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Blindfolded
rats were trained to stretch across a gap to palpate rough or smooth surfaces with their mystacial vibrissae.
Animals learned to discriminate
reliably a smooth surface
from a rough surface
having shallow
(-30
pm) grooves
spaced at 90 Km intervals. Field-by-field
video analyses confirmed that rats used only their vibrissae to contact the discriminanda.
The whiskers swept across the surfaces at 696”/
set during forward movements
and 1106Vsec
for retracting
movements.
Mean amplitudes,
which were 32”, were considerably smaller than the total arc through which whiskers
can move. Rats maintained
whisker contact with discriminanda for several hundreds
of msec, during which time the
animals repetitively
swept their vibrissae across the surface
at a dominant
frequency
of 6 Hz. The range extended
from
1 to 20 Hz, and the frequencies
utilized varied within and
among subjects. Whiskers contacted the discriminanda
along
the hair shaft, not at the whisker tips. The hair shafts were
bent continually
but to varying degrees
as an animal palpated the surface, and more than one of the large caudal
whiskers were almost always in contact with it. Thus, whiskers are not used independently
as rigid levers. Results
indicate that the capacity of the rodent whisker system to
distinguish
a smooth surface from a rough one is comparable
to that of primates using their fingertips
and suggest common strategies
for active touch in the mammalian
somatomotor system.

The rodent somatic sensorysystemis characterized by a prominent representation of the mystacial vibrissae (Woolsey, 1967;
Woolsey and Van der Loos, 1970; Welker, 1971). Each peripheral fiber innervating low-threshold whisker mechanoreceptors
respondsto 1 and only 1 vibrissa (Zucker and Welker, 1969)
and, centrally, individual vibrissae are represented by aggregations of axon terminals and/or cell bodies (for a review, see
Woolsey et al., 1981). Peripheral and central vibrissa units encode a variety of hair deflection parameters, including amplitude, velocity, duration, frequency, and angulardirection (Zucker and Welker, 1969; Waite, 1973; Shipley, 1974;Simons, 1978;
Ito, 1981). In somecases,amplitude thresholdsare only a few
tens of microns delivered lo-20 mm from the skin surface.
Thesefindings parallel early observationsthat acute removal of
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the vibrissae results in deficits in tactile discrimination, orientation, locomotion, and balance (Richardson, 1909; Vincent,
1912;for a review, seeGustafsonand Felbain-Keramidas,1977).
Recently Hutson and Masterton (1986) used a conditionedsuppressiontechnique to define rats’ thresholds for detecting
passively applied sinusoidal movements of a single vibrissa.
Estimated velocity thresholdswere as low as 0.3 mm/set, and
the lowest amplitude thresholdswere 0.5”. Interestingly, thresholds were unaffected by lesionsof the vibrissa region in the first
somatic sensorycortex, but such lesionspermanently impaired
the ability of the animals to perform a gap-jumping task that
involved active palpation of an object by the vibrissae.
Physiological studieshave suggestedthat an important function of the rodent somatic sensorysystem is the integration of
information arising from spatially and temporally patterned
whisker deflections(Simons, 1978, 1985;Armstrong-Jamesand
Fox, 1987; Simons and Carvell, 1989). There is, however, a
critical paucity of knowledgeabout how the animal actually uses
its whiskersto obtain information about surface featuresin the
tactile environment. To date, only 2 studies have described
biometric aspectsof whisking behavior. In a seminal study on
rats, Welker (1964) describedthe ontogeny of whisking and the
precisetemporal coordination of vibrissae, nose,head, and respiratory movements. Wineski (1983) describedthe movements
of whiskers in behaving hamstersand how, together, the individual vibrissal hairs form a planar sensory field around the
animal’s head. His results also suggestedthat animals might
employ different whisking strategiesduring exploratory versus
discriminative behaviors. Perhapsbecauseof technical limitations involved with high-magnification viewing ofwhisker usage
in free-ranging animals, these studies provided neither parametric information concerning the amplitudes and velocities of
individual whisker movements,nor the nature of surfacecontact
by the vibrissal hairs.
The purposeof the presentinvestigation was 2-fold. First, we
wanted to establishthat rats can, in fact, usetheir vibrissae to
distinguish between objects differing only in surface texture.
During the course of our study, Guic-Robles et al. (1989) reported that rats are able to discriminate sandpapersurfaceson
the basisof vibrissal cues. The present results are consistent
with thesefindings and, further, suggestthat the capacity of the
whisker systemto distinguish a smooth surfacefrom a textured
one is comparable with that of primates using their fingertips.
A secondobjective was to begin to describein detail the biometrics of whisking behavior and the nature of mechanicalcontact between a whisker and an object during actively generated
vibrissal movements. This required the development of a discrimination task wherein vibrissae and head movements were
confined to a restricted physical location. Video analysesof
animals performing this task confirmed its vibrissal nature and
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Figure I. Testing apparatus and the behavioral task. Overhead view shows the relative positions of the 3 elevated platforms and a line drawing,
based on a photograph, of a blindfolded rat palpating a textured discriminandum with its protracted vibrissae. The start platform (A) has a nonskid
surface (stippling), and the distance between it and the choice platforms (B, C) can be adjusted by means of a calibrated track (7). Discriminanda,
which consist of smooth or milled plastic cylinders, are attached interchangeably to the front of the choice platforms. Food is placed behind
perforated acrylic gates (dashed lines) on both choice platforms, but the gate is raised only after the animal jumps onto the platform having the
correct discriminandum.
revealed the whiskers to be remarkably flexible and dynamic in
their operation. We propose that the complement
of mystacial
vibtissae may be best regarded as a sensory array in which the
individual
whiskers function as components
of a continuous
receptive surface. The present findings have been reported previously in preliminary
form (Carve11 and Simons, 1988b).

