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Tactile discrimination depends on integration of information from
the discrete receptive fields (RFs) of peripheral sensory afferents.
Because this information is processed over a hierarchy of subcor-
tical nuclei and cortical areas, the integration likely occurs at
multiple levels. The current study presents results indicating that
neurons across most of the extent of the hand representation in
monkey primary somatosensory cortex (area 3b) interact, even
when these neurons have separate RFs. We obtained simultaneous
recordings by using a 100-electrode array implanted in the hand
representation of primary somatosensory cortex of two anesthe-
tized owl monkeys. During a series of 0.5-s skin indentations with
single or dual probes, the distance between electrodes from which
neurons with synchronized spike times were recorded exceeded 2
mm. The results provide evidence that stimuli on different parts of
the hand influence the degree of synchronous firing among a large
population of neurons. Because spike synchrony potentiates the
activation of commonly targeted neurons, synchronous neural
activity in primary somatosensory cortex can contribute to discrim-
ination of complex tactile stimuli.

classical receptive field � neuronal synchrony � primate �
two-point stimulation � Utah array

Humans and other primates use their hands to make tactile
discriminations that guide choices and actions. The vast

majority of these choices are based on stimuli that are presented
to sites across the hand or hands. Transformation of these
scattered information sources from receptors in distinct patches
of skin into one percept presumes integration within the central
nervous system. This integration could occur at several levels,
but here we consider the primary somatosensory cortex (S1 or
area 3b). Though area 3b contains a detailed somatotopic
representation of the hand and neurons with small receptive
fields (RFs), considerable integration across hand locations may
occur at this level via horizontal connections within area 3b.

One way of examining neuronal interactions is through spike
timing synchrony. When the spikes of two neurons occur to-
gether more often than expected by chance, we can infer that
those neurons are part of the same local network. The two
neurons may receive a common input that drives the synchro-
nous firing, or the neurons may be synaptically connected. Our
focus was on quantifying integration in anesthetized owl mon-
keys (Aotus trivirgatus) in the form of spike synchrony of
neuronal activity in layers 2/3 of S1. Analysis of firing rate will
be presented elsewhere.

Using a 100-electrode array (Cyberkinetics) covering 4 mm �
4 mm of cortical area (Fig. 1 A and B), we examined sensory
input integration in the area 3b hand representation by focusing
on correlations in spike timing in pairs of neurons responding to
the same or different stimulus probes (1-mm-diameter contact
surface). We examined interactions across, rather than within,
digit and palm pads to determine the extent of spatial integration
in the area 3b hand representation.

Correlations between neurons have been proposed as a bio-
physical mechanism by which neurons at lower levels in processing
hierarchies more effectively increase the responsiveness of neurons
at higher levels (e.g., refs. 1 and 2). In the primate somatosensory
system, spike timing correlations have been studied primarily in
secondary somatosensory cortex (S2) in awake macaque monkeys
performing attention tasks (e.g., refs. 3 and 4) because firing rate
changes without spike synchrony changes have been associated with
attention in S1 (5). Here, we examined spike synchrony in S1 of
anesthetized owl monkeys. Rather than studying synchrony as a
neural correlate of attention, we studied the role of spike synchrony
as a low-level correlate of stimulus processing and integration. We
examined spike timing synchrony by using joint peristimulus time
histogram analysis (JPSTH) based on methods from Aertsen and
colleagues (6). The analysis focuses on the subset of spike timing
correlations that likely arise from functional connections, rather
than correlations due to stimulus-related changes in firing rate. In
particular, our purpose is to infer the influence of common input
and lateral connections in area 3b. The data presented include
dual-site stimulation on nonadjacent hand locations, as stimulus
interactions between nonadjacent digits would be strict indicators of
effects from ‘‘beyond the classical receptive field’’ (7).

Neurons with overlapping RFs might be expected to show
spike timing correlations based on common input and/or syn-
aptic connections. Neurons with nonoverlapping RFs might be
less likely to share information and fire synchronous spikes.
Simultaneous recordings in S1 and S2 in cats revealed that
neurons with synchronized spike times tended to have overlap-
ping RFs, whereas the pairs that did not show synchrony tended
to have nonoverlapping RFs (8). However, recent studies in
visual cortex have led to the proposal that synchrony is related
to stimulus properties (e.g., refs. 9 and 10). Therefore, we tested
whether we could drive synchronous firing between neurons with
nonoverlapping RFs responding to stimulation on nonadjacent
locations, as a signal of information integration beyond the
classical RF.

