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First spikes in ensembles of human tactile afferents
code complex spatial fingertip events

Roland S Johansson & Ingvars Birznieks

It is generally assumed that primary sensory neurons transmit information by their firing rates. However, during natural object
manipulations, tactile information from the fingertips is used faster than can be readily explained by rate codes. Here we show
that the relative timing of the first impulses elicited in individual units of ensembles of afferents reliably conveys information
about the direction of fingertip force and the shape of the surface contacting the fingertip. The sequence in which different
afferents initially discharge in response to mechanical fingertip events provides information about these events faster than the
fastest possible rate code and fast enough to account for the use of tactile signals in natural manipulation.

Since Adrian’s discoveries in the 1920s!, it has been broadly assumed
that primary sensory neurons transmit information by their firing
rates. To estimate firing rates, at least two impulses in a given neuron
are required, and for reliable estimates, neural responses are gener-
ally averaged over a substantial time window and over several trials.
While carrying out tasks in the natural world, however, people must
quickly extract information about single stimuli. For example, in
dexterous manipulations, tactile afferent information about
mechanical fingertip events is rapidly expressed in the control of fin-
gertip actions. Both friction between the object and the fingertips
and the shape of grasped surfaces, recognized by tactile mechanisms,
are reflected in the applied fingertip forces within (100 ms of initial
contact®™*, Accidental slips and unexpected perturbations of a
grasped object elicit responses in tactile afferents that trigger specific
behavioral consequences even faster ({155 ms)>>~. Peripheral nerve
conduction times and muscular force generation delays account for
(U5 ms of the delay>®, and at least 15 ms is required for central pro-
cessing®1%. Given these neuromuscular time constraints and the lim-
ited firing rates of tactile afferents in natural manipulation tasks>711
it can be assumed that information about object features and finger-
tip events is transmitted when the majority of afferents recruited
have only had time to fire a single impulse. Therefore, we hypothe-
sized that information about important parameters of discrete
mechanical fingertip events can be efficiently transmitted by the rel-
ative timing of the first impulses (‘spikes’) evoked in individual units
in ensembles of afferents. A code based on relative timing of first
spikes has been discussed and analyzed theoretically in relation to
fast object categorization in central vision!2.

Firing rates of individual human tactile afferents are tuned broadly
to a preferred direction of fingertip force, and this preferred direction
varies among afferents such that ensembles of afferents can encode
force direction!3. Likewise, changes in object shape influence firing
rates differentially among afferents such that curvature contrast sig-

nals are present within populations of tactile afferents'®. In the pres-
ent study, we tested whether these fingertip parameters can be
encoded by the timing of the first spikes evoked in populations of tac-
tile afferents. We also asked how quickly this code might convey tactile
information compared to the earliest possible rate code defined by the
interval between the first and the second spike in neurons engaged,
termed the “first interspike rate’. We show that the relative timing of
the first-spikes contains reliable information about direction of fin-
gertip force and object shape and provides this information apprecia-
bly faster than rate codes. The first-spikes elicited in the population of
fast-adapting type-I afferents (‘Meissner afferents’) were most effi-
cient in this capacity.

RESULTS

Using one flat and two spherically curved objects with radii of 10
and 5 mm (curvatures 100 and 200 m~1, respectively), we applied
forces at magnitudes and time courses representative of manipula-
tion to a standard site at the fingertip (Fig. 1a). Each object applied
force in each of five directions: normal to the fingertip and at an
angle of 20° relative to normal with the tangential force component
in the radial, distal, ulnar and proximal directions (Fig. 1a). The pri-
mary site of contact was the center of the nearly flat portion of the
volar surface of the fingertip, which is a primary target for object
contact in fine manipulation!3. To obtain a picture of the popula-
tion response, we recorded signals in representative samples of
afferents terminating all over the distal phalanx (Fig. 1b)'3. In total,
unitary action potentials of 196 afferents were recorded from the
median nerve in the upper arm!>. Based on adaptation to sustained
skin indentation and properties of the cutaneous receptive field!®,
72 of those afferents were classified as fast-adapting type I (FA-I), 10
as fast-adapting type II (FA-II), 73 as slowly-adapting type I (SA-I),
and 41 as slowly-adapting type II (SA-II). The end organs of the FA-
I, FA-II and SA-I afferents are very likely Meissner corpuscles,
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Pacinian corpuscles and Merkel cells, respectively, and the SA-IIs are
thought to terminate in Ruffini corpuscles'®. The type-1 afferents
(FA-I and SA-I) possessed small and well-delineated receptive fields
(010 mm?) as defined by weak point-indentations of the skin,
whereas the fields of the type-II afferents (FA-II and SA-II) were an
order of magnitude larger and less well defined!”18; the FA-II affer-
ents responded to remote percussive stimuli and the SA-II afferents
often to planar skin stretch. However, due to the widespread distri-
butions of complex tensions all over the phalanx with fingertip
forces representative of manipulation, in functional terms the
receptive fields of nearly all FA-I, SA-I and SA-II afferents of the fin-
gertip encompass the primary site of contact!>14,

We focused on neural data obtained with the flat surface when
examining effects of force direction. When examining effects of object
shape, we focused on data obtained with forces normal to the skin at
the contact site. For each afferent we analyzed data obtained from five
stimuli from each stimulation condition (force direction and curva-
ture). Our force stimuli did not consistently excite the FA-II afferents

Figure 1 Force stimulation, afferent sample and responses to fingertip
forces applied in different directions with the flat surface. (a) Superimposed
on a 0.2 N normal force (F,), force was applied to the fingertip in the normal
direction only (N), and together with tangential components in the radial (R),
distal (D), ulnar (U) and proximal (P) directions. Each stimulus consisted of
a force protraction phase, a plateau phase and a retraction phase.

