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Texture coding in the whisker system
Shantanu P Jadhav' and Daniel E Feldman?

The whisker somatosensory system in awake, behaving
rodents is a powerful model for studying neurobiology of
sensation, from molecules to circuits to behavior. Recent
studies reveal how key tactile features are detected in awake
animals and encoded by spike trains in somatosensory cortex
(S1). Here we summarize progress on detection of surface
texture (roughness). Texture appears to be inferred from the
statistics of complex, irregular whisker micromotion on
surfaces, specifically by mean speed or by patterns of discrete,
high-velocity whisker slips. These are encoded in S1 by mean
firing rate and by sparse, synchronous, slip-evoked spike
volleys, respectively. An alternative model of place coding for
texture based on differential whisker resonance is less well
supported, but is not ruled out.
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The rodent whisker system is a major model for many
aspects of sensory function, including cortical circuitry
and physiology, thalamocortical information processing,
sensory-motor interactions, and sensory behavior. Rodent
whiskers are moveable tactile (touch) sensors, loosely
analogous to human fingertips. However, how whiskers
sense relevant information in the environment, and how
this is encoded in neuronal spiking in the whisker path-
way, has until recently not been clear. In the past 5-7
years, quantitative behavioral and neurophysiological stu-
dies have begun to shed light on the neurobiology of
sensation in awake, behaving rodents, including in the
whisker system. This has led to a new, detailed appreci-
ation for how natural stimuli are detected and encoded in
the CNS. Here we focus specifically on mechanisms
underlying the perception of surface texture (roughness),

which is a major natural tactile feature for humans and rats

[1°].

Whisker tactile sensation

Rodents have ~30 long, moveable whiskers (macrovibris-
sae) on each side of the face, as well as shorter, static
microvibrissae clustered anteriorly [2]. Rats actively move
their whiskers to detect and discriminate tactile features
of their environment [3-5]. Multiple modes of whisker
movement occur, including bilateral, 5-12 Hz “‘explora-
tory”” whisking by macrovibrissae, higher frequency fron-
tal “foveal” whisking by macrovibrissae, and slower
translation of both macrovibrissae and microvibrissae
across objects by head motion [1°,5,6]. Whisker contact
with objects generates whisker micromotions that are
transduced by trigeminal afferents and relayed through
brainstem and thalamus to primary somatosensory cortex
(S1; barrel cortex), where a precise topographic map of the
whiskers exists.

Using whiskers, rats gather information about object
position, shape and surface properties, and object iden-
tity. This is active sensation, in which sensor movement
onto objects is required to obtain tactile information [5].
Position information includes distance to platforms [4],
width of apertures [7] and location of small objects in
head-centered coordinates [8-10]. Object position is
detected with high acuity, as small as a few degrees of
whisker arc [9,11]. The sensory signals and neural com-
putations underlying object localization are beginning to
be understood, and are reviewed elsewhere [10,12].

Information about object properties includes size, local
shape [6,13,14] and surface texture [12,15]. In whisker
sensation, texture is a synonym for roughness, though the
physical surface properties that distinguish “‘rough” from
“smooth’ are not completely defined. In practice, rough
textures have low spatial frequency and high feature
depth, and smooth textures have high spatial frequency
and modest depth. Texture stimuli used in whisker
experiments include grooved plastic or metal surfaces,
commercial sandpapers, whose mean grain size (grit
diameter) varies from ~10 to 120 pm by a common
industrial standard, and texture-imprinted resin or acrylic
panels.

Whisker-based texture discrimination

Rats discriminate texture with high accuracy in 2-alterna-
tive forced choice tasks [1°,16]. In the highest reported
acuity, rats discriminated grooved metal cylinders with
1.00 mm versus 1.06 mm groove spacing [1°], smooth
cylinders versus cylinders with 50 wm depth grooves
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[1°,17], and sandpapers with 201 pm versus 100 wm mean
grain size [18]. Acuity for whisker-mediated texture dis-
crimination has been described as rivaling that of primate
fingertips [1°], but a direct comparison is lacking. Impor-
tantly, no quantitative psychophysical curve for whisker-
based texture discrimination has been reported, so the
maximum acuity of the system is unknown. Texture
discrimination requires both whisker movement and acti-
vation of S1 [1°,16,17,19].

Do whiskers sense texture similarly to primate fingertips?
Humans can distinguish both coarse patterns (~1 mm
feature spacing, like Braille dots) and high spatial fre-
quency textures (<200 wm, as small as 10 wm feature
size) [20,21]. Sensation of coarse patterns by fingertips
involves spatially isomorphic representation of surface
features across the array of fingertip receptors, and does
not require finger scanning across the surface [22,23].
High spatial frequency roughness discrimination requires
fingertip scanning, but it is unresolved to what extent
these textures are encoded by spatial information across
the fingertip versus by temporal patterns of vibration in
rapidly adapting receptors [20,23-25,26°]. Whisker-based
texture sensation has focused on fine textures (10s to 100s
of micron scale features), and resembles high spatial

frequency roughness in primates, because surface micro-
features are much smaller than sensor spacing, and sensor
motion is needed to generate vibrations used for percep-
tion [20]. A strong experimental advantage of the whis-
kers is that they allow direct measurement of whisker
vibrations generated during texture contact (by high-
speed videography or other tracking techniques)
[27°,28°°], whereas fingertip skin vibrations at points of
surface contact are not measurable, except in artificial
fingertips. Comparison of whisker-mediated and finger-
tip-mediated texture coding may reveal general prin-
ciples of tactile sensation.