Results
Recordings were obtained by using a 100-electrode array im-
planted in layers 2/3 of S1 of two anesthetized owl monkeys; one
or two sites on the hand were stimulated. We selected 182 units
from the two monkeys based on response criteria to the stimu-
lation conditions (see Materials and Methods). From monkey 1,
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28 units were classified as single units and 66 were multiunits.
From monkey 2, 42 units were single units and 46 were multi-
units. Across all stimulation conditions, this resulted in 1,244
single unit pairs and 2,476 multiunit pairs for spike timing
analysis. Paired nonadjacent locations selected for stimulation
included digit 1 (D1) with digit 3 (D3), digit 2 (D2) with digit 4
(D4), and the thenar palm pad (PTh) with palm pad 2 (P2). We
obtained responses from 50 single units and 63 multiunits while
analyzing 316 single unit pairs and 473 multiunit pairs for
synchrony. Only one unit was selected per electrode for analysis
so that no spike timing correlations were performed between
units from the same electrode. Thus, it is unlikely that spike
correlations were calculated between contaminated spikes (11).
Our measure of synchrony was the peak magnitude of correla-
tion between pairs of neurons based on JPSTH analysis with
spike trains aligned at the start of a 0.5-s skin indentation. Pairs
with significant correlations showed synchronous spiking during
the sustained skin indentation, not only at stimulus onset and
removal (Fig. 1C).

Multielectrode Recordings Indicate Widespread Stimulus Effects. Re-
sponses of area 3b neurons to 0.5-s skin indentations within the
minimal RF (based on traditional mapping techniques) included
a sharp onset response followed by some response depression, a
variable level of maintained activity, and often an off response,
depression, and a return to prestimulus levels of spontaneous
activity. Neurons included in the analysis showed sustained
activity in response to the 0.5-s stimulation on at least one of the
hand locations in the recording conditions (see Materials and
Methods). Although rapidly adapting neuron types with low
levels of spontaneous activity and transient responses to stimu-
lation were recorded, these were not included in the analysis
because the JPSTH calculation requires many spikes to obtain an
estimate of spike timing synchrony (6, 11, 12). The recorded
responses were similar to those reported previously from area 3b
neurons in monkeys (e.g., refs. 13 and 14).

We found correlated spike times between pairs of neuron
units recorded from adjacent electrodes (0.4 mm center-to-
center distance), as well as from distant electrodes (�2 mm
apart). An example of the extent of correlations when a single
site on the PTh was stimulated repeatedly is shown in Fig. 2. A
representation of the peak firing rate for the subset of units
analyzed for synchrony is shown in conjunction with the peak
correlations between unit pairs.

Quantification of Spatial Integration Across Area 3b Indicates Exten-
sive Interactions. The proportion of unit pairs with synchronous
spike timing decreased when two sites were stimulated compared
to single-site stimulation. During single-site stimulation, 49.6%
of the pairs recorded showed synchrony in their spike timing.
During dual-site stimulation, 28.2% of the pairs were synchro-
nized. For both single- and dual-site stimulation conditions, the
proportion of correlated pairs decreased as the cortical distance
separating the two units increased (Table 1). When one site was
stimulated, 58.7% of the neuron pairs recorded �1.0 mm apart
had significant spike timing correlations. This proportion
dropped to 16.7% for pairs that were separated by 4.0–5.0 mm.
When two nonadjacent sites were stimulated, 35.6% of the
neuron pairs recorded �1.0 mm apart were synchronized. This

Fig. 1. An example of correlated spike activity recorded from two adjacent
electrodes in monkey 1. (A) A lateral schematic view of an owl monkey brain
with area 3b shaded. Subdivisions representing the face and hand are out-
lined, including those that cannot be seen from a surface view. LS, lateral
sulcus; STS, superior temporal sulcus. (B) The location of the array within the
area 3b hand representation. The approximate representations of the digits
(D1–5) and the digital (P1–3), thenar (PTh), hypothenar (PH) and insular (Pi)
pads of the hand are identified and outlined. The red dots mark the electrodes
where the two neurons were recorded for the analysis shown in C. Both
neurons had RFs on the PTh pad. (C) An example of the spike timing synchrony
of units recorded from adjacent electrodes. Two probes simultaneously in-
dented the skin on the PTh and P1 pads. Spike synchrony between the two
neurons is shown in the normalized joint peristimulus time histogram, the
JPSTH matrix. The two PSTHs of the responses to 100 repetitions of 0.5-s skin

indentations are shown to the left and below the matrix, with the cross-
correlation histogram derived from the JPSTH analysis directly below. The
colored pixels in the JPSTH matrix represent the magnitude of the normalized
correlation at different lag times over a poststimulus time of 700 ms. Strong
spike synchrony occurred around a 0-ms lag time throughout the period. The
cross-correlation histogram (black) revealed a peak correlation of 0.16 that
exceeded the mean correlation from the shuffled trials (red).
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proportion dropped to 7.5% for pairs separated by 3.0–4.0 mm.
We speculate that information provided by synchronous activity
became more specific when two sites were stimulated.

