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Pre-neuronal morphological processing of object
location by individual whiskers

Knarik Bagdasarian!7, Marcin Szwed?7, Per Magne Knutsen’, Dudi Deutsch!7, Dori Derdikman?,

Maciej Pietr:%, Erez Simony® & Ehud Ahissar!

In the vibrissal system, touch information is conveyed by a receptorless whisker hair to follicle mechanoreceptors, which then
provide input to the brain. We examined whether any processing, that is, meaningful transformation, occurs in the whisker itself.
Using high-speed videography and tracking the movements of whiskers in anesthetized and behaving rats, we found that whisker-
related morphological phase planes, based on angular and curvature variables, can represent the coordinates of object position
after contact in a reliable manner, consistent with theoretical predictions. By tracking exposed follicles, we found that the follicle-
whisker junction is rigid, which enables direct readout of whisker morphological coding by mechanoreceptors. Finally, we found
that our behaving rats pushed their whiskers against objects during localization in a way that induced meaningful morphological
coding and, in parallel, improved their localization performance, which suggests a role for pre-neuronal morphological

computation in active vibrissal touch.

In vertebrates, external signals usually do not make direct contacts
with neuronal receptors. Instead, receptors are activated by signals
that are first modified by mediating tissues. In the rodent vibrissae
system, an extensively studied experimental model of active sensori-
motor processing2, the mechanoreceptors that sense vibrissal touch
are located at the base of the whiskers, in the follicle-sinus complex?>.
The whisker hairs themselves are not innervated. Thus, processing
of vibrissal touch is indirect, in the sense that the whisker acts as a
mechanical transducer between the objects being touched and the
mechanoreceptors of the follicle-sinus complex.

Recent studies on sensor-level encoding of natural-like or com-
plex stimuli in vision and touch have shown that first-order neurons
can perform complex computations. In the vibrissal somatosensory
system, active sensor movements induce mechanical representa-
tions of object features*~6 and render first-order neurons selective to
active touch components: whisker motion, contact, detachment and
vibration”-!1. During active touch these neurons also encode object
location in the azimuthal (front-back)” and radial (from the snout
outward)® dimensions by firing time and rate, respectively!?13. How
encodings of external features are implemented, and to what extent
they depend on sensor embodiment, movement policies and closed-
loop control is not yet known.

We observed that, in the vibrissal system, consistent with theo-
retical predictions!4-17, processing of object position already occurs
at a pre-neuronal level. Using high-speed videography, automated
whisker-tracking techniques!®, artificial whisking” in anesthetized
rats, and self-generated whisking in head-fixed and freely moving
rats, we found that, during active touch, the position of an object is

reflected in kinematic and morphological variables. The morpho-
logical variables contain invariant representations of azimuthal and
radial object location, which allows a fast and efficient determination
of object position from whisker mechanics alone. These results are
consistent with previous demonstrations of the importance of sensor
morphology and embodiment in perception>19-22,

RESULTS

Artificial whisking

We induced artificial whisking in urethane-anesthetized rats by stim-
ulating the facial motor nerve. Whisker trajectories in the horizontal
plane (Fig. 1) were captured with a fast digital video camera (500 or
1,000 fps). Periods (2 s) of artificial whisking at 5 Hz were followed by
rest periods (2 s) in blocks of 12 trains (trials). Whisking movement
amplitudes in free air were 20.3 £ 5.2° (n = 39 rats).

Blocks of whisking in free air were interleaved with blocks of whisk-
ing against an object (a vertical pole) located at various azimuthal and
radial distances from the whisker (Fig. 1a). In each trial, the object
was placed at one of six points distributed across a triangular grid,
which was scaled according to the length of the whisker (measured
from its emergence from the skin surface to its tip, with an accu-
racy of 1 mm) and the amplitude of the movement. Along the radial
dimension, the nodes of this grid were located at 30, 60 and 90% of
the length of the whisker. The azimuthal positions were numbered
1 (posterior) to 3 (anterior). We focused on whisker angle (6), angle
protraction (8, protraction after contact), angle absorption (6,, the
amount of movement blocked by an object), global curvature (Gx;, the
maximal curvature along a spline fitted to the entire bending portion
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Figure 1 Effects of object position on a
morphological and kinematic variables in

artificially whisking anesthetized rats. (a) Grid

of pole positions. The curved arrow indicates the
direction of whisker protraction. (b) The angular

position of a single whisker during a single

protraction and retraction cycle (whisk) in free air
(magenta) and against an object located at the

three radial positions (all at azimuthal position 1).

The angle trajectory is shown unfiltered (1,000 Hz). e %] 1
(c) Data are presented as in b, but for the
entire population of studied whiskers
(n=27 whiskers). (d) The angular position
of the entire population of studied whiskers

the point of
measurement

(n =31 whiskers) during a single whisk in free *
air (magenta) and against an object located at | Object
the three azimuthal positions (all at a radial Spine it

position of 90% of whisker length). (e) Schematic |
illustration of whisker curvature measurement.

(f-h) Data are presented as in b—d, but for

whisker global curvature. (i) Schematic

illustration of whisker angle absorption

02 = Otree air ~ Orouch

Angle at base
during touch

measurement. (j-1) Data are presented as in b—d, %\3\‘\\%
but for whisker angle absorption. (m) Schematic ‘EV-
illustration of whisker velocity measurement. Angle at base te
(n—p) Data are presented as in b—d, but for during free air
whisker angular velocity (note the different time whisk
scales). Arrows in b, f, j and n denote contact m

onset. b, f, j and n were measured simultaneously (,)=‘:;’:

at the same trial. t = O denotes the video frame

before the first movement of the whisker was X/
detected. Data are presented as mean +s.e.m.