Materials and Methods
Preparation. Six adult female albino rats (Sprague-Dawley, Hilltop Labs,
Scottsdale, PA) having initial weights of 200-290 gm served as subjects
in this study. Animals had access to food once each day for approximately 30 min. Food consisted of a wet mash made from standard
Purina rat chow mixed with water. The mash was also used as a reward
during discrimination training. Animals had ad libitum access to water
in their home cages. Throughout the study, all of the rats maintained
their body weights within 10% of the normative values in age-matched
animals.
At the outset, animals were anesthetized with Nembutal (50 mg/kg,
i.p.) in order to custom fit each with removable blindfolds. These were
constructed from stainless steel wire shaped into “glasses” that were
fitted with opaque plastic lenses. The blindfolds were held in place by
a small, stainless steel machine screw embedded in an acrylic skull cap.
The acrylic cap was anchored to the bone using several #00 self-tapping
stainless steel screws. When inserting the screws, care was taken to
minimize their penetration through the inner table of the skull. A broadspectrum antibiotic ointment was liberally applied to the wound margins
following the surgery. The skin adjacent to the cap was cleaned daily
with diluted antiseptic. Two to 3 d after surgery, the rats became acclimated to the blindfolds by wearing them for a period of 1 hr/d, during
which time they were fed. Opthalmic ointment was applied to the inner
surface of the lenses. During a 1 week acclimation period, the animals
adapted well to wearing the blinders and to being handled by the experimenters. Animals subsequently wore the blindfolds only during the
training session (45-90 min/d).