As a next step, we examined the relationship of the distance
between correlated pairs and the magnitude of the peak corre-
lation. The data were summarized for both monkeys in a scatter
plot (Fig. 3) to determine whether strong correlations tended to
occur between neurons on adjacent electrodes. We found a
weak, but significant trend for stronger correlations occurring
between neurons recorded from nearby electrodes when a single
site was stimulated (r � �0.2247, P � 0.0001, n � 533), as well
as when two nonadjacent sites were simultaneously stimulated
(r � �0.2048, P � 0.006, n � 179). We found that significant
correlations occurred between neurons recorded from distant
electrodes (�2 mm apart).

Discussion
One might expect that spatial integration by area 3b neurons is
very limited, because RFs have been consistently described as
restricted in size, usually confined to part of a phalanx of a single
digit or palm pad (15–17), and appear uniformly excited when

probed with punctate stimuli (18–20). Studies indicate that
inhibitory surrounds of area 3b neurons in hand cortex do not
substantially enlarge the RF area (15, 19, 20). Here, we show that
traditional depictions of RFs do not reflect the extent of
integration that occurs in area 3b.

The ability to record from 100 electrodes simultaneously
allows us to examine responses and spike synchrony across a
large extent within a single cortical area or between areas. Our
experiment, using tactile stimulation of nonadjacent hand sites
of anesthetized owl monkeys, demonstrates the widespread
spatial integration of sensory inputs present in the area 3b hand
representation. When even a single site was stimulated with
repeated skin indentations, neurons on numerous electrodes
responded to the 1 mm diameter stimulus. These results are in
agreement with findings in which chronic multisite recordings in
owl monkey somatosensory cortex areas 3b, 2, and S2 showed
widespread activity in response to single-site tactile stimulation
and evidence for ensemble coding of stimulus location using
firing rates (21). Spike timing correlations occurred between
neurons separated by millimeters of cortex, beyond the predicted
extent of the representation of the palm pad location at that site
(Fig. 2), suggesting a functional connectivity that has been
largely overlooked.

Correlated firing among neurons can occur through four basic
mechanisms: (i) a common input arriving nearly simultaneously
to the neurons; (ii) lateral connections within cortex; (iii)

Fig. 2. An example of widespread spike timing correlations and firing
activity. Significant peak correlations across the sampled neuron-units in the
100-electrode array are displayed in a grid. A color map representing the peak
firing rates of the units is overlaid on a schematic of the area 3b hand
representation to indicate the approximate spatial locations of the electrodes.
Shown is one example from monkey 1 when a single site on the thenar (PTh)
palm was stimulated repeatedly (100 trials). Dots indicate electrode sites and
significant correlations between units are represented by the lines connecting
the dots. The size of the dots and the thickness of the connecting lines are
visual representations of the peak magnitude of the correlation. Each colored
box represents the peak firing rate of a unit at one electrode site. Peak firing
rates are shown for those units included in the synchrony analysis. Dark blue
squares indicate electrodes not analyzed for spike synchrony because units did
not show sustained responses to stimulation.

Table 1. Proportions of correlated pairs across cortical distance in S1

Cortical distance, mm

Site stimulation 0–1.0 1.0–2.0 2.0–3.0 3.0–4.0 4.0–5.0 5.0–6.0 Total

Single
Recorded pairs, n 264 378 321 100 12 0 1,075
Synchronized pairs, n 155 205 134 37 2 0 533
Proportion, % 58.7 54.2 41.7 37.0 16.7 — 49.6

Dual
Recorded pairs, n 146 223 192 67 6 0 634
Synchronized pairs, n 52 75 47 5 0 0 179
Proportion, % 35.6 33.6 24.5 7.5 0 — 28.2

—, not applicable.