Error bars are shown every 10 or 11 ms.

of the whisker, taken here to be the portion between its base and the
point of contact with the object), base curvature (Bx, measured at
the base of a spline fitted to a proximal segment of the whisker) and
whisker angular velocity (). All of these variables can be read out
either directly or indirectly at the follicle (see Discussion).

Radial and azimuthal coordinates

We first examined how whisker morphological and kinetic vari-
ables change when the object location varies only along the radial
axis. In these experiments, the object was always positioned at the
most posterior azimuthal position (position 1; Fig. 1a) and at the
same angular distance from the resting whisker. A single trial exam-
ple exhibited monotonic coding of the radial coordinate by 6, Gk,
0, and o (Fig. 1). The slight 83-Hz modulation of the angle visible in
some of the trajectories is a result of the pulsating nature of the elec-
trical nerve stimulation”. The rapid reduction of the whisker’s angle
(relative to the skin) after contact onset at 30% can be accounted for
by a continuing protraction of the pad while the whisker is blocked
by the object (see “Follicle-whisker interface” below).

This behavior of Gk, 6, and @ was usually consistent across the
population of whiskers studied here. We examined the mean trajec-
tories of 27 whiskers using an automatic whisker tracker!® (Fig. 1).
From the mean trajectories, it was apparent that the global curva-
ture monotonically decreased for more proximal object locations.
Although this was typical behavior, it was not always true for indi-
vidual whiskers. Following detailed tracking validation (n = 6 whisk-
ers), a fully monotonic relationship was observed in two of the cases.
Another two cases exhibited equal global curvature for radial dis-
tances of 60 and 90%, and the last two cases exhibited a larger global
curvature for 60 than for 90%. Thus, although proximal touch at 30%
of whisker length yielded the smallest global curvature in all cases,
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distal touch at distances 260% yielded variable, and not necessarily
monotonic, global curvature. This is consistent with the variable,
and sometimes non-monotonic, response ratios among individual
neurons of the trigeminal ganglion to touch at radial locations
of 60-90% (ref. 8).

We examined whisker trajectories from experiments in which the
azimuthal position was varied from the most posterior (position 1;
Fig. 1a) to the most anterior (position 3) while the radial position of
the object was held constant at 90% of whisker length. Analysis of 31
whiskers revealed that the major effect of azimuthal object position
was on Gk (which decreased with more anterior positions), with 6,
and o usually barely being affected (Fig. 1).

Quantitative population analysis

The significance of the effects described above was determined
by quantifying the mean population behavior across all whiskers.
Because stimulation conditions varied across experiments,
which resulted in different movement amplitudes and velocities,
Gx, 0, and A®w were normalized to allow comparison between
whiskers (Fig. 2).

Radial object position was encoded by all three of these vari-
ables (P < 0.001, F > 8, ANOVA). The whisker bent extensively
during distal touch, whereas it either did not curve at all or
curved negatively during proximal touch (normalized mean of
—0.24; Fig. 2a). Angle absorption was smaller during distal touch
and larger during proximal touch (Fig. 2b). Whisker velocity was
affected slightly by distal touch and strongly by proximal touch
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Figure 2 Mechanical encoding of object location by whiskers of artificially
whisking anesthetized rats. (a—c) Encoding of the radial dimension by global
curvature (a), angle absorption (b) and velocity changes (c) following touch
(n =27 whiskers). (d-f) Encoding of the azimuthal dimension by global
curvature (d), angle absorption (e) and velocity changes (f) (n = 31 whiskers).
Velocity changes were measured 10 ms after contact. All variables were
normalized to allow inter-whisker comparisons. Curvature was normalized to
maximum. Angle absorption and velocity changes were normalized relative
to the free-air whisking (O indicates no absorption or no deceleration,

1 indicates complete absorption or standstill; a value above 1 indicates a
reversal in movement direction, such as that observed in the 30% trajectory
in Fig. 1n). Peak values occurring during whisker protraction are depicted.
Data are presented as mean £ s.e.m.

(Fig. 2¢). In many cases of proximal touch, the direction of the move-
ment of the whisker base changed as a result of the forward translation
of the entire pad (Fig. 1n,0).

In contrast to the radial object position, azimuthal object position
(at distal radial coordinates) was significantly encoded only by Gx.
Gx decreased as the object was contacted at more anterior positions
(P <0.001, F > 8, ANOVA; Fig. 2d). The 6, and Aw were essentially
the same for the various azimuthal positions (6,, P = 0.14, F = 2.0;
Aw, P=0.78, F = 0.25; ANOVA; Fig. 2e,f).

Invariant representations in the Gk-6, phase plane

After analyzing each variable independently, we analyzed the angle
absorption and global curvature variables concurrently (Fig. 3) for
all six positions tested (Fig. 1a). The mean Gk and 6, were plotted as
a function of time (Fig. 3a,d) and the two plots were combined into
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a common phase plane by collapsing their time axes (Fig. 3b). This
resulted in a concurrent representation of object position, by Gk and
0, along a whisking cycle, being described by a trajectory in the phase
plane of these two variables.

Throughout the entire contact duration, the mean ratio of Gk to 6,
was invariant to changes in the azimuthal coordinate; at the radial coor-
dinate of 90% whisker length (Fig. 3b), all of the azimuthal coordinates
(positions 1, 2 and 3) yielded trajectories with the same slope, although
of different magnitudes. The same occurred with the two azimuthal
coordinates (positions 1 and 2) tested at the radial distance of 60%.
Thus, a smaller slope (small Gxand large 0,) represents a smaller radial
distance and a larger slope represents a large radial distance (Fig. 3¢).
The magnitudes of the trajectories in the phase plane were invariant
to the radial coordinate and represented the azimuthal coordinate. All
of the magnitudes measured at position 1 (posterior) were larger than
those measured more anteriorly (Fig. 3b,c).