Discrimination apparatus. The behavioral task required an animal to
stretch across a gap in order to palpate a surface with its protracted
vibrissae. The paradigm is a modification of one described originally
by Richardson (1909) and used most recently by Hutson and Masterton
(1986). The apparatus consisted of 3 black, anodized aluminum platforms that were elevated 25.5 cm above a base constructed of the same
material (see Fig. 1). Animals were trained to jump from a start platform
to 1 of 2 choice platforms for a food reward. The distance between the
start platform and the 2 choice platforms could be adjusted by means
of a calibrated track upon which the start platform glided. A food cup
was placed at the end ofeach choice platform behind a perforated plastic
gate. The gate was opened by the experimenter only for those trials
where the animal made a correct choice.
Discriminanda were made of high-density black plastic cylinders
(Dehin, DuPont) that could be attached to the front of either choice
platform (see Fin. 1). Rough discriminanda consisted of cvlinders that
were milled along their lengths with continuous spiral grooves of uniform depth and spacing. Discriminanda were examined using a dissecting microscope to measure their surface features. Coarsely textured
surfaces had 2.4-mm-deep grooves spaced 3.2 mm apart (8 turns/inch)
or 1.8-mm-deep grooves spaced 2.3 mm apart (11 turns/inch). During
preliminary experiments, we serendipitously found that rats could detect
differences between an unmilled (stock) cylinder and one that had been
finely machined in preparation for another milling procedure. This latter
surface had grooves spaced -90 pm apart and -30 pm deep. In order
to estimate a sensory threshold for this type of surface, another discriminandum was then made that had - 15-pm-deep grooves spaced at
-50~urn intervals. Photomicrographs of the unmilled surface, which
always served as the smooth discriminandum, and the 90-pm surface
are shown in Figure 2.
Training procedure. The animal was trained to distinguish between
the smooth and rough surfaces and to indicate its choice by jumping
from the start platform to one of the reward platforms. Prior to training,
each rat was assigned randomly to 1 of 2 groups. Animals in one group
were rewarded for choosing the platform having the rough surface,
whereas animals in the other group were rewarded for choosing the
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Figure 2. Light microscopic photographs of discriminanda. A, One of
the rough surfaces, which has shallow (-30 pm deep) grooves spaced
at -90 urn intervals. B. The surface of the unmilled cylinder used as
the smooth discriminandum. Scale bar: 200 pm.
smooth surface. Training began with the coarsest discriminandum (8
turns/inch). The blindfolded rat was placed upon the start platform,
which was initially positioned close to the choice platforms. The animal
was allowed a maximum of 90 set at the outset of training and 60 set
later in training to move from the start platform onto 1 of the 2 choice
platforms. If a correct choice was made within the allotted time, the rat
was permitted 30 set of access to the food reward. An incorrect choice
or failure to make a choice within the allotted time would terminate
the trial without a food reward. The animals were not allowed to correct
errors by returning to the start platform or by jumping to the other
choice platform. As training progressed, the distance between the start
and choice platforms was gradually increased so that the animal was
eventually able to touch the discriminanda only with its whiskers (see
Fig. 1).
Animals were tested 10 or 20 trials/d, and the order of testing for rats
within the group was randomized daily. The location of the rough and
smooth discriminanda on the right or left choice platforms was randomized for each trial, with the restriction that the reward stimulus not
be located on the same choice platform for more than 2 consecutive
trials. Additionally, the discriminanda and platforms were cleaned with
alcohol between trials to remove potential odor trails.
An animal was considered to have successfully learned a discrimination task when it attained a score of ~80% correct on 1 d, with a
score of ~90% on each of the next 2 d. When the animal attained
criterion performance, a finer rough discriminandum was introduced.
Videoanalysisof whisking.Six trained animals were videotaped while
performing the discrimination task. One d prior to the taping session,
all large whiskers except those on the middle dorsal/ventral row (row
C in the nomenclature of Woolsey and Van der Loos, 1970) were trimmed
to a length of - 1 cm. The trimming was performed so that each of the
remaining vibrissae could be more easily visualized and identified. It