Fig. 3. Relationship of spike timing peak correlation magnitude to the distance
between electrodes. The normalized, significant peak correlation magnitudes
are plotted as a function of distance between the correlated unit pairs for
monkeys 1 and 2 when nonadjacent sites were simultaneously stimulated (Dual-
Site) or when single sites were stimulated as controls (Single-Site).
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responses in unconnected neurons to a common stimulus; and
(iv) statistical coincidence due to firing rate. Our corrections in
the correlation calculations remove or reduce the impact of iii
and iv, although ‘‘uncorrected correlations’’ likely have roles in
stimulus processing (12). Thus, we are left to determine whether
the correlations we find are due to a common input or lateral
connections. We recorded from neuron pairs with the same or
overlapping RFs, which are likely to receive a common activating
input, as well as have strong lateral connections (e.g., refs. 22 and
23). These neurons were in close proximity (adjacent electrodes,
0.4 mm apart). Significant spike correlations also occurred for
neurons with nonoverlapping RFs across larger regions of cortex
(�2 mm apart). It is unlikely that synchronies between neuron
pairs with dissimilar RFs induced by stimulating two nonadjacent
digits simultaneously are due to a common thalamocortical
input, because the densest thalamocortical projections are to-
pographically matched, although a few projections spread across
distinct representations in area 3b of owl monkeys (24, 25).
Lateral projections extend across segregated digit representa-
tions in monkey area 3b (e.g., refs. 26–28). Thus, we propose that
common thalamic inputs, together with dense lateral connec-
tions, result in strong correlations between neurons across a
localized area of cortex in which neurons have overlapping RFs,
whereas longer and less dense intrinsic lateral connections
(24–28) contribute to weaker correlations that spread across a
larger area. An additional source of correlated activity between
distant neurons could be common feedback connections from
higher-order somatosensory areas with large RFs.

Evidence for Widespread Correlated Neural Assemblies in Area 3b.
Recent studies have shown attention-induced changes in spike
time synchrony between pairs of neurons in primate somatosen-
sory cortex (e.g., refs. 3–5 and 29). To a large extent, such
synchronies have been interpreted as a high-level integration
process based on feedback connections from higher levels,
despite evidence for robust synchrony in anesthetized prepara-
tions (9, 10, 30–34). Synchrony in unconscious animals implies
specific anatomical connectivity between neurons, and popula-
tions of neurons, and emphasizes that higher levels of integration
must consider low-level integration.

Our results, using paired stimuli on multiple locations across
the hand, expand previous correlation studies in somatosensory
cortex that found that neurons with overlapping RFs have strong
correlations when probed with single stimuli inside the RF and
moving stimulation (e.g., 32–34). Similar to findings in cat S2
(32), we found that the magnitude of correlated activity de-
creased with increased electrode distance (Fig. 3). However, the
spatial distance between correlated neurons was surprising, as
significant correlations occurred between neurons separated by
over 2 mm (Table 1 and Fig. 3). As suggested by Alloway and
colleagues (33), we found that spike timing synchrony in S1 may
be related to stimulus properties in anesthetized animals, indi-
cating that low-level integration processes play an important role
in neural coding, in addition to the role played in higher-level
processes (such as attention).

In conclusion, we have shown evidence for extensive sensory
input integration in S1 cortex of anesthetized owl monkeys.
Traditional minimal RF (mRF) mapping is only the ‘‘tip of the
iceberg’’ in terms of reflecting the actual stimulus interactions
that take place in the area 3b hand representation. Interactions
extend across nonadjacent digit sites, despite the lack of RF
mapping studies in primates showing such large fields in area 3b.
The differences in our findings compared with traditional RF
mapping can be explained in part by our stimulus. We use a
suprathreshold stimulus to drive responses, whereas RF mapping
is typically done with near-threshold stimulation. Our suprath-
reshold stimulus may activate a larger pool of inputs, allowing us
to measure interactions that are likely to occur during natural

tactile stimulation. Using our method, we found sensory input
integration across regions much larger than the small RFs and
discrete digit representations predict. We propose that neurons,
even at the first level of somatosensory cortex, participate in
global aspects of stimulus processing, on which higher-level
processing is based.

Materials and Methods
Preparation. Two adult owl monkeys (1 kg) were prepared for electrophysio-
logical recording from primary somatosensory cortex under the guidelines
established by the National Institutes of Health and the Animal Care and Use
Committee at Vanderbilt University. Animals were anesthetized with propo-
fol and N2O and paralyzed with vecuronium bromide. See supporting infor-
mation (SI) for detailed methods. A small craniotomy was made over the
primary somatosensory cortex, and the dura was removed. The electrode array
was inserted into the cortex pneumatically to a depth of 600 �m, such that
electrode tips are expected to be within layers 2/3. The opening was covered
with agar mixed with Ringer’s solution to provide stability. Similar methods
have been described elsewhere (10, 35).