These data demonstrate the availability of a morphological coding
scheme in which the ratio between Gx and 6, represents the radial
distance (Fig. 3e) and their combined magnitude (vector length)
represents the azimuthal angle of contact (Fig. 3f). Readout of these
variables at any given moment after contact can provide the location
of the object in the horizontal plane, after appropriate scaling by the
relevant whisker motor variables.

Whisker angle and global curvature in freely moving behaving rats
We tested whether morphological coding can be generalized to natu-
ral whisking behavior by comparing morphological changes that
occur during artificial whisking with those observed while freely
moving rats performed an object localization task (Fig. 4). In brief,

Figure 3 Morphological encoding in the Gk-6, phase plane. (a,d) Mean
global curvature (a) and mean angle absorption (d) of the population

of whiskers (n = 19) studied in all object positions in anesthetized

rats. Collapsing the time dimension of a and d (arrows) yielded b.

(b) Trajectories of whisker morphology in a Gk-6, phase plane; successive
dots depict successive values of Gk and 6, during an average whisk at

a resolution of 1 ms. (c) Phase plane invariants. Radial distances were
coded by trajectory slopes, invariant to azimuthal positions, whereas
azimuthal positions were coded by trajectory magnitudes, invariant to
radial distances. (e,f) Representation of radial and azimuthal coordinates
of object location by the slope (deg) and length of the phase-plane vector
(arbitrary units), respectively.
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Figure 4 Angle and global curvature dynamics in freely moving rats during a localization task. (a) Two frames of a single-whisker rat performing the task?3.
White arrows indicate the tracked whisker in b and c. (b,c) Gk and 6 of the tracked whisker during a segment of the trial. Thick sections indicate periods
when the whisker contacted the pole. (d) Population summary of G, (see b) (box plots: medians, quartiles and ranges). Rats with all whiskers intact are
grouped together (n = 109 whisks) and three rats that performed the task with a single whisker (C2) are shown individually (n = 882, 1,043 and 1,099
whisks). (e) Distribution of the radial location of touch during localization (n = 3 single-whisker rats); bin size is 1 mm. (f) Gx;, (mean + s.e.m.) versus

time from onset of contact with either the posterior (dashed, light gray) or anterior (solid, dark gray) object. Inset shows four individual whisks; 6, scale =
0-15°, Gk scale = 0-30 m-1. (g) 6, as a function of radial object location, from the onset of contact. 6, values were grouped (bin size = 0.5 mm) and then
averaged (mean + s.e.m.). (h) Correlation between Gr, (log scale) and object angle in individual contacts (n = 43 contacts) of a single localization session.
The solid gray line is the least square linear fit (r=-0.6, P< 0.001). (i) Mean (+ s.e.m.) Gx;, in correct (solid) and incorrect (empty) trials. Sample size was
three rats and 1,657 and 1,072 whisks for posterior and anterior contacts, respectively, in f, g and i.

our rats were required to report the relative position of two vertical
poles, positioned to the sides of a nose-poke detector at a variable
anterior-posterior offset (<20 mm; Fig. 4a). Whisking behavior and
object palpation during object localization involved whisk ampli-
tudes that ranged between a few degrees to a few tens of degrees
and frequencies in the 5-20-Hz range. These rats were capable of
hyper-accurate azimuthal localization with all or a reduced set of
intact whiskers?3.

Increases in whisker curvature following contact were frequently
observed while rats, with either a single whisker intact on either side of
the snout (n = 3 rats; Supplementary Movie 1) or with multiple whisk-
ers intact (n = 3 rats; Supplementary Movie 2), palpated an object dur-
ing localization, as the rats continued to protract their whiskers after
object contact was initially made (Fig. 4c). The change in Gk in each
whisk cycle was computed as the maximal Gx during contact minus
Gxin the last frame before contact (Gk;; Fig. 4b). The rats exhibited a
large range of curvature changes (Fig. 4d), comparable in magnitude
to those displayed during artificial whisking. The rats contacted the
object at a wide range of radial locations, but typically within 40-70% of
the whisker length (16.4 +0.08 mm from base, mean +s.e.m.; Fig. 4e).
When an object was contacted, the duration of contact was greater than

30 ms in more than 50% of contact events (data not shown). During
contact, Gk developed such that, starting at 10 ms after contact, it con-
veyed information about the azimuthal coordinate of object position
(P < 0.025, Kolmogorov-Smirnov test; Fig. 4f)%4.

Although 6, can be sensed at the follicle through tension developed
between the intended and actual movement, it cannot be measured
by an external observer when whisking is self-generated. We there-
fore analyzed a complementary variable in self-generated whisking,
angle protraction. Following previous studies'>1® we defined angle
protraction (8,) as the angle of further protraction after touch onset
(Fig. 4c). Angle protraction is identical to the ‘theta push’ described in
refs. 15,16, and was similarly defined to equal 0° at the angle at which
the vibrissa first makes contact with the object. When the motor com-
mand to the follicle is constant, 8, and 6, are completely complemen-
tary: their sum equals the intended protraction. With the light-touch
strategy exhibited by our rats'2, 8, decreased with decreased radial
distance (Fig. 4g), suggesting that protraction was increasingly
blocked by increased counter torque induced by the object!416.

Furthermore, we found that, in individual object localization ses-
sions, the maximal Gk encountered during touch was inversely related
to the azimuthal object location, as represented by the angle of the

ADVANCE ONLINE PUBLICATION NATURE NEUROSCIENCE



@4 © 2013 Nature America, Inc. All rights reserved.