was necessary to expose the rats to the videotaping conditions for several
d in order to acclimate them to the heat generated by the additional
lights used for high-resolution video recording. Video images of whisking behavior were sampled at 60 Hz (60 fields/set) using a video camera
equipped with a macro lens and an electronic strobe-effect shutter that
opened for 1 msec (Panasonic D-5000). Images were recorded on standard %” VHS cassettes. The camera was mounted above 1 of the discriminanda and focused so that individual whiskers could be visualized
as they contacted its surface. Lens magnification was adjusted to provide
the best compromise between high spatial resolution and adequate depth
of field. A time/date generator with a stopwatch accurate to 0.01 set
was placed in line with the video recorder to provide a permanent time
record of the videotaped events. Recorded images were viewed on a
high-resolution color video monitor (Panasonic CT 1930-V) using a
VHS recorder that could display each field on a stop action basis (Panasonic AG 2500).
Data analysis.Videotaped trials were analyzed on a field-by-field
basis. Trials selected for detailed analysis were those in which the animal
made a correct decision and in which the row C whiskers on both sides
of the face were clearly visible throughout the trial. For each field, the
position of a whisker was traced onto transparencies overlaid on the
video monitor. Data were obtained for each of 6 large, middle-row
whiskers, the 3 most caudal ones on each side of the face. Using a
transparent goniometer, the position of each whisker from one field to
the next was measured at a distance of 1 cm from the base of the hair
(see Fig. 3). Up to this point on the whisker, the hair shaft remained
relatively straight, and angular displacements could be measured readily.
Contacts with the discriminandum
were coded on the transparency.
Data were entered into a computer spreadsheet for manipulation and
analysis. Using the changes in whisker position at each 16.67-msec time
interval, the velocity, amplitude, and temporal pattern of whisking
movements were derived. Individual whisking sequences were analyzed
by discrete Fourier transforms within the frequency range of l-30 Hz.
Whisking behavior in 9 selected videotaped trials from 3 rats were
analyzed in detail. Two rats, G and R, were discriminating between the
90-pm rough surface and the smooth surface, and the third animal, rat
B, was discriminating between the 8-turn/inch surface and the smooth
one. These animals had been trained by rewarding them for choosing
the rough surface. For each rat, data for 2 trials were obtained as the
animal whisked the rough surface, and one while whisking the smooth.
Two thousand five hundred and ninety-two whisker movements (432
fields x 6 vibrissae) were analyzed quantitatively.

Results
General observations
With 2 weeks of training, blindfolded
rats learnedthe basic task
of moving from the start platform to 1 of 2 choice platforms to
receive a food reward. Typically, another l-3 weeks of training
were required for an animal to attain criterion levels of perfor-

mancein discriminating between a coarsesurface(8 turn/inch)
and the smooth one. During these early stagesof training, the
rats could usea number of tactile cuesbecausethe gap distance
between the start and choice platforms was relatively short,
permitting contact of the discriminanda by the forepaw, nose,
and/or smaller perioral sinushairs in addition to the whiskers.
Over the next 8-12 weeks, the gap distance was adjusted for
eachrat so that the animal could reach the discriminanda only
with

its protracted

mystacial

vibtissae.

Also, surfaces of finer

texture were introduced asan animal attained criterion performance on a given task.
We found that blindfolded
rats could use their vibrissae to
reliably

distinguish

(>85%

correct

choices)