Stimulation Procedures. Computer-controlled stimuli were generated in a
custom-designed Visual Basic program and executed with two independent
force- and position-feedback controlled motor systems (300B; Aurora Scien-
tific). Round Teflon probes 1 mm in diameter delivered tactile stimuli to the
glaborous hand. Stimuli consisted of pulses that indented the skin 0.5 mm for
0.5 s, followed by a 2.0-s period off the skin, repeated for 255–300 s. These
parameters allowed us to detect responses to stimulus on and off times and
classify phasic or sustained responses (14). Paired sites were selected for
stimulation and the pulses were delivered simultaneously. Single-site control
stimuli were delivered to each of the sites in the pair before simultaneous
stimulation. For practical purposes, reference units were identified and probes
were positioned so that one probe was inside and one probe was outside the
mRF of the reference neuron. Procedures for mRF mapping have been pub-
lished elsewhere (36–38). See SI Text for details regarding mRF mapping and
stimulation procedures.

Data Acquisition. Recordings were made by using the 10 � 10 Utah array and
the Bionics Data Acquisition System (Cyberkinetics Neurotechnology Systems).
The signals on each channel were amplified 5,000 times and band-pass filtered
between 250 Hz and 7.5 kHz. The threshold for each electrode was automat-
ically set for 3.25-times the mean activity and the waveforms were sampled at
30 kHz for 1.5-ms windows (10).

Histology. After data collection, animals were perfused and the brains were
prepared for histological analysis as described previously (36). The cortex was
flattened and cut frozen at 40 �m. Sections were processed for myelin to aid
in determining the electrode sites relative to the area 3b hand representation.
Fig. S1 shows the tissue quality that may be obtained by using the 100-
electrode array.

Data Analysis. Spike sorting and data selection. Spike signals were sorted offline
with an automatic spike classification program for Matlab (Mathworks) based
on the t-distribution expectation maximization algorithm (39). All recordings
for a given stimulation series were sorted together to standardize sorting
across recordings. We reviewed each recording with a second spike sorter
program, Plexon Offline Sorter (Plexon). See SI Text and Fig. S2 for sorting
details. We used the Plexon software to verify the quality of unit isolation such
that single units had refractory periods of �1.2 ms, P values of �0.05 for
multivariate ANOVA related to cluster separation, and distinct waveform
amplitudes and shapes when compared with other activity on the same
electrode (40). Single units and multiunits were grouped separately. In each
monkey, several of the electrodes recorded single unit activity (45 electrodes
and 65 electrodes for monkeys 1 and 2, respectively); however, not all single
units responded significantly under each stimulus condition. Only units that
responded to a given stimulus condition with peak firing rates above the
upper 99% confidence limit of the expected mean firing rate were included in
the analyses for that condition. Confidence limits were calculated with Neu-
roExplorer software (Nex Technologies) based on the assumption that the
spike counts have a Poisson distribution.

Additionally, neurons included in the analysis showed sustained activity in
at least one of the stimulus conditions such that spiking activity was main-
tained during the 0.5-s skin indentation. In practice, both of the following
criteria had to be reached for a unit to be included in the correlation analysis.
The activity between 100 and 500 ms after stimulus onset must have reached
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the upper 95% confidence limit of the mean firing rate for three or more
consecutive 1-ms bins, and the activity within this 400-ms period must have
exceeded the expected mean firing rate for at least fifty 1-ms bins. Units
showing only rapidly adapting response properties typically had relatively low
spike counts, which makes the interpretation of JPSTH analysis difficult or
even biased, so these units were excluded from analysis. Finally, we selected
one unit per electrode for JPSTH analysis, choosing single units over multiunits
when possible.
Spike time synchrony. Spike synchrony between pairs of neurons was measured
from the cross-correlation histogram derived from the JPSTH analysis with all
spike trains aligned on the onset of skin indentation following previous
conventions (6, 11, 41). See SI Text for detailed methods. We compared the
peak correlation value from the cross-correlation histogram derived from the
normalized JPSTH of neurons across stimulus conditions. Fig. S3 shows exam-
ples of JPSTHs during stimulation and no stimulation; however, the very low
spike counts in anesthetized animals in absence of tactile stimulation typically

did not reach an appropriate number of spikes for use of the JPSTH calculation
(6, 11, 12) and were not analyzed.

We tallied the proportion of synchronized neuron pairs to the total recorded
pairs for groups of cortical distances separating the neurons in the pair. To
represent the relationship of the electrode distance between the correlated
neurons with the magnitude of the spike timing correlations, we measured the
distance between electrodes and the correlation strength for a given stimulus
condition. We examined these paired values of distance and spike timing corre-
lation magnitude in a scatter plot and performed linear regression on the
population summary to obtain the correlation coefficient using Matlab.
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