main
peak straddling the origin. Again, inspection of the diagonal region
reveals distinct signs of dynamic modulation of the interaction.
Although in this case the increased noise level (presumably due to the
considerable reduction in firing rates of both neurons) prohibits an
unequivocal parsing into separate components, there are hints of two
non-overlapping oscillatory subpatterns (extending roughly from 900-
1100 ms and from 1200-1400 ms), possibly associated with concurrent
features in the firing rate of one of the neurons (compare the PST-
histogram along the x-axis).

This example clearly demonstrates that the neurons’ activities may
exhibit rapid modulations of discharge synchronization that are related
to the behavioral state. These modulations may switch the neurons’
firing behaviour from being mutually incoherent into a particular
coherent state of joint synchrony, or, alternatively, from one particular
pattern of mutual coherence into a different one. Each such pattern
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may last for only a few tens to hundreds of milliseconds. Finally, the
observed modulations in synchronized firing may be, but are not
necessarily associated with changes in either of the neurons’ individual
firing rates.

Interactions among larger groups of neurons

So far we only addressed the issue of correlation between two neurons
at a time. An important question in view of the hypothesis that neu-
rons dynamically organise into functional groups, is whether correla-
tions also exist between larger groups of neurons, and, if so, whether
such group correlations follow a similar pattern as the pair correlations
do, particularly regarding their dependence on behavioral state. In
order to study the global firing correlations among entire groups of
simultaneously recorded neurons, we used the gravitational clustering
analysis (Gerstein et al. 1985; Gerstein and Aertsen 1985; Aertsen et al.
1986, 1987; Aertsen and Gerstein 1991). This conceptual framework
and analysis technique was explicitly designed to deal with population
activity, in particular for the detection of co-activation of larger num-
bers of neurons. We give here only a brief description and refer to the
original literature for more details.

Fig. 11. Dynamics of neuronal interaction. Joint-PSTH analysis of two simultaneously recorded
neurons from the frontal cortex of a monkey during performance of the ‘delayed localization’ task.
The color-coded, normalized Joint-PSTH matrices in both panels represent the time-dependent
correlation of firing among the two neurons, after normalization for stimulus-induced modulations in
single-neuron firing rates. The latter are assessed by the PST-histograms shown along the horizontal
and vertical axes. The diagonal band of the normalized Joint-PSTH matrix reflects the near-coinci-
dent firing correlation as it evolves in the course of time; it is shown once again in the diagonal histo-
gram in the right-hand part of the Figures (lower left to upper right). Finally, the normalized cross-
correlogram is obtained by integrating along the diagonal; it is shown in the second histogram in the
right-hand part of the Figures (upper left to lower right). Data was collected from two different time
sections of spike trains: A: Time section of 600 ms immediately following the GO-signal; B: Interval of
600 ms, starting 900 ms after the monkey’s hand left the target key (after hitting the correct location,
and the monkey received its reward) and returned to its resting position. Notice the clear differences
in correlation during these two time sections, separated from each other by only about 1.5 s. Further

explanation in text.
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Fig. 12. Modification of interactions among groups of neurons in relation to behavioral state.
‘Gravitational Clustering’ analysis of correlation among the activities of 5 neurons in the frontal cor-
tex of a monkey during performance of the ‘delayed localizing task’. Each set of curves represents the
group correlations during a particular sequence of 0.5 second long intervals of spike activity, parsed
from a single recording session, the difference being that the first series of intervals (A) was time-
locked to the GO-signal, while the second series (B) was time-locked to the behavioral event of the
monkey leaving the target key. Clearly the clustering patterns and, hence, the organization of corre-
lation are distinctly different in these two cases, showing that correlations among groups of neurons
in frontal cortex may be altered drastically and in rapid succession, depending on the stimulus context

and behavioral state of the animal. Further explanation in text.
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Suppose we measure spike trains from N neurons. Each one of
these N neurons is represented by a point particle in a fictitious N-
space. To each such particle, we associate a time-varying °‘charge’,
determined by the respective neuron’s spike train. As a result, the par-
ticles will mutually exert forces that cause them to ‘move’. The charge
functions are defined such that the forces lead to aggregation of those
particles which correspond to coherently firing neurons, with each sin-
gle cluster signifying the member neurons of a particular cell assembly.
The time dependence of clustering conveys information on the static
(‘strength’) as well as the dynamic aspects of coherent activity. The
resulting configurations can be investigated directly by resorting to
high-dimensional cluster analysis techniques, or visually, by appro-
priate projection of the N-space onto a more convenient 2-space
representation. If cell assemblies are dynamic entities, related to stim-
ulus context or behavioral state, the particles associated with the
member neurons of such an assembly would aggregate during the stage
which calls the assembly to action, and move away from each other to
regroup in different clusters, when other assemblies are called upon
the stage.