Figure 5 Curvature at the whisker base and along the whisker shaft in
anesthetized rats. (a,b) Three-point spline fits (red) for the base (a) and
global (b) measurements (maximum protraction, 90% radial distance).
Scale bar denotes 10 mm. (c) Whisker base curvatures for three radial
object positions (mean + s.e.m. for 17 whiskers). (d) Normalized maximal
values of whisker base curvature for the same whiskers. (e) Analysis, as

a function of radial object position, of single-whisker curvature along

the whisker shaft in the frame corresponding to the time of maximum
protraction (frames are shown to the right). Curvature is depicted as a
function of the point along the whisker at which it was locally computed.

object relative to the head (Fig. 4h), consistent with artificial whisking
(Fig. 2d). Nevertheless, whether morphological coding was used by
these rats could not be determined, as the phase-plane’s vector length
(Fig. 3f) cannot be computed without knowing the motor variables
that determine 6,. Still, our data suggest that morphological vari-
ables do affect performance in this task. Global curvature during con-
tacts with the anterior object was significantly larger during correct
(11.9£0.39 m~1) than incorrect trials (9.8 £ 0.48 m~1, mean +s.e.m.;
P=0.002, Kolmogorov-Smirnov test; Fig. 4i).

Curvature at the base of and along the whisker

The whisker is tapered and thickest at its base. Thus, the mechanical
properties of the whisker shaft vary along its length. To study mechani-
cal effects along the whisker shaft, we performed additional experiments
ata higher imaging resolution (~40 pm per pixel, see Online Methods).
This facilitated measurements of the whisker base and examination of
how a contact position is encoded by base morphology, rather than
global morphology (Fig. 5a,b). In general, Bk decreased with increasing
radial distance (P < 0.001, F > 8, ANOVA, n = 17 whiskers; Fig. 5¢,d),
as predicted by theoretical derivations!416.

This coding of radial distance by Bk was the inverse of that exhib-
ited by Gk (Figs. 1g and 2a). This suggests that the local curvature is
not constant, but instead changes along the whisker during contact.
We measured curvature along the whisker shaft when the whisker was
maximally protracted (n = 3 whiskers from 2 rats; Fig. 5e and Online
Methods). For the most proximal contact location (30% of whisker
length), the whisker shaft increasingly curved toward the base. During
contact between 60 and 90% of whisker length, local curvature peaked
somewhere between the base and contact location of the whisker. As a
result, Bk was largest during proximal touch (30%), whereas Gk was
largest for distal touch (90%), consistent with theoretical predictions
based on elastic beam theory*15.

Whisker angle and base curvature in head-fixed awake rats
Whether morphological coding by Bk generalizes to self-evoked
whisking was tested by comparing Bx changes occurring during arti-
ficial whisking in anesthetized rats with those observed while awake,
head-fixed rats whisked against similar pole objects. Whisking ampli-
tudes in head-fixed rats (n = 7 rats) ranged between a few degrees
to a few tens of degrees and frequencies ranged between 5-15 Hz.
Contacts with the object (Fig. 6a and Supplementary Movie 3) often
resulted in robust increases in BK(BKP; Fig. 6b), as the rats continued
to protract the whiskers after contact.

Curvature changes in head-fixed rats were on the same order of
magnitude as those measured during artificial whisking (Figs. 5 and 6)
and their dependency on the radial distance showed a similar trend
as in artificial whisking: Bx decreased with increasing radial distance
(P < 0.001, F > 8, ANOVA; Fig. 6d). The representation of the radial
distance by Bx was already evident a few milliseconds after contact, and
developed further during the following few tens of milliseconds (Fig. 6e),
with dynamics that probably reflect a rapid feedback mechanism?®.
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Reliability of phase plane representations

The morphological variables that we measured are inter-related:
6p and 6, sum to the intended angle, and Bxand Gk are inter-related
for a given whisker and radial distance of contact (Fig. 5e). 0, is also
inversely related to the base curvature: the stronger the blocking of
the whisker, the smaller the Bx that will develop!*. We examined
the reliability of morphological coding in the phase plane defined
by 6, which can be measured in awake animals, and Bx, which is
proportional to the moment at the base and thus contains receptor-
relevant information. In this phase plane, the slopes of the trajectories
decreased with the radial distance of contact!%1° (Fig. 7a).

We examined the reliability of morphological coding and its ability
to follow, and possibly underlie, fast behavioral feedback?>2° in single
contacts using high-resolution tracking. The low variability of artifi-
cial whisking trajectories (single-whisk amplitudes deviated by +2.2%
from the mean whisk amplitude of 37.3°, n = 27 whisks) allowed us
to determine that, in principle, the combination of Bx and Bp can
encode contact location reliably as early as 15 ms after contact onset
(Fig. 7b). Trajectories displayed by the whiskers of head-fixed awake
rats during object contact covered a similar range of orientations and
magnitudes as those in artificially whisking anesthetized rats (Fig. 7c)
while, as expected, displaying higher variability. Despite this higher
variability, coarse discrimination of the radial distance of contact was
possible in single trials (Fig. 7d). During self-whisking, it is expected
that reproducibility is maintained in motor-sensory contingencies?’
rather than in sensory or motor variables alone. If this is the case,
morphological processing during self-evoked whisking should involve
tight motor-sensory control.
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Figure 6 Angle and base curvature dynamics a
in awake, head-fixed rats. An example of

a trial in which a head-fixed rat whisked

against an object and contacted it 17 times

(first five are shown as bold sections in b)

is shown. Time measured from trial onset.