(b) Locations of receptive field centers of sampled afferents on contours of
the generic fingertip; side view includes afferents terminating on either side
of the finger. Shaded zone represents an estimate of the area of contact
between the stimulus surface and the fingertip at 4 N normal forcel3.

(c) Impulse ensembles exemplify responses in two afferents of each type to
the repeated force stimuli (n = 5) applied in each force direction; responses
sorted in the same order as recorded. Traces above show the normal force
component (F,) superimposed for all trials. Force direction influenced
consistently the first-spike latencies of all of these afferents except for the
rightmost SA-II afferent that responded also during inter-stimulus intervals.
Circles on the finger indicate the centers of the afferents’ receptive fields
and (+) indicates the primary site of stimulation.

because of their preferential sensitivity to high-frequency mechanical
transients, so their responses were not analyzed.

Direction of fingertip force

Although they terminated at various locations in the fingertip with
reference to the primary stimulation site, nearly all of the recorded
afferents responded reliably to at least one direction of force (61 FA-I,
73 SA-T and 40 SA-II afferents). Changes in force direction had sub-
stantial effects on the first-spike latency for afferents of the FA-I, SA-I
and SA-II populations (Fig. 1c). Kruskal-Wallis ANOVAs applied to
each individual afferent indicated that force direction reliably influ-
enced (P < 0.05) the first-spike latency of nearly all responsive FA-I
and SA-T afferents (92% and 90%, respectively) and for a majority of
SA-II afferents (65%). As with the directional tuning of firing rates'?,
for most directionally sensitive afferents the first-spike latency was
tuned broadly to a direction in which it was shortest (Fig. 2a).
Irrespective of direction of force, most afferents showed a remarkably
small variability in the first-spike latency across the five repetitions of
the stimulus (Figs. 2a,b). However, a two-way ANOVA applied to all
afferents responsive in all five force directions indicated that the inter-
trial jitter (expressed as the standard deviations of the latencies) dif-
fered among afferent types (F,;,, = 4.81; P = 0.01) but not with
direction of force (Fy 445 = 1.42; P = 0.22). The jitter was smaller for
the FA-I afferents (median = 0.8 ms) than for the SA-I (1.0 ms) and
SA-II afferents (1.0 ms).

For each directionally sensitive afferent that responded in all force
directions, we estimated the direction of force in the tangential plane
that would fire the afferent at the shortest latency (i.e., the afferent’s
‘preferred direction’). In analogy with computations of preferred
direction based on firing rates!3, we computed the vector sum of the
mean latency leads observed in each direction over the mean latency
observed for the direction with the longest latency. The direction of
the resultant vector gave the afferent’s preferred direction, and the
length of the vector, termed ‘directional sensitivity, indicated the
range of the latency changes resulting from changes in force direction.
As with firing rates'3, for afferents of each type the preferred direc-
tions were distributed in all angular directions (Fig. 2c). The direc-
tional sensitivity was 12.9 & 8.0 ms (mean * s.d.), 14.9 = 12.6 ms and
12.9 + 16.6 ms for the FA-I, SA-I and SA-II afferents, respectively. For
neither the FA-I afferents nor the SA-I afferents was there a significant
angular-angular correlation between preferred directions derived
from the first-spike latencies and from the first-interspike rate
assessed by vector addition of the rates obtained with the four forces
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Figure 2 Afferents’ directional sensitivity in the tangential plane. (a) Effect of direction of tangential force component on first-spike latencies exemplified
by six afferents of each type that in most cases showed the shortest latency in the distal direction. Vertical bars give + 1 s.d. of first-spike latencies
computed across five stimuli. Gray circles indicate for each afferent the stimulus direction with the shortest latency. Note the logarithmic ordinate.

(b) Frequency distribution of standard deviations of first-spike latencies; data pooled across stimulus directions and afferents. (c) Directional sensitivity
vectors in the tangential plane with reference to the primary site of stimulation superimposed on the generic finger. (d) First-spike latencies with normal
force stimulation plotted against distance from the primary stimulation site to the receptive field center. Correlation coefficients (r;) are given in cases of

significant correlation. Data from 6 SA-I and 17 SA-II afferents that could discharge during inter-stimulus intervals are not included in b and d.

with tangential components'®. The maximum and the median angu-
lar difference between the preferred directions derived from the two
response measures were 179° and 68°, respectively, for the FA-I affer-
ents and 155° and 50° for the SA-I afferents. In contrast, for the SA-II
afferents there was a reasonably high correlation between the pre-
ferred directions obtained by first-spike latencies and the rate code
(7,4 =0.78; see Methods).