a smooth

surface

from a rough surface consisting of shallow (-30 pm depth)
grooves spacedonly 90 Mmapart (seeFig. 2). One animal, which
consistently performed this task correctly, was also tested on
the SO-Frnsurface.This rat wasunableto distinguishit correctly
from the smooth surfacein spite of 2 months of testing during
which the 50-pm surfacetraining sessionswere periodically interspersedwith training sessionsusing the 90qm surface.
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The finding that a well-trained animal can distinguish the 90pm surface but not the 50-pm one indicates that rats in this
study were using texture rather than unintended, nontactile (e.g.,
olfactory or visual) cues. As a direct control for the possible use
of visual cues, 1 animal was trained on the coarsest surface in
the light and without wearing a blindfold. During a 43 d training
period, during which 430 trials were run, this animal never
reached criterion performance. In fact, this rat often leapt to
one of the choice platforms with little or no whisking of either
discriminandum prior to the jump. Therefore, it appears that
the discrimination task requires blindfolded rats to rely solely
on vibrissal cues, a conclusion also supported by the video
analyses (see below).
Behavioral strategies
The blindfolded rats readily located the discriminanda by
sweeping their vibrissae through the air and moving their heads.
Typically, animals then positioned themselves to the right or
left of center at the front edge of the start platform, whereupon
they stretched across the gap to brush their whiskers repetitively
across the discriminandum on that side. Following this, a rat
would: (1) jump to that platform, (2) retract its head and slightly
reposition its body to palpate the same surface again, or (3)
move to a new position on the start platform so that it could
whisk the other discriminandum. An animal would often repeat
1 of the 2 latter sequences several times before jumping to a
choice platform. This was particularly true for well-trained animals that were working on the finer-textured surfaces. Examination of 8 1 videotaped trials of 3 such animals revealed that,
in 41% of the trials, the rat approached and whisked only 1
discriminandum before jumping to that platform. For the remaining trials, animals would explore separately each of the
discriminanda l-5 times before jumping to one of the choice
platforms. Only rarely did a well-trained animal stretch across
the gap to palpate both discriminanda simultaneously. Although
the difference was not statistically different (x2 test, p > 0.05),
it is nonetheless interesting that, for well-trained rats, the single
“whisk-and-go”
strategy was associated with a correct choice
73% of the time, whereas repeated exploration of one or both
discriminanda was followed by a correct choice 86% of the time.
In addition, animals always jumped accurately onto the choice
platform, indicating that they were able to use their vibrissae
to gauge the distance to and the width of the choice platform.
The abilities of the rats are remarkable considering that during
videotaping they were performing under the additional heat of
the studio lights and all but 1 row of their whiskers on each side
of the face had been trimmed (see Materials and Methods).
Regardless of the strategy an animal adopted in projecting its
head towards the discriminanda, blindfolded rats always actively whisked the surfaces before jumping. The large, caudal
vibrissae were rhythmically protracted and retracted while the
animal approached the discriminanda, during which time there
were no objects within the vibrissal field, as well as while the
animal palpated the surface by actual whisker contact. A particularly interesting observation, illustrated in Figure 3, is that
the small, rostralmost sinus hairs always remained in a relatively
motionless, protracted state while the rat first approached the
discriminandum;
once the surface was contacted, these small
whiskers remained protracted, never losing contact with the
surface, until the animal either jumped to or retreated from the
platform. Concurrently, the large, caudal whiskers actively palpated the discriminandum.
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Whisking frequency
Rats searched for the discriminanda by repetitively protracting
and retracting their vibrissae at approximately 8 Hz. Upon contacting a discriminandum,
the rat continued to rhythmically
sweep its vibrissae across the surface. For the 9 videotaped trials
that were analyzed in detail, surface contact was maintained by
at least 1 of the large vibrissae for an average of 684 msec (range,
333-l 100 msec). More than 1 adjacent whisker contacted the
discriminandum in 54% of the fields showing surface contact
behavior. In 36% of such fields, 2 adjacent whiskers simultaneously touched the discriminandum; in 18%, all 3 whiskers
did so. Loss of contact occurred most often for the caudalmost
vibrissa at its point of maximal retraction. Inasmuch as these
analyses were applied to only a single row of whiskers (see
Materials and Methods), it is highly probable that surface contact is normally accomplished by more than 1 large whisker at
a time, that is, by the more rostrally located, large vibrissae in
several whisker rows (see Fig. 1).
Figure 4, A and B, illustrates the whisker movements as rat
G palpated the 90 pm rough surface, the reward stimulus for
this animal. At the beginning ofthe sequence (time 0), the animal
was approaching the discriminandum, which subsequently was
contacted by all but 1 of the vibrissae at the 17th frame. Contact
with the surface was maintained for the remaining 49 fields,
after which the animal jumped to the rough platform to obtain
a food reward. The overall movement is cyclic, recurring every
7 or 8 fields. Fourier power spectra for each whisker (Fig. 4, C,
D) demonstrate a dominant frequency of 8 Hz and a less prominent but consistent peak at 12 Hz. In addition, as seen in Figure
4, A and B, whiskers on the left side of the face move synchronously with each other and with vibrissae on the right side. This
pattern was typical for the vast majority of the analyzed sequences. Incongruous movements occurred more frequently between whiskers on the opposite sides of the face than among
whiskers on the same side. Of the 2,592 movements analyzed,
the large caudal whiskers on the right and left sides moved in
opposite directions 11% of the time, whereas dissimilarities in
the direction of movement among whiskers on the same side
were observed only 3% of the time.
Protractions and retractions
As evident in Figure 4, protractions are of slower velocity than
retractions and occupy a correspondingly longer portion of the
whisking cycle (see also below). In addition, protractions were
often interrupted by brief reversals in the direction of whisker
movement, resulting in a high-velocity perturbation of a hair’s
overall motion. These perturbations appear to reflect actively
generated movements because they are large with respect to the
surface features of the discriminandum, and because they occur
synchronously among adjacent whiskers. Figure 4 illustrates further that, upon surface contact, whiskers on the right side flaired
out so that the distances between them, relative to their initial
position, increased, whereas whiskers on the left side converged.
Concurrently, the animal was moving its head to the left, a
motion that would appear to have caused a passive compression
of the vibrissal field on the leading (left) side and an expansion
on the trailing (right) side. Thus, the nature of whisker contact
with a surface depends on actively generated movements of both
the vibrissae and the head.
Field-by-field analyses of whisker movement revealed that
protractions occurred 57% of the time, retractions 37%. In 6%
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Figure 3. Whisker usage by discriminating rats. Panels A-E are line-drawing reconstructions of sequential video
fields at 16.67 msec intervals, showing
part of a single whisking cycle. On each
side of the face, 4 whiskers are drawn,
1 of the small, rostra1 sinus hairs and
the 3 caudalmost vibrissae in the middle dorsal/ventral row. Scale bar: 1 cm,
r, rostral; m, middle; c, caudal. The sequence shows 3 protraction fields (AC) and 2 retracting fields (0. E). Note
the bending and mobility of the large
vibrissae compared to the small, rostralmost hairs. F, The method used to
measure whisker displacement from one
field to the next. Dotted lines show positions of whiskers from A. solid lines
show positions of same whiskers from
B, and t?is the angle of movement measured 1 cm from the skin surface. G, A
composite of frames A-E showing the
total excursion of each whisker.