(a) Frame 1 was taken at the onset of the

first touch in the trial, and frame 2 was

taken at maximum curvature of the next

touch (Supplementary Movie 3). (b) Whisker b
base angle (top) and base curvature (bottom)
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Follicle-whisker interface
The larger 6, at more proximal radial contact locations (Figs. 1-3)
could reflect one of the following scenarios. The whisker might bend
close to the base, near the mouth of the follicle, while the intrinsic
muscles of the follicle would continue to move the follicle unper-
turbed (a hinge-like joint). Alternatively, whisker and follicle might
form a rigid joint. These scenarios would result in different distri-
butions of forces in the follicle, and therefore different patterns of
mechanoreceptor activation.

To distinguish between these two scenarios of angle absorption, we
repeated the artificial whisking procedure during placement of the
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object at different radial locations while one-third of the upper part of
one or two whisker follicles was surgically exposed (Online Methods).
During this surgery, the integrity of exposed follicles and intrinsic
muscles was carefully maintained. The moving, exposed follicles were
recorded with a high-speed camera fitted with a high-magnification
lens. The resulting whisking amplitudes were similar to those obtained
during artificial whisking with tissue around the follicles completely
intact (P = 0.13, t test).

We examined the movements of exposed follicles during whisking
in free air and against objects at the 30, 60 and 90% radial positions
(Fig. 8a and Supplementary Movie 4). The relative angles of the
whisker and exposed follicle were analyzed by plotting (using the
camera lucida technique) the alignment of the follicle during move-
ment, using structure-from-motion cues in the movie for outlining
of the follicle (Fig. 8a,b).

Figure 7 Single-cycle, single-whisker morphological encoding in the
Bx-6,, phase plane. In all panels, the change in base curvature from
baseline (Bxp) is depicted. (a) Single-cycle encoding in an artificially
whisking anesthetized rat. Trajectories of whisker morphology during

a single protraction epoch (from contact onset to peak protraction)
recorded at a resolution of 1 ms. Azimuthal positions are from posterior
(p1, thin line), through intermediate (p2, dotted line) to anterior (p3,
thickest line), and radial positions are denoted by percent of whisker
length. (b) Reproducibility of single-cycle encoding in an anesthetized
rat. The phase-plane values are for the same whisker as in a, and are
depicted for eight trials (per condition), 15 ms after touch onset (one
data point per whisk cycle). (c) Single-cycle trajectories (from contact
onset to peak protraction) in one trial of a head-fixed awake rat recorded
at a resolution of 2 ms; 16 protraction epochs are shown. (d) Single-
cycle encoding in a head-fixed awake rat (whisker C2), sorted by the
radial distance of contact (Fig. 6¢) and measured 16 ms after touch
onset (one data point per whisk cycle, n = 664 cycles in each group
data pulled from all seven rats).
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Figure 8 Follicle mechanics during active vibrissal touch. (a) Images of a surgically
exposed follicle and the base of a whisker during artificial whisking in resting and
maximal protraction frames. The follicle boundaries and the whisker are outlined by
thin dashed black lines. Drops of pigment were sprayed onto the exposed follicle as
reference points. For each condition, we determined the orientation of the exposed
part of the follicle in the resting frame (leftmost, black thick dotted line, replicated

in all frames) and then compared it to the orientation during maximum protraction
(colored thick solid line in each frame). (b) Comparison of the orientation of follicles at
maximum protraction. The arrow indicates the angle absorption for an object at the
60% radial position. (c) Angle absorption at the follicle (mean + s.e.m., n = 6 follicles).
(d) Change of the follicle-whisker base angle between rest and full protraction for free
air and three radial positions (mean + s.e.m., n = 6 follicles). (e,f) Morpho-mechanical
transformation by global curvature. Schematic illustrations of forces acting on the
whisker and follicle40 during distal (e) and proximal (f) touch. The black, red and blue
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straight arrows represent the equivalent and components of the reaction force induced by the object. The yellow arrows represent muscle contractions.

The curved black arrows represent follicle and whisker azimuthal rotations.

In all of the exposed follicle experiments, angle absorption also
occurred at the level of the follicle (n = 6; Fig. 8c). The difference
between 6, of the follicle and that of the whisker base was negligible
(n =6 follicles, P=0.94, F=0.13, ANOVA; Fig. 8d). Thus, the follicle-
whisker junction remained rigid during movement, even during
whisking against an object located in the most proximal (30%)
radial position.

DISCUSSION

In the rat vibrissal system, mechanoreceptors situated in the whisker
follicle transduce signals that are initially processed mechanically
by the external shaft of the whisker. We found that, consistent with
theoretical predictions, the mechanical responses of the whisker shaft
contained morphological and dynamic representations of object
location during active touch. The radial and azimuthal coordinates
of the position of the contacted object were reliably represented in
phase planes spanned by pairs of morphological variables of the
whisker. Measurements in head-fixed and freely moving behaving
rats revealed that rats apply forces that allow meaningful morphologi-
cal coding, that coding is reliable as fast as 15 ms after contact and
that localization accuracy in behaving rats is correlated with code
availability. Our results do not show how these codes are read out,
but indicate that mechanical transformation from the whisker to the
follicle is rigid and suggest possible readout mechanisms, consistent
with previous suggestions.