The fact that first-spike latencies of individual afferents show direc-
tional tuning (Fig. 2a) with preferred directions distributed in all
angular directions (Fig. 2¢) suggests that information about force
direction is contained in the sequence by which afferents are
recruited. That is, with a single stimulus delivered to the fingertip in a
given direction, the responsive afferents will be recruited in a particu-
lar order. With another force direction, the order will be different
because some afferents would be recruited earlier, and others later.
However, the efficacy of this code for conveying early directional
information to the brain will depend on the variability in first-spike
latencies and the number of afferents contributing impulses that
quickly reach the brain. The latter will depend on the density of affer-
ents in the fingertip, their mechanical sensitivities (which vary sub-
stantially for all afferents types and between types!®) and the distance
between an afferents’ termination in the fingertip and the stimulation
site (Fig. 2d; FA-I and SA- I (but not SA-II) afferents).

To evaluate how robustly and how early the recruitment sequence
can code force direction, we computed, for our sample of afferents,
the probability of correct discrimination of each force direction as a
function of time (from force onset) using Monte Carlo simulations.
The analysis used data from our entire sample of fingertip afferents,
which we presume are unbiased except for the proportion of affer-
ents of each type (see below). For each direction of force stimulation,
we generated 1,000 possible recruitment sequences in which the

individual afferents were ranked by recruitment order. For each sam-
ple sequence, the latency of an individual afferent was randomly
selected from among the five latencies recorded from that afferent
when stimulated (5 times) in the force direction in question. Thus, a
sample sequence represents one of several possible recruitment
sequences presented to the decoder during a single stimulus in a
given direction, i.e., the rank order of individual afferents could dif-
fer among sample sequences due to the variability in first-spike
latencies. For each of these sample sequences, we then determined its
predicted direction as follows. First, we obtained an estimate of the
expected recruitment sequence for each force direction. Specifically,
for each direction, we generated 20 sample sequences again by ran-
domly selecting individual afferent latencies from among the five
repeated force stimulations. We then computed the expected
sequence from the mean ranks of the individual afferents in these 20
sample sequences. Note that these expected sequences may be con-
ceived as representing learned recruitment sequences associated with
stimuli in the different directions. Finally, we correlated the original
sample sequence with each of these expected sequences. The
expected sequence providing the highest correlation coefficient indi-
cated the direction coded by the sample sequence. By determining
the coded directions for all 1,000 sample sequences generated for a
given force direction, we could compute the probability of correct
discrimination of that direction. To estimate how the probabilities
vary with time during the force stimulus, probability estimates were
obtained for 124 progressively longer time windows (1-ms steps),
starting at the onset of the force increase. For each window duration,
the probability of correct discrimination was represented in time at
the window’s end (see Methods for further details).

The solid curves in the top panels of Figure 3 show, for each affer-
ent population and force direction, the time-varying probability of
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correct discrimination, and the solid curves in the lower panels rep-
resent the number of sampled afferents recruited with stimuli in
each force direction, that is, cumulative distributions of first-spike
latencies. Note that the distribution of first-spike latencies and thus
the rates of afferent recruitment were hardly influenced by force
direction. Separate repeated-measures ANOVAs applied to afferents
of each type that responded in all directions revealed no systematic
effects for the FA-I and SA-II populations, whereas with the SA-Is the
latencies were on average marginally shorter with stimuli in the distal
direction than in the proximal direction (F,,,, = 2.48; P = 0.04).
Nevertheless, the SA-I and, in particular, the FA-I population dis-
criminated force direction early and reliably based on the recruit-
ment order. The FA-Is, which tended to be recruited earlier and had
less variability in first-spike latencies, discriminated direction on
average some 15 ms earlier than the SA-Is. About five FA-I afferents
were recruited when half of the stimuli were effectively discrimi-

Figure 3 Discrimination of force direction by FA-I, SA-1 and SA-II afferents
based on the relative timing of first spikes and on first-interspike intervals.
(a—c) Top, solid traces show the probability of correct discrimination of
stimuli in each force direction (coded by different colors) by afferents’
recruitment sequence as function of time during the force protraction
phase. Black dashed curve shows the development of the normal force
component (F,). Horizontal line indicates the probability for one-half of the
stimuli being discriminated correctly (i.e., a probability of 60% given that
chance performance is 20%). Thin dashed traces show the time-varying
probability of correct discrimination based on first-interspike intervals.
Bottom, solid curves give number of sampled afferents recruited as a
function of time for stimuli in each force direction (i.e., cumulative
distributions of first-spike latencies). Thin dashed curves show the
corresponding data for the second spike.

nated, corresponding to a probability of 60% (Fig. 3). This probabil-
ity of discrimination was exceeded for all force directions [#2 ms
after onset of the sinusoidal force increase, and [ ms after the
appearance of the first spike at the electrode site in any FA-I afferent
and any force direction. The time to exceed the same level of discrim-
ination for all force directions with the SA-I afferents was [53 ms
and, depending on force direction, 8-16 afferents had to be
recruited. The SA-II afferents discriminated force directions less well
than did the FA-I and SA-I afferents (Fig. 3¢). This may relate par-
tially to ongoing background discharge in many of the SA-II affer-
ents, which is reflected by the recruitment of afferents commencing
already at the start of the force increase (Fig. 3c).