Peripheral and neural mechanisms underlying
texture coding

Three competing theories of whisker-based texture
perception exist. All are based on the finding that
whisker movement across textures generates a complex,
irregular pattern of surface-induced whisker micromotion
(Figure 1). The theories differ in which features of
whisker micromotion signal texture, and how this is
encoded in S1. Early evidence was based mainly on
anesthetized animals with passively applied stimuli
[29,30] or artificial whisking induced by stimulating
the motor nerve [31°%,32]. More recent studies measure
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Whisker micromotion during awake whisking on surfaces. (a) Schematic of whisker motion across a textured surface lateral to the rat’s face. (b)
Examples of whisker motion for whisking in air, on a smooth sandpaper, and a rough sandpaper. Mean |velocity| (mean speed) increases with surface
roughness. Slips are apparent as high-velocity, high-acceleration events (marked by red dots and boxes). (c) A typical sequence of whisker slips
during whisker protraction on a rough sandpaper (modified from [28°°]). (d) Oscillations at presumed resonance frequency observed by high-speed
video during whisker motion across a smooth surface. Top, single frame with red lines showing whisker position at ~1 ms intervals. Bottom,

quantification of oscillations in whisker position and angle [27°].
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Neural activity in S1 during texture palpation. (a) Spike raster for a S1 multiunit cluster during multiple bouts of palpation onto rough versus smooth
textures in a texture discrimination task. Red boxes, periods of whisker contact onto sandpapers [33°°]. The modest 10% difference in mean firing rate
between rough and smooth surfaces is not readily discernible, highlighting the challenge for effective texture coding. (b) Mean change in firing rate for
L4 and L5 S1 neurons during whisking on textures. 70% of neurons showed significant increase in firing rate, which occurred during whisking on
surfaces, not whisking in air (bottom) [34°°]. (c) Slips evoke sparse but precisely timed spikes in a single representative S1 neuron [34°°].

whisker motion and S1 spiking in awake, behaving
animals [33°°,34°°] (Figure 2).

T'he mean speed theory reduces complex whisker micro-
motion to a single scalar parameter, mean micromotion
speed. The theory proposes that rough surfaces drive
greater overall mean speed and power than smooth sur-
faces [31°°,35]. Since S1 neurons in anesthetized animals
fire in proportion to velocity of applied whisker deflec-
tions [29,36], rougher surfaces are predicted to elicit
higher mean firing rate, thus implementing a firing rate
code for texture in S1. Measurement of whisker motion
confirms that mean speed and S1 firing rate vary between
very rough surfaces (e.g., P100—400 sandpaper) and very
smooth surfaces (e.g., smooth plastic) in both anesthe-
tized, artificially whisking animals [31°°] and awake
animals voluntarily whisking on surfaces [28°%,34°°]. In
a major advance, von Heimendahl and colleagues
extended this to rats actively performing texture discrimi-
nation, finding a modest but significantly higher (10%) S1
firing rate on very rough versus very smooth surfaces. This
difference was reversed in error trials, suggesting it may
carry texture information for the animal [33°°]. Unfortu-
nately, other potential neural codes were not examined in
this study. Mean speed and S1 firing rate do not appear to

distinguish closely similar textures (e.g., P150 versus
P800 sandpaper, which rats can discriminate [T. Morita,
D.E. Feldman, Soc Neurosci Abs, 198.14, 2008]),
suggesting that alternate coding models are involved
[31°°,34°°].

The slip—stick theory focuses on discrete, brief (~2 ms),
high-velocity micromotions, termed whisker slips and
sticks, which are a major component of whisker motion
on surfaces. Slip-stick events (generically termed
“slips’’) were first observed as high-velocity, high-accel-
eration transients during artificial whisking on surfaces
[31°°], and were later found to be prominent features of
surface-induced micromotion in awake, whisking rats
[27°,28°°,34°°]. The rate and velocity of slips vary with
texture, with rougher surfaces eliciting more high-
velocity/high-acceleration slips  [28°°,31°°,34%°]. 'This
relationship is expected from frictional interaction be-
tween the terminal few millimeters of the whisker and
the surface [28°°]. Slips are a major factor contributing to
overall mean whisker speed, however, unlike mean speed
theory, the slip-stick theory proposes that slips are the
primary cue for texture because other events have insuf-
ficient velocity to drive S1 spikes in awake animals
[28°°,31°%,32]. Slips were recently confirmed to also occur
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during slower, head-movement generated whisker
motion on textures, but with a puzzling inverse relation-
ship between slip velocity and texture [37°].