of the cases,a whisker did not move detectably. From one
sampled field to the next, a forward-moving whisker would
move through an average arc of 10.91” f 7.22”, and a caudally
moving whisker would move through an arc of 16.28” f 12.15”.
This difference would result in a net retraction of whisker position over several cycles of retractions and protractions if each
accounted for 50% of the frames. However, when the fields
where whisker movement was not detected are disregarded,it
was found that protractions account for 60% and retractions
40% of the complete cycle. The net averageprotraction (10.9 1”
x 0.60 = 6.55”) and retraction (16.18” x 0.40 = 6.51”) are thus
virtually equivalent. In terms of average velocity, protractions
are slower than retractions (654.6”/sec vs 976.8”/sec).
Whisking cycles
Further analyseswere performed in order to derive the amplitudesand angularvelocities ofwhisker motion during individual
protracting and retracting sweeps.An individual “sweep” was
defined as consistingof 2 or more consecutive frames in which
the whisker moved in the same direction. The beginning and
ending points were defined as the hair’s location in the second
of 3 frames within which the direction of movement changed
and the movement between the second and third frames was
25”; if the movement was <5”, the secondposition was still
considereda transition point if the hair’s movement between
the third and fourth frameswasin the samedirection asbetween
the secondand third. Partial sweepsat the beginning and end
of each trial were discarded. Results are shown in Figure 5,

which showsamplitude and velocity data for 421 protracting
sweepsand 418 retracting sweeps.As described above, protractions were slower than retractions (696 f 330”/secvs 1106
* 565”/sec). The mean amplitudes of protractions and retractions are virtually identical (31.6” f 14.7” vs 32.1” * 15.3”),
and this equivalence is also consistent with the field-by-field
analyses.Interestingly, other analysesshowedthat the average
maximal excursion of whisker motion is 56.2” f 15.4”. Therefore, the amplitude of an individual sweepis considerably less
than the arc through which a whisker can move.
From the data shown in Figure 5, it is possibleto estimate
the average speedat which whiskers sweepacrossa discriminandum’s surface. Of the 3 whiskers measured,the rostra1vibrissatypically contacted the discriminandum at a distance of
- lo-15 mm from the skin surface, and the caudal vibrissa
contacted it at a distanceof - 15-20 mm. Thus, for an “average”
whisker contacting a discriminandum 15 mm from its emergencefrom the sinushair follicle, the distance swept acrossthe
surfaceis approximately 9.3 mm. Estimated velocities aretherefore 182 mm/set for protractions and 290 mm/set for retractions. Velocities decreasefor contacts closer to the baseof the
hair, and vice versa (e.g., at 10 mm along the hair shaft the
average protraction velocity is 122 mm/set).
Effects of surface contact
Field-by-field analysesindicated that whisker contact with a
discriminandum reduced the size of whisker movements (see
Fig. 6). Protractions were smallerwhen the whisker touched the
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discriminandum than when it did not (9.63” _+ 6.29” vs 12.46”
+ 7.93”). Thesedifferencesare more pronounced in the caseof
retractions(ll.70” + 8.21”~s 19.18”t- 13.30”).Forbothtypes
of movementsreductions were similar for the rough and smooth
surfaces.Surface contact also affects whisker velocity. Table 1
comparesthe estimatedspeedsat which a whisker movesthrough
the air and at which it moves acrossa discriminandum. As
above, it is assumedthat the whisker contacts the discriminandum 15mm from the skin surface.Note that retractions through
the air are twice asfast asprotractions againstthe discriminandum.
Surface contact not only affected the amplitude and velocity
of whisker movements, it could also dramatically alter the contour of the hair. As illustrated in Figure 3, somewhiskerswould
bend upon contact with the surface, and some would not. In
the former case,the whiskers were bent caudally and perpendicular to the alignment of the grooves on the cylindrical discriminandum. The whisker would typically remain deformed
as it swept acrossthe surface.In somecases,the bending of the
hair shaft was so pronounced that the tip of the whisker no

longer touched the surface. Thus, the bowed aspectof the hair
shaft, not its tip, wasthe interface between the textured surface
and the animal. In fact, we never observed even a relatively
straight whisker contact the surface only at its tip; like bent
whiskers,sucha whisker contacted the surfaceon the hair shaft.
The spatial resolution of the video data was not sufficient for
detailed analysesof whisker perturbations as the animal palpated objectsof different textures. Nevertheless,the data clearly
demonstratethat whiskers do not act as simple rigid levers.

Variations in temporal patterns of whisking
Figure 7A showsthe averageFourier power spectraderived from
3 animalsasthey successfullyperformed 3 discrimination tasks.
This profile illustrates the aforementioned dominant whisking
frequency of 8 Hz, with other prominent components in the
rangeof 2-20 Hz. On average, there are no pronounced differencesin the whisking frequenciesusedby subjectspalpating the
smooth versusrough surfaces.However, as shown in Figure 7,
B-D, there are within-subject and across-subjectvariations. For
eachanimal, there is at least 1 trial in which a predominant 7-
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Table 1. Effects of surface contact on velocity of whisker motion

I
tZZl

CONTACT
NO CONTACT