To identify the earliest possible information about force direction
encoded in firing rates, we applied a similar rank correlation
approach to the first-interspike intervals. As with first-spike latencies,
early directional encoding based on first-interspike rate would need
force direction to influence the first-interspike intervals of individual
afferents differentially; correlated systematic influences with the first-
interspike intervals of all afferents changing similarly would provide
little directional information unless the decoder would know inde-
pendently the exact time course of the stimulus. Thus, we ranked the
durations of the first-interspike intervals for obtaining test and
expected sequences to assess the best correlations. For each time win-
dow, the second spike had to occur within the current window for
inclusion of an interspike interval in the correlation, and the proba-
bility obtained was represented in time at the end of the window. For
the FA-I afferents, the first-interspike interval robustly discriminated
each force direction, but 10-15 ms later than the discrimination pro-
vided by the first-spike latencies (compare thin and thick line curves
in the top panel of Fig. 3a). With the SA-I afferents, the corresponding
delay was on average [20 ms, with a marked variation between force
directions (Fig. 3b). As with the first-spike latencies, the SA-II affer-
ents showed poor discrimination based on first-interspike rates
(Fig. 3c). Notably, with both the FA-Is and SA-Is, at the time of the
appearance of the first second spike in the afferent population (see
bottom panels of Fig. 3a,b), force direction is nearly correctly pre-
dicted from the sequence of the first spikes.

Shape of stimulus surface

Fifty-four FA-I, 63 SA-I and 31 SA-II afferents were subjected to
normal force stimuli with all three surfaces: the one flat and two
curved surfaces (curvatures 100 and 200 m™'). All afferents
responded with at least one of the surfaces. As expected from the
lack of systematic effects of surface shape on the average firing rates
of these populations of afferents!4, separate repeated-measures
ANOVAs applied to each of the three populations failed to indicate
any systematic effect of shape on the first-spike latencies (see bot-
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Figure 4 Discrimination of shape of stimulus surface by FA-I, SA-I and SA-
Il afferents based on the relative timing of the first spikes evoked in
ensembles of tactile afferents and on the first-interspike intervals.

(a—c) Top, solid traces show the probability of correct discrimination of each
shape (coded by different colors) based on afferents’ recruitment sequence
as a function of time during the force protraction phase. Thin horizontal
line indicates the probability for half of the stimuli being discriminated
correctly (a probability of 66.5% given that chance performance is 33.3%).
See Figure 3 legend for further details.

tom traces in Fig. 4a—c). Yet, when individually tested the surface
influenced reliably (P < 0.05) the first-spike latency for 79, 82 and
54% of the 42 FA-I, 56 SA-I and 24 SA-II afferents that responded
with all surfaces, respectively. In agreement with the effect of surface
shape on firing rates', for some afferents of each type the first-spike
latency decreased with a change to a more curved surface and for
others it increased (Fig. 5a). For the shape-sensitive FA-I, SA-T and
SA-II afferents, the absolute value of the latency differences between
responses to the flat and the most curved surfaces was 7.1 £ 8.2 ms,
12.9 £10.5 ms and 11.4 + 12.3 ms, respectively.

The distance between the receptive field center and the primary
stimulation site influenced the effect of shape on the first-spike laten-
cies of the FA-Is and SA-Is: afferents that terminated farther from the
primary stimulation site tended to show shorter latencies with curved
surfaces than with the flat surface compared to those terminating at
close locations (Fig. 5b). This stands in contrast to the effect of surface
shape on the firing rates, which tend to increase with increasing cur-
vature for afferents terminating close to the primary stimulation
site!®20, The lack of a simple and consistent relationship between
short latencies for response onsets and high firing rates is also appar-
ent from the FA-I and SA-I afferents in Figures 1c and 5a. This lack of
correspondence indicates that the state of the mechanical link
between the external stimulus and a nerve ending, somewhere inside
the finger, can differ substantially when the ending elicits its first spike
versus during subsequent firing, which occurs at higher fingertip
forces. The complex nonlinear viscoelastic and anisotropic properties
of the fingertip associated with its composite materials proper-
ties!>1421-23 most likely account for this phenomenon.

Using the same approach as with discrimination of force direction,
we asked whether the relative timing of the first spikes could discrimi-
nate the three test surfaces. Both the FA-I and the SA-I populations
quickly and unambiguously discriminated the three shapes (Fig. 4a,b).
As with force direction, the FA-I afferents provided reliable informa-
tion faster than the SA-Is, and for the FA-population in particular, sur-
face can be discriminated when only a small fraction of the afferents
has been recruited. For both populations the earliest possible rate
code, represented by the first-interspike rate, provided shape discrimi-
nation, but substantially later than the first spikes (Fig. 4a,b; compare
thin and thick traces in the top panels). Depending on surface, this
delay ranged between 12 and 18 ms for the FA-Is and between 13 and
27 ms for the SA-Is. The SA-II afferents showed a poor capacity to dis-
criminate object shape based on the relative timings of the first spikes
as well as by the first-interspike rate (Fig. 4¢).