Morphological phase planes

Consistent with theoretical predictions emerging from elastic beam
theory!416:28 we found that, during active touch, the Bx of a whisker
was inversely related to the radial distance of contact (Figs. 5-7).
In contrast, Gk, evaluated here as the maximal curvature along the
whisker, generally increased with radial distance (Figs. 1-5). Our
results further demonstrate that Gk and 6, display complementary
representations. Given that the follicle and follicle-whisker junction

are rigid (Fig. 8) and muscle force typically does not overcome
the resistance of stationary objects (Fig. 4g), 6, increased and Gk
decreased with decreased radial distance (Figs. 1-3). In fact, the
combination of 8, and Gk encodes not only radial distance, but also
any location in the horizontal plane (spanned by the azimuthal and
radial coordinates), as both are affected in a complementary fash-
ion by the azimuthal coordinate of the object. These dependencies
can be mapped onto the Gk-6, phase plane, such that the slope of
the trajectory encodes radial distance and the magnitude of the
trajectory in the phase plane (vector length) encodes azimuthal
angle (Fig. 3).

Meaningful phase planes can be composed from any pair of mor-
phological variables (Fig. 7). Of these phase planes, all accessible
to the brain of the rat, only those based on 6, are directly acces-
sible to an external observer when whisking is controlled by the rat.
Thus, 6,-based phase planes are useful when analyzing active touch
in awake rodents.

Efficient morphological coding
An important aspect for downstream processing, demonstrated here
in the Bk-0, phase plane, is that the variables of the phase plane were
already valid by 15 ms after object contact (Fig. 7; coarse position
information was available even earlier; Figs. 4f and 6e), which allows
rapid decoding of radial distance even before the most rapid motor
reaction can take place?>2°. In fact, studies on encoding by first-order
neurons of the trigeminal ganglion have shown that, during contact,
most information about radial object position is exhibited in the first
20 ms of the firing following touch®. This indicates that reading out
whisker mechanical codes'#1% is also rapid. Thus, reducing whisking
cycle time, such as during palpation, does not necessarily interfere
with morphological coding.

In our experiments with anesthetized rats, radial distance was
reliably encoded by 6, alone; the shorter the distance, the stronger
the blocking of whisker protraction (Fig. 4g) and the larger the 6,
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(Fig. 2b). However, the readout of such coding would not be invariant
to changes in whisking amplitude or, more accurately, to changes in
the magnitude of the motor command, and would therefore be ambig-
uous. For example, 6, would be similar for a given muscle activation
against near objects and for a weaker muscle activation against more
distal objects. In contrast, the ratio between Gx and 6,, or between
Bk and OP, if read out correctly, can provide radial coding that is
invariant to whisking amplitude, as indicated by these ratios being
constant during the entire course of protraction (after contact) for a
given radial distance (Figs. 3 and 7).

Implications for active touch

Pre-neuronal processing, that is the generation of specific representa-
tions of the environment before neuronal processing, should be care-
fully controlled during active touch to optimize perception. In awake,
self-whisking rats, morphological encoding exhibits large variations
(Figs. 4, 6 and 7) as a result of variations in motor variables, such
as whisker set-point, amplitude, velocity and applied force. Reading
of the morphological code must therefore be scaled by the brain
accordingly. Scaling signals can be provided by proprioceptive-like
mechanoreceptors”-12, internal models based on efference copies?’
or both3?. The exact use of morphological cues must be continu-
ously calibrated in the brain3!1-33 as a result of continuous changes
in whisker morphology?! and must be scaled to the actual motor
outputs applied during an actual palpation epoch. These constraints
suggest that morphological cues are used most efficiently in closed-
loop perceptual processing loops34.

Coordinates of radial and azimuthal object position are not encoded
by morphological variables alone. Radial position is also encoded by
the decrease in whisker velocity (Figs. 1n,0 and 2¢), and azimuthal
position by contact time”. As both these codes are transient, they are
only valid around the time of contact. In contrast, the morphologi-
cal variables yield useful information throughout contact duration.
During active touch, a rat may favor one code over another by selecting
different motor strategies. For example, when using extremely light
touch?®, contact time will reliably represent azimuthal object position,
whereas whisker morphology will not>12:33. In contrast, when applica-
tion of muscle force continues after contact has been made, whisker
morphology will provide a continuous and reliable measure of object
position in the radial and azimuthal directions. Notably, rats appear
to exploit both temporal and morphological cues in some conditions,
in a sequential order, for azimuthal localization3®.

Mechanical readout

Interactions between the whisker, its follicle and the associated
intrinsic muscle do not occur at a single point, but rather along a few
millimeters of the follicle length, which contains mechanoreceptors
of several types and spatial orientations>. It is not yet clear whether
the length of the follicle can be regarded as a linear extension of one
canonical interaction point3”38 or if substantial coding occurs along
the follicle such that the axial coordinate of a receptor is a coding
variable. The specific mapping between mechanical variables of the
external shaft and torques and forces in the follicle is also not yet
known. The nature of this mapping depends crucially on the rigidity
of the follicle’s collagenous capsule. With a rigid capsule, the map-
ping would depend only on the moments and forces at the base of the
whisker (as a result of the rigid connection between the whisker and
the follicle; Fig. 8)!>16. However, if the follicle’s capsule does convey
stresses from the surrounding tissue to its internal mechanoreceptors,
then all muscle- and tissue-related degrees of freedom3®-4! should be
taken into account.

Theoretical considerations suggest that if the whisker and its
interactions are confined to one plane, most of the mechanical
stresses applied to the external shaft of the whisker can be extracted
by reading out the moment and the axial force at the base!>. As
the axial force has indeed been shown to affect neuronal responses
substantially*?, the following scheme (Fig. 8e,f) appears valid for
mechanical readout of morphological coding of the whisker shaft.
This scheme suggests that changes in Gk and 6, result in orthogo-
nal changes of forces in the follicle. Contact with an object that
generates a global curvature (Fig. 8e), such that the tangent to the
whisker at the contact point is at a substantial angle to the long axis
of the follicle, yields a reaction force whose components along the
axial (Fy, force parallel to the long axis of the follicle) and transverse
(Fy, force perpendicular to the long axis) axes of the follicle are
both substantial. In contrast, a contact that does not generate a
substantial global curvature (as is the case with proximal contact;
Fig. 8f) yields a reaction force mostly in the transverse direction.
This model is consistent with a recent suggestion based on curvature
measurements in head-fixed behaving mice*3. This scheme assigns
complementary coding information to base and global curvatures,
representing moment at the base and whisker angle at the point of
contact, respectively.