Preliminary results from gravitational analysis of frontal cortex
recordings indicate that (a) global correlations among larger groups of
neurons in frontal cortex do exist, and that (b) these group correlations
may indeed be altered drastically and in rapid succession, depending
on the stimulus context and behavioral state of the animal. An example
of such group correlation and its behavioral dependence is given in
Figure 12. The plots show the pairwise inter-particle distance in the
gravitational representation as a function of time, with each single
curve representing the firing correlation among a particular pair in the
set of simultaneously recorded neurons. The temporal development of
clustering is signified by a downward slope of some of the curves: the
larger the downward slope, the stronger the positive correlation (and
upward for negative correlation). The two panels represent the firing
correlations among five well isolated single frontal cortex neurons,
recorded simulteously during performance of the localization task.
Each of the two panels corresponds to a particular sequence of 0.5
second time intervals of spike activity that were collected from a single
recording session. The two panels differ in that the respective time
sections were time-locked to different stimulus or behavioral events:
similarly to the results in Fig. 11, Fig. 12A describes the correlations
during the 0.5 second immediately following the GO-signal, while Fig.
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12B covers the interval between 1 and 1.5 second after the monkey’s
hand left the target key to return to its resting position. Observe how
the clustering patterns (and hence, the group correlations) are distinctly
different in these two cases. Following the GO-signal (Fig. 12A), only
one pair of neurons shows positive correlation (the single descending
curve), whereas the remaining particles either remain noisily stationary
(i.e. no correlation between the corresponding neurons) or even have a
weak tendency to diverge, suggesting a negative correlation. In con-
trast, during the return movement (Fig. 12B) all curves exhibit a
strongly similar descent, indicating a collective aggregation into a
single cluster. Evidently, during this second interval all five neurons
temporarily join into a common mode of coherent firing; further anal-
ysis (not shown here) reveals that both immediately before and after
this particular 0.5 second interval, this collective behavior is very
much weaker or altogether absent. It should be born in mind that the
selected time sections were separated on the average by only about 1-
1.5 second, so that indeed this change of correlation is a very rapid
one.

These and similar results (Aertsen and Gerstein 1991; Vaadia et al.
1991) imply that the observed changes in correlation are not simply
due to task-related changes in single neuron firing rates, but rather
reflect interesting, task-related and highly dynamic changes of inter-
action among these neurons. We stress that the changes in assembly
organization, signified by these changes in firing correlation, could not
have been revealed by any single unit analysis of the individual
neurons involved.

Conclusion

1. Interactions between neuron pairs as well as between larger groups
of neurons can be modified in relation to external events, like
sensory stimuli, or to the behavioral state. Such modification may
occur on a very short time scale, within a fraction of a second.

2. The activities of pairs of cortical neurons may exhibit rapid modu-
lations of discharge synchronization, that are related to the behav-
ioral state. These modulations may switch the neurons’ firing
behaviour from being mutually incoherent into a particular coher-
ent state of joint synchrony, or, alternatively, from one particular
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pattern of mutual coherence into a different one. Each such pattern
may last for only a few tens to hundreds of milliseconds.

3. The modulations in synchronized firing between pairs of cortical
neurons may follow a time course which is independent of the fir-
ing rate profiles of any of the single neurons involved.

Discussion

Most of the above results could not possibly have been predicted from
single neuron measurements. Nevertheless, studies of functional prop-
erties of single neurons are still very important. They provide a range
of important parameters for each element in the hypothetical ‘neuronal
network’ (maximal rate, response properties, statistical properties of
the spike train, etc.). In addition, they provide a description of the
functional organization of the cerebral cortex. Thus, single-unit studies
can tell us where and when certain processes take place. Moreover, a
research strategy that combines the study of the individual properties
of single neurons with an analysis of the relations they have with each
other allows for a confrontation of different hypotheses, using the
same experimental data.

Our observations support the hypothesis that several different
neural encoding schemes may be operative in the cortex simultane-
ously. We postulate that the neural code for higher brain function
resides both in the firing activities of single neurons, as well as in the
coherent activity of groups of neurons. Our findings further suggest
that these ‘neuronal groups’ are dynamic entities, defined not only by
anatomical connections, but also by the everchanging level of correla-
tion among the activities of their member neurons. The salient result
of direct observation of the activity in groups of neurons in the
working cortex is that the interactions among these neurons may be
context-dependent and dynamic on several different time scales. This
suggests that the usual concept of neurons with static interconnections
of fixed or only slowly changing efficacy (during learning, for exam-
ple) is no longer adequate. Instead, we should distinguish between
structural (or anatomical) connectivity on the one hand, and functional
(or effective) connectivity on the other. Whereas the former can be
described as (quasi) stationary, the latter may be highly dynamic, with
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time constants of modulation in the range of tens to hundreds of milli-
seconds. Thus, it appears that dynamic cooperativity is an emergent
property of neuronal assembly organization in the brain.

We hypothesize that the cooperativity and the degree of synchroni-
zation among cortical neurons can control the synaptic efficacy of the
connections between them. This hypothesis predicts that the effective-
ness of interactions among neurons may depend on environmental or
internal factors that change the degree of synchronization. Considering
that a neuron in the cortex makes contacts with thousands of other
cells (Braitenberg and Schiiz 1991), it becomes evident that when such
a neuron is momentarily co-activated with one set of cells, part of its
connections will become effective for a corresponding brief period of
time. However, when some time later, due to a change in stimulus
context or behavioral state, the same cell is co-activated with another
set of neurons, a partly or even altogether different subset of its con-
nections will become effective. Thus, there is no need for the synaptic
contacts to be particularly strong: the corresponding connections
become effective through synchronous activity with other neurons
(Abeles 1982a, 1991). Computer simulations (Erb et al. 1986, 1989,
1990) and analytical calculations (Aertsen and Preissl 1991) on artificial
neural networks with various types of architectures have demonstrated
that considerable and rapid changes in effective connectivity may, in
fact, occur without any associated changes in anatomical connectivity.
Rather, such changes in effective connectivity may be a reflection of
the dynamics of the activity in the entire network, both regarding the
rates (Boven and Aertsen 1990) and the internal coherence (Beden-
baugh et al. 1988, 1990) of firing. Thus, the highly dynamic interplay
of activity and connectivity in the cortex gives rise to an ongoing
process of functional reorganization. Everchanging groups of neurons,
each one recruited for brief periods of time, become co-activated and
again de-activated, following each other in rapid succession. It is our
conjecture that this dynamic reorganization provides the mechanism
which underlies our capacity to rapidly change our sensory percep-
tions, motor behaviour and sensori-motor associations.
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