DISCUSSION

Our central finding is that the relative timing of the first spikes in
ensembles of primary sensory neurons contains rich information
about the stimulus. Specifically, the relative timing of the first spikes
elicited in populations of human tactile afferents in response to dis-
crete mechanical fingertip events contain reliable information
about the direction of force and the shape of the surface contacting
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the fingertip. Furthermore, the first spikes code this information
faster than rate codes, which traditionally are thought to represent
information in primary sensory neurons. The relative timing of the
first spikes contains information about object shape and force direc-
tion because changes in either of these parameters differentially
influenced the first-spike latency of individual afferents rather than
having systematic effects on the latencies within an afferent popula-
tion. Although our sampling of afferents from different digits
undoubtedly introduced some variance in our data, it is unlikely
that variation between fingers accounted for this differential effect.
When we recorded from afferents of the same type terminating in
the same fingertip, the effects of force direction and surface shape
could differ substantially among the afferents. For example, the two
FA-1 afferents represented in Figure 5a terminated in the same digit,
and the two SA-Is did as well.

Fast information transmission by the FA-I and SA-I afferents based
on first spikes also depends on the capacity of fingertip stimuli to
recruit quickly an adequate number of afferents. The tactile apparatus
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Figure 5 Effect of shape of stimulus surface on first-spike latencies of
afferents responding to normal force stimulation with both the flat and the
most curved surface (200 m™1). (a) Impulse ensembles show responses of
two single afferents of each type during all five of normal force stimuli with
either surface. Traces above show normal force (F,) superimposed for all
trials and traces below instantaneous discharge frequency averaged over
the five trials. (b) Difference in first-spike latencies recorded with the flat
and the curved surface plotted against distance between receptive field
center and primary site of stimulation for afferents with significant effect of
surface shape on latency. Correlation coefficients (ry) are given in cases of
significant correlation.

of the human fingertip seems particularly suited in this respect: There
is an exceptionally high density of FA-I and SA-I afferents in the fin-
gertip (140 and 70 afferents/cm?, respectively?*) and their cutaneous
termination, with multiple interdigitating nerve endings!”>?>, ensures
considerable recruitment of afferents even with weak localized stim-
uli!®. Furthermore, with more natural stimuli, afferents located
remote from the primary site of stimulation are recruited'>!%. The
key role of the FA-I afferents in fast discrimination of fingertip
parameters, suggested by our results, agrees with the predominance of
these afferents in body regions used for accurate object oriented
actions, such as the glabrous skin of the hand?#, the tip of the tongue?®
and the sole of the foot?”. The discrete event-driven sensory control in
object-oriented actions*®2? relies on the capacity of the tactile appa-
ratus to quickly extract critical spatiotemporal events in a complex
mechanical background, which typically involve low-frequency forces
of appreciable amplitudes. The FA-I afferents are particularly suited
to signal such dynamic events®”!1:3%. Under natural conditions, the
discrimination of fingertip parameters based on relative timing of
first spikes may be faster than suggested by our results because the size
of that sample of afferents in our estimates was an order of magnitude
lower than the actual number of afferents in the fingertip.

The variability in first-spike latencies with repetitions of the same
stimulus was remarkably small (s.d. = Ol ms) given inevitable noise in
the stimulation apparatus and possibly non-stationary physiological
conditions of the fingertip due to its viscoelastic properties!'32>31,
The standardized stimulation history (see Methods) presumably con-

tributed to the low intertrial jitter in our data. However, trends that
suggest non-stationariness with repeated stimuli were observed occa-
sionally (for example, Fig. 1c, left panels). Furthermore, we observed
interactions between force direction and object shape on the first-
spike latencies similar to those observed previously with firing rates'.
How the brain in natural tasks deals with interactions between the
current stimulus and the stimulation history’! as well as those
between different parameters of fingertip stimulation on the afferent
responses are important problems for future research.

Precise timing of spikes seems to matter in the somatosensory sys-
tem32735, and the timing of the first-spikes in ensembles of central
neurons can contain more behaviorally significant information than
the neurons’ firing rates, both in the somatosensory*?*? and visual
system!23%37_ Our estimates of the information content of popula-
tions of peripheral afferents were based on a rank-order code similar
to that proposed to explain fast object categorization in central
vision!2. These authors also offer a relatively simple neural decoding
model for discrimination of first-spike sequences. In contrast to
decoding approaches in which the precise timing of individual spikes
is important (for overview, see ref. 38), decoding a rank order does
not require information about the exact time a stimulus of interest
commences if the background is reasonably noiseless. However, a
rank order code should also function on the time-varying afferent
input that occurs during active object manipulations: object manipu-
lation is built on proactively controlled and well-demarcated sequen-
tial action phases?® and proactive control of manipulation involves
the prediction of distinct tactile and visual events that mark transi-
tions between these phases and thus the attainment of their goals!!3°.
Hence, corollary discharges associated with the execution of action
plans*® could provide internal references that reset functionally the
decoding in a phase-dependent manner. Indeed, descending corti-
cothalamic and corticocuneate projections do control the signal pro-
cessing in ascending somatosensory pathways*!~43, As such, there is
ample evidence that the processing of sensory stimuli is controlled by
top-down influences that strongly shape the intrinsic dynamics of
thalamocortical networks and constantly create predictions about
forthcoming sensory events*4.