The rigid follicle-whisker junction (Fig. 8a-d and Supplementary
Movie 4) ensures the preservation of the coding expressed by the
two orthogonal force components (Fy and Fy)in the follicle. Of these
two components, Fy is probably more informative, as Fy is likely over-
ridden by the moment at the base!>1643. A separation of the read-
out of the orthogonal force components (F, and the base moment),
possibly through an orthogonal alignment of sets of spine, lanceolate
and small-caliber endings at the follicle3, could provide an immedi-
ate mechanical readout mechanism. Such a mechanism may be more
sensitive at the deep part of the follicle because of larger spring con-
stants of the tissue?.

Methodological and theoretical issues

The magnitudes of angular and curvature morphological variables
was similar across anesthetized, head-fixed and freely moving behav-
ing rats (Fig. 1-6; also see refs. 24,44). Still, as whisking data from
behaving rats are highly variable and are not readily controlled by the
experimenter, revelation of the principles of morphological encod-
ing in this system would not be possible without the use of system-
atic studies in anesthetized rats and high-resolution video recording
(~40 pm per pixel).

The top-down viewpoint used during high-speed video recordings
and whisker tracking does not directly capture vertical and torsional
excursions of whisker trajectories. Although torsional excursions
likely added noise to our measurements, vertical excursions likely
did not, given their small amplitudes®.

Morphological processing by whisker is an excellent example in
which theory and experiments can iterate successfully. The detailed
derivations of the theory of elastic beams and its application to whisker
mechanics!4-16:28 (D. Golomb, A. Hires & K. Svoboda, Soc. Neurosci.
Abstr. 677.03,2012) was instrumental in guiding our experiments and
interpreting the results. We believe that a comprehensive understand-
ing of morphological processing in particular, and vibrissal sensing
in general, is not possible without tight iterative interactions between
theory and experiments.

Pre-neuronal morphological computation
Pre-neuronal transformations occur in every sensory organ. For
example, acoustic inputs are transformed by bones in the middle
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ear, optical signals are transformed by the cornea and eye fluids, and
tactile inputs are transformed by the skin. Some of these transfor-
mations appear to be more passive in nature, whereas others appear
to take part in active sensing. In the vibrissal system, pre-neuronal
morphological transformations appear to be components of active
touch, along with motor, physical, mechanical and neuronal trans-
formations; it is suggested that, in the active-touch loop, morpho-
logical variables translate the interaction of motor variables with
external physical variables to within-follicle mechanical variables
(Supplementary Fig. 1).

The relatively large pre-neuronal morphological space of the
whisker4>7:8,11,1416,18,23,46 and the apparent redundancy in follicle
processing®141637 permit substantial flexibility in vibrissal mechani-
cal processing. Furthermore, the detailed control of whisker dynamics
by motor circuits?®41:47-50 allows dynamic control of this mechanical
processing during sensory acquisition. We propose that these motor-
controlled pre-neuronal computations are an integral processing com-
ponent of vibrissal motor-sensory loops.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS

Animal maintenance and all experimental procedures were conducted in accord-
ance with the guidelines of the US National Institutes of Health and the Weizmann
Institute of Science.

Animals. Male albino Wistar rats (n = 58, 180-330 g, 2-3.5 months old) were held
1-41in a cage in a 12-h dark/light cycle and were studied in three settings during
both dark and light periods of their cycle: 45 under anesthesia using artificial
whisking, 7 under a head fixation procedure and 6 during an object localization
task. Sample sizes were determined by statistical requirements.

Artificial whisking under anesthesia. Artificial whisking was induced by stimu-
lating the buccal motor branch of the facial nerve under urethane anesthesia as
described previously”:8. Between 0 (typically) and 5 whiskers were trimmed in
each experiment to increase video quality or simplify object positioning. With
artificial whisking, a small stimulus-locked component (83 Hz in our case) was
superimposed on the main protraction trajectory”.

Head-fixed awake rats. Prior to the experiments, rats were fitted with head
posts for head fixation under ketamine and xylazine anesthesia, as previously
described?>4>51, All whiskers were trimmed, except for three whiskers (C1, C2
and D1) on each side of the snout?>. The maximal time for head fixation was
30 min. Head fixation was terminated earlier if rats showed signs of distress.
A vertical metal pole (2.8 mm in diameter), attached to a micrometer-resolution
linear actuator (Abiry), was moved along the anterior-to-posterior axis on either
the right or left side of the snout at an average velocity of 1.1 cm s~L. The pole
trajectory constrained the range of radial distances of the majority of contacts
to 8-16 mm (Fig. 6¢).

Freely moving rats during object localization. Rats were trained to palpate
two stationary vertical poles, presented at both sides of the snout, and report
the side in which the pole was located more posterior, as described previously?3.
Briefly, the azimuthal offset between the two vertical poles varied between trials
according to a staircase procedure, whereby task difficulty increased after correct
trials and decreased after incorrect trials. The maximum azimuthal offset was
20 mm. The lower limit of presented offsets was determined by the performance
of the rats. Correct trials were rewarded with a drop of fruit juice. When particular
performance criteria were reached, whiskers were trimmed down to a single row,
single arc or single whisker on each side of the snout. The object angle (Fig. 4h)
was the angle subtended between the caudo-rostral axis of the head and a line
drawn between the base of the contacting whisker and the object.