Slips and sticks drive spikes in S1, as first shown by replay
of surface-evoked whisker motion in anesthetized animals
[31°°,37°]. In awake rats whisking on surfaces but not
performing texture discrimination, naturally occurring
slips drive significant spiking responses in ~70% of
neurons in layers 4 and 5 of S1. These spikes are low-
probability [P(spike|slip) = ~0.10] but occur with high
temporal precision (15-20 ms jitter), creating a volley of
sparse but synchronous firing among neighboring neurons.
Slips occur in dense sequences (mean 60 ms interval)
which elicit repeated volleys of temporally correlated
spikes [34°°]. Rougher surfaces could therefore be encoded
by either the modest, slip-evoked increase in firing rate, or
by the more substantial slip-evoked increase in firing
correlations on small time scales [34°°]. In support of this
theory, closely similar textures were better distinguished
in S1 of awake, whisking rats by firing correlations on the
short, 20-ms time scale (consistent with slip-evoked vol-
leys) than by slower changes in mean firing rate [34°°].
Whether this is true during active texture discrimination is
not known. Artificial whisking experiments suggest an
additional coding mechanism in which each texture gen-
erates a unique, reproducible temporal pattern of slips,
encoded by a consistent temporal pattern of spikes in S1
[31°°]. This seems unlikely in awake animals, where trial-
to-trial variability in whisking reduces the chance of con-
sistent slip or spike patterns.

"The differential resonance theory is based on the finding that
whiskers are resonant beams whose resonance frequency
varies with whisker length. Shorter, more anterior whis-
kers within each whisker row have systematically higher
resonance frequency than longer, more caudal whiskers.
As multiple whiskers move across a texture, resonance
vibrations are proposed to build up in whiskers whose
resonance frequency matches the frequency of tip
vibrations on surface microfeatures. Thus, resonance
tunes each whisker for a specific range of textures. This
creates a cochlea-like place code in which texture is coded
by the relative amplitude of sustained vibrations across
different-length whiskers within a row, and by the
relative firing rate between S1 columns [30,38,39]. The
specific prediction is that long whiskers, which have low
resonance frequency, vibrate more on rougher textures,
which have long spacing between surface microfeatures.
Evidence for this theory is weaker than for mean speed or
slip—stick theories. Whiskers do resonate at characteristic
frequencies related to length, including during whisking
on surfaces [27°,28°°,34°° 40]. However, in awake animals
whisking on surfaces, whisker vibration amplitude is not
tuned for texture, as required by the theory, apparently
because of strong damping of whisker vibrations
[28°%,37°]. Relatively undamped, sustained oscillations

(“ringing” at resonance frequency) were observed in
one study [27°], but whether these vibrations were cor-
related with texture was not reported. Slips evoke tran-
sient whisker resonance, but this has only a small effect on
S1 firing [34°°], suggesting a role in signal amplification
[39] rather than texture coding. Thus, whisker resonance
may subtly filter texture cues in whisker vibrations, but
resonance-based place coding of texture is unlikely.

Moving forward to resolve the texture coding
debate

Which coding scheme mediates texture perception
remains an open question. In our view, current evidence
best supports a duplex coding scheme in which firing rate
encodes large texture differences, while slip-evoked fir-
ing correlations mediate finer discrimination between
more similar textures [34°°41]. Differential resonance
is less supported, with the caveat that most studies on
resonance were not performed in animals performing
texture discrimination, so it remains possible that discri-
minating rats palpate surfaces in a way that promotes
resonance filtering of texture signals.

We believe that three key experiments are needed to
distinguish between these models. First, a psychophysical
curve for texture discrimination must be measured to
establish the overall acuity of the system. Second, this
psychometric discrimination curve needs to be compared
with discrimination predicted by specific whisker kinetic
and neural coding models, based on measurements of
whisker movement and S1 spiking under the same beha-
vioral conditions. This is a gold-standard approach for
identifying sensory codes that can explain behavioral
performance [42], and is widely applied in primate sen-
sation [43—45], but rarely in rodents [46,47]. For example,
this approach would determine whether whisker speed
and mean S1 firing rate provide sufficient information to
mediate all texture discrimination behavior. Third,
potential neural codes can be manipulated in awake,
discriminating animals, and the effect of this manipula-
tion on discrimination performance can be measured.
This is now possible with optogenetic techniques [48]
which allow temporally and spatially precise control of
neural activity in behaving animals. This approach should
allow identification of spike train features that provide
texture information to the rest of the brain.

We hope that understanding the neural representation of
texture in S1 may give important clues to the compu-
tations that S1 circuits perform during natural behavior, as
is beginning to occur for whisker-based object localization
[49°]. In addition, comparison with tactile processing of
texture and tactile flutter in primates [20,22,44,50] will
allow general principles of tactile processing to be
inferred. Sensory codes are transformed in sensory hier-
archies, so S1 is just a first step toward understanding
tactile coding in cerebral cortex [44].
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