Possible decoding mechanisms that rely on determining precise
relative timing of first spikes presumably requires more complex cir-
cuitry than those using a rank order code!?, including implementa-
tion of delay lines*®*>. In this context, however, one may speculate
whether the dispersion in peripheral conduction velocities are
exploited as delay lines contributing to input synchrony at the
cuneate and lemniscal levels, in a manner analogous to the axonal
delay lines exploited in discrimination of interaural time differences
in the mammalian auditory brainstem®°. For example, different con-
duction velocities of afferents that project to a given higher-order
neuron may for a certain direction of fingertip force result in highly
synchronous inputs to this neuron early during the recruitment
sequence, whereas with other force directions synchrony would
occur at neurons receiving other patterns of afferent projections. The
spread of cuneate afferents’ firings due to the distributions of con-
duction velocities!®*” is some 15 ms, which is within the range of
most of the latency effects that we have observed in our experiments.
Indeed, one influential idea in neuroscience is that synchrony is a
means of representing features of sensory stimuli in task- and con-
text-dependent manners*4,

We have shown a weak correspondence between first-spike latency
and firing rate in the same afferents. This suggests that these two
codes provide independent information about force direction and
object shape to the brain. Given that multiple parallel pathways are
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used to process and transform somatosensory information, it is possi-
ble that these codes are used by the brain for different processes and
perhaps different tasks. For example, the first spikes may be used for
fast identification of a stimulus (‘what’) and for fast triggering of
appropriate actions, whereas the firing rate may represent stimulus
quantities (‘how much’). Furthermore, the fact that the two codes
appear to convey similar information but in apparently independent
ways suggest that they represent rather independent monitoring sys-
tems. This may be useful for verification, learning and upholding the
function of various control mechanisms.

METHODS

Subjects and procedure. Twenty-one females and twelve males (19-30 years of
age) participated after providing written informed consent in accordance with
the Declaration of Helsinki. Previous reports describe in detail the experimen-
tal procedure and the apparatus'>!4. Briefly, impulses in single tactile afferents
that terminated in the distal phalanx of the index, long or ring finger were
recorded with tungsten needle electrodes'® inserted into the median nerve
(10 cm proximal to the elbow and 0.5-0.6 m from the fingertips. For each
afferent isolated, calibrated nylon filaments were used to delineate the field of
skin from which a response could be elicited by a force four times the afferent’s
threshold force!®. The receptive field center was defined as the intersection of
the minor and major axes of the outlined field. For SA-II afferents that dis-
charged in the absence of mechanical fingertip stimulation, the criterion of an
afferent response was a clear modulation of the ongoing activity. To pool data
from different digits in different subjects, we overlaid all data related to the
location of the stimulation site and the locations of the afferents’ receptive
fields on a generic distal phalanx'3.

Force stimulation. The primary site of stimulation on the receptor-bearing
finger was the midpoint of a line extending in the proximal-distal direction
from the whorl of the papillary ridges to the distal end of the fingertip
(Fig. 1a). All force stimuli were superimposed on 0.2 Newton (N) background
force normal to the skin at this site and consisted of a force protraction phase
(125 ms), a plateau phase at 4 N normal force (250 ms), and a force retraction
phase (125 ms). The time course of the force change followed a half-sinusoid
(Fig. 1a). The interval between successive stimuli was 250 ms. The first four
stimuli of a stimulus sequence included a tangential force component orthog-
onal to the normal axis in the radial, distal, ulnar and proximal direction,
respectively, which resulted in a force angle of 20° relative to the normal
(Fig. 1a). Thus, the normal and tangential force components changed in par-
allel as in natural object manipulations®. The fifth stimulus of the sequence
was in the normal direction only. With each stimulus surface, this stimulus
sequence was run six times, but only the five repetitions were analyzed to
reduce stimulation history effects.

Analysis. For each stimulus, the first-spike latency was measured as the time
between the commencement of the force protraction and the appearance of
the first nerve impulse. In the same way, we measured the latency of a second
spike, if present, and we computed the first-interspike interval; the first-inter-
spike rate was the inverse of this interval. For individual afferents, based on the
responses to the five repetitions of each stimulus condition we used the non-
parametric Kruskal-Wallis analysis of variance by ranks*® to assess the effect of
force direction and surface shape, respectively, on first-spike latency; stimuli in
directions with no afferent response were assigned the highest rank. The
Spearman rank correlation test*® was used to assess correlation (r,) and for
analyses of vector data we used the angular-angular correlation test (r,,)*.
ANOVAs were applied as detailed in the Results; when appropriate the
dependent variable was logarithmically transformed to obtain approximately
normal distributions. In these ANOVAs and in population analyses, unless
otherwise indicated, each afferent was represented by its mean latency pertain-
ing to the relevant experimental condition. In all tests, the probability selected
as significant was P < 0.05.

In estimating the probability of correct discrimination of force direction,
we used data from all sampled afferents, including those whose first-spike
latency was not influenced by force direction and those SA-I (1 = 6) and SA-II
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(n = 17) afferents that could show ongoing discharges during inter-trial peri-
ods. Each of the five expected recruitment sequences (representing the five
force directions) used to determine the direction predicted by a sample
sequence was based on afferents’ mean ranks in 20 recruitment sequences cre-
ated together with each sample sequence. The rank of an individual afferent in
each of these 20 recruitment sequences was defined by its latency selected ran-
domly from the five repetitions of the same stimulus in the relevant force
direction using samples not included in the sample sequence but from the
entire force protraction phase. To obtain integer expected ranks, the afferents
were sorted based on their mean ranks in the 20 sequences. In cases when cor-
relation of a sample sequence with the expected sequences resulted in identi-
cally high correlation coefficients with two or more expected sequences, the
sample sequence was randomly assigned one of the directions represented by
these expected sequences. For time windows without neural responses in the
sample sequence, or responses in only one afferent, the sample sequence was
assigned randomly to one of the five force directions. That is, the probability
for correct discrimination (by chance) was 20%. We used the same protocol to
estimate the capacity of tactile afferents to discriminate surface shape.

ACKNOWLEDGMENTS

We thank G. Westling, L. Bickstrom and M. Andersson for technical support, and
A. Goodwin and P. Jenmalm for their contributions during the experiments. This
work was supported by the Swedish Medical Research Council (project 08667), J.C.
Kempe’s Memorial Foundation and the 5th Framework Program of the EU
(project IST-2001-33073).

COMPETING INTERESTS STATEMENT
The authors declare that they have no competing financial interests.

Received 6 November; accepted 3 December 2003
Published online at http://www.nature.com/natureneuroscience/

1. Adrian, E.D. The Basis of Sensation (W.W. Norton, New York, 1928).

2. Johansson, R.S. & Westling, G. Roles of glabrous skin receptors and sensorimotor
memory in automatic control of precision grip when lifting rougher or more slippery
objects. Exp. Brain Res. 56, 550-564 (1984).

3. Johansson, R.S. & Westling, G. Signals in tactile afferents from the fingers eliciting
adaptive motor responses during precision grip. Exp. Brain Res. 66, 141-154
(1987).

4. Jenmalm, P. & Johansson, R.S. Visual and somatosensory information about object
shape control manipulative finger tip forces. J. Neurosci. 17, 4486-4499 (1997).

5. Johansson, R.S., Hager, C. & Riso, R. Somatosensory control of precision grip during
unpredictable pulling loads. II. Changes in load force rate. Exp. Brain Res. 89,
192-203 (1992).

6. Hager-Ross, C., Cole, K.J. & Johansson, R.S. Grip force responses to unanticipated
object loading: Load direction reveals body- and gravity-referenced intrinsic task
variables. Exp. Brain Res. 110, 142-150 (1996).

7. Macefield, V.G., Hager Ross, C. & Johansson, R.S. Control of grip force during
restraint of an object held between finger and thumb: responses of cutaneous affer-
ents from the digits. Exp. Brain Res. 108, 155-171 (1996).

8. Johansson, R.S., Lemon, R.N. & Westling, G. Time varying enhancement of human
cortical excitability mediated by cutaneous inputs during precision grip. J. Physiol.
(Lond.) 481, 761-775 (1994).

9. Rolls, E.T. & Tovee, M.J. Processing speed in the cerebral cortex and the neurophys-
iology of visual masking. Proc. R. Soc. Lond. B Biol. Sci. 257, 9-15 (1994).

10. Nielsen, J., Petersen, N. & Fedirchuk, B. Evidence suggesting a transcortical path-

way from cutaneous foot afferents to tibialis anterior motoneurones in man.
J. Physiol. (Lond.) 501, 473-484 (1997).

. Westling, G. & Johansson, R.S. Responses in glabrous skin mechanoreceptors dur-
ing precision grip in humans. Exp. Brain Res. 66, 128-140 (1987).

12. Thorpe, S., Delorme, A. & Van Rullen, R. Spike-based strategies for rapid process-

ing. Neural Net. 14, 715-725 (2001).

13. Birznieks, I., Jenmalm, P., Goodwin, A. & Johansson, R. Encoding of direction of fin-
gertip forces by human tactile afferents. J. Neurosci. 21, 8222-8237 (2001).

14.Jenmalm, P., Birznieks, I., Goodwin, A.W. & Johansson, R.S. Influence of object
shape on responses of human tactile afferents under conditions characteristic of
manipulation. Eur. J. Neurosci. 18, 164-176 (2003).

15. Vallbo, A.B. & Hagbarth, K.E. Activity from skin mechanoreceptors recorded percu-
taneously in awake human subjects. Exp. Neurol. 21, 270-289 (1968).

16. Johansson, R.S. & Vallbo, A.B. Tactile sensory coding in the glabrous skin of the

human hand. Trends Neurosci. 6, 27-31 (1983).

. Johansson, R.S. Tactile sensibility in the human hand: receptive field characteris-
tics of mechanoreceptive units in the glabrous skin area. J. Physiol. (Lond.) 281,
101-125 (1978).

18. Johansson, R.S. & Vallbo, A.B. Spatial properties of the population of mechanore-

ceptive units in the glabrous skin of the human hand. Brain Res. 184, 353-366
(1980).

1

—

1

~

NATURE NEUROSCIENCE ADVANCE ONLINE PUBLICATION



ARTICLES

19.

20.

21.

22.

23.

24,

2

o

26.

27.

28.

29.

30.

3

—

32.

Johansson, R.S. & Vallbo, A.B. Detection of tactile stimuli. Thresholds of afferent
units related to psychophysical thresholds in the human hand. J. Physiol. (Lond.)
0297, 405-422 (1979).

Goodwin, A.W., Browning, A.S. & Wheat, H.E. Representation of curved surfaces in
responses of mechanoreceptive afferent fibers innervating the monkey’s fingerpad.
J. Neurosci. 15, 798-810 (1995).

Maeno, T., Kobay-Ashi, K. & Yamazaki, N. Relationship between the structure of
human finger tissue and the location of tactile receptors. JSSME Int. J. 41, 94-100
(1998).

Pawluk, D.T. & Howe, R.D. Dynamic lumped element response of the human finger-
pad. J. Biomech. Eng. 121, 178-183 (1999).

Nakazawa, N., lkeura, R. & Inooka, H. Characteristics of human fingertips in the
shearing direction. Biol. Cybern. 82, 207-214 (2000).

Johansson, R.S. & Vallbo, A.B. Tactile sensibility in the human hand: relative and
absolute densities of four types of mechanoreceptive units in glabrous skin.
J. Physiol. (Lond.) 286, 283-300 (1979).

. Phillips, J.R., Johansson, R.S. & Johnson, K.O. Responses of human mechanore-

ceptive afferents to embossed dot arrays scanned across fingerpad skin. J. Neurosci.
12, 827-839 (1992).

Trulsson, M. & Essick, G.K. Low-threshold mechanoreceptive afferents in the human
lingual nerve. J. Neurophysiol. 77, 737-748 (1997).

Kennedy, P.M. & Inglis, J.T. Distribution and behaviour of glabrous cutaneous recep-
tors in the human foot sole. J. Physiol. (Lond.) 538, 995-1002 (2002).
Johansson, R.S. & Cole, K.J. Sensory-motor coordination during grasping and
manipulative actions. Curr. Opin. Neurobiol. 2, 815-823 (1992).

Johansson, R.S. Sensory input and control of grip. in Sensory Guidance of
Movement. Novartis Foundation Symposium 218. 45-59 (Wiley & Sons, Chichester,
1998).

Johansson, R.S., Landstrom, U. & Lundstrom, R. Responses of mechanoreceptive
afferent units in the glabrous skin of the human hand to sinusoidal skin displace-
ments. Brain Res. 244, 17-25 (1982).

. Pubols, B.H.Jr. Factors affecting cutaneous mechanoreceptor response: II. Changes

in mechanical properties of skin with repeated stimulation. J. Neurophysiol. 47,
530-542 (1982).
Panzeri, S., Petersen, R.S., Schultz, S.R., Lebedev, M. & Diamond, M.E. The role of

3

w

34.

3

o1

3

(2]

37.

38.

3

O

40.

4

—

42.

43.

44,

4

o1

4

o

47.

48.

spike timing in the coding of stimulus location in rat somatosensory cortex. Neuron
29, 769-777 (2001).

. Petersen, R.S., Panzeri, S. & Diamond, M.E. Population coding of stimulus location

in rat somatosensory cortex. Neuron 32, 503-514 (2001).
Rowe, M.J. Synaptic transmission between single tactile and kinaesthetic sensory nerve
fibers and their central target neurones. Behav. Brain Res. 135, 197-212 (2002).

. Usrey, W.M. The role of spike timing for thalamocortical processing. Curr. Opin.

Neurobiol. 12, 411-417 (2002).

. Meister, M. & Berry, M.J. The neural code of the retina. Neuron 22, 435-450

(1999).

Reich, D.S., Mechler, F. & Victor, J.D. Temporal coding of contrast in primary visual
cortex: when, what and why. J. Neurophysiol. 85, 1039-1050 (2001).

Gerstner, W. & Kistler, W.M. Spiking Neuron Models (Cambridge Univ. Press,
Cambridge, 2002).

. Johansson, R.S., Westling, G., Backstrom, A. & Flanagan, J.R. Eye-hand coordina-

tion in object manipulation. J. Neurosci. 21, 6917-6932 (2001).
Sommer, M.A. & Wurtz, R.H. A pathway in primate brain for internal monitoring of
movements. Science 296, 1480-1482 (2002).

. Harris, F., Jabbur, S.J., Morse, R.W. & Tow, A.L. Influence of the cerebral cortex on

the cuneate nucleus of the monkey. Nature 208, 1215-1216 (1965).

Adkins, R.J., Morse, R.W. & Towe, A.L. Control of somatosensory input by cerebral
cortex. Science 153, 1020-1022 (1966).

Ergenzinger, E.R., Glasier, M.M., Hahm, J.0. & Pons, T.P. Cortically induced thalamic
plasticity in the primate somatosensory system. Nat. Neurosci. 1, 226-229 (1998).
Engel, A.K., Fries, P. & Singer, W. Dynamic predictions: oscillations and synchrony
in top-down processing. Nat. Rev. Neurosci. 2, 704-716 (2001).

. Hopfield, J.J. Pattern recognition computation using action potential timing for

stimulus representation. Nature 376, 33-36 (1995).

. Carr, C.E. Processing of temporal information in the brain. Annu. Rev. Neurosci. 16,

223-243 (1993).

Kakuda, N. Conduction velocity of low-threshold mechanoreceptive afferent fibers in
the glabrous and hairy skin of human hands measured with microneurography and
spike-triggered averaging. Neurosci. Res. 15, 179-188 (1992).

Zar, J.H. Biostatistical Analysis (Prentice-Hall, Upper Saddle River, New Jersey,
USA 1996).

ADVANCE ONLINE PUBLICATION NATURE NEUROSCIENCE