Imaging follicle movements under anesthesia. Follicles were exposed by
straight, 5-7-mm-long incisions into the skin of the whisker pad between two
neighboring rows of whiskers. After incising the skin, the connective tissues sur-
rounding the upper and most outer part of the follicle were carefully separated
to ensure that no internal muscles surrounding the follicle were damaged. High-
magnification, high-speed video images of the follicle were taken at 500 fps with
a high-speed digital video camera (MotionScope PCI 1000, Redlake) fitted with
a bright optics macro lens (105 mm, f=2.8).

Tracking and analysis of whisker movements. In anesthetized rats (n = 45 rats),
movement trajectories of 39 whiskers were analyzed; of these, 27 were tested in all
3 radial positions, 31 in all 3 azimuthal positions and 19 in all 6 azimuthal-radial
positions. In head-fixed rats (1 = 7 rats), 3,011 whisking cycles of 7 whiskers were
recorded, out of which 1,992 randomly selected cycles were analyzed. In freely
moving rats, 109 whisking cycles in rats having all whiskers intact (n = 3 rats)
and 2,956 whisking cycles of 6 whiskers in rats performing the task with a single
whisker on each side of the snout (n = 3 rats) were analyzed.

Whiskers were from rows A through E and columns 0 (straddlers) through 4.
Whisker movements were recorded at 500 or 1,000 fps with fast digital video cam-
eras (MotionScope PCI and MotionPro series, resolutions 320 x 280 to 1,280 x 512
pixels, Redlake). Movements of full-length whiskers were video tracked in all frames
with a semi-automated program written in MATLAB and C!8 (freely available at
http://code.google.com/p/whiskertracker/). In brief, for every whisker appearing
in the video, we fitted a three-point piecewise polynomial (spline); in some cases a
five-point spline was fitted (see below). The mechanical parameters of the whiskers

were calculated from the spline as follows. The whisker angle was computed at its
base (being the most proximal point of the tracked whisker) from the coefficients
of the most proximal polynomial of the whisker-spline representation

0 =arctan(f’|, — () = arctan(C)

for the polynomial f(x) = Ax® + Bx? + Cx + D, where x is the radial coordinate
and x = 0 is the whisker base. We computed curvature from the coefficients of
the same polynomial

f’ 2B
K= - = (2)
(1+f2)1'5 o

1+ CZ)LS

using the standard formula for curvature of a one-dimensional function at a
point®2 (see below). Curvature can be also expressed as the inverse of the radius of
the whisker-spline osculating circle, that is, the circle that shares the same tangent
as the whisker-spline at the measurement point (Fig. 1e; also see ref. 52).

1

1

’
Thus, the smaller the radius of an osculating circle, the larger the curvature,
and a straight whisker with no curvature would have an osculating circle with a
radius equal to infinity.

Angle absorption (6,) was defined as the difference between the actual angle
during touch and the angle at a corresponding phase of the cycle during whisk-
ing in free air (Fig. 1i)

0, = Ofree air — Orouch 3)
Angle protraction (6,

) was defined as the difference between the angle of the
whisker and its value at touch onset

ep = etouch - etouch onset (4)

Velocity change following contact (Aw) was defined as the mean velocity of the
whisker between the moment of touch onset (contact, t.) and ¢, + 10 ms, relative
to the velocity during the same period measured under free air conditions

Aw = [w(tc)free air w(tc )touch]/w(tc )free air (5)

where
w(tc)free air = [efree air (tc +AT) - Ofrec air (tc)] /' AT

O Itouch = [Brouch (tc + AT) = Orouen (£)]/ AT

AT was arbitrarily set at 10 ms, as, during active touch, touch-contact cells of the
trigeminal ganglion respond to touch within 10 ms”.

Curvature analysis: global, at base and along the whisker shaft. Global cur-
vature (Gk) was the maximal curvature (k, equation (2)) along a cubic spline
function fitted to a substantial part of the bending portion of the whisker, taken
here to be the portion between its base and the point of contact with the object
(Fig. 5b). Base curvature (Bk) was evaluated by fitting a cubic spline function
to a small portion of the whisker close to its base and calculating k at the point
closest to the base (Fig. 5a). Local curvature along the whisker shaft was evalu-
ated in high-resolution images by fitting a five-point spline function to the entire
whisker and calculating x for each point along the whisker shaft. The average local
curvature for each point was calculated by sliding a window of 50 pixels (~2 mm)
along the reproduced whisker shaft. This analysis was done for each object posi-
tion, at maximum whisker protraction. Gk;, (Bk;,) was quantified as the maximal
difference between Gx (Bk) during touch and Gk (Bx) following touch onset.

Statistical analysis. ANOVA tests were one way with repeated measures (vari-
ances had similar magnitudes; we considered whiskers to be independent whether
or not they came from the same rat). Non-parametric Kolmogorov-Smirnov
tests were two sample and two sided. Data are expressed as mean * s.e.m. Pole
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position in anesthetized rats and pole side in head-fixed rats were randomized
using a uniform distribution. Pole offset polarity in freely moving rats was
pseudo-randomized by a bias-correcting rule?®. No blinding was done during
analysis and none of the data points were excluded.

51. Pietr, M.D., Knutsen, P.M., Shore, D.l., Ahissar, E. & Vogel, Z. Cannabinoids reveal
separate controls for whisking amplitude and timing in rats. J. Neurophysiol. 104,
2532-2542 (2010).

52. Weisstein, J.S., Goldsby, R.E. & O’Donnell, R.J. Oncologic approaches to pediatric
limb preservation. J. Am. Acad. Orthop. Surg. 13, 544-554 (2005).
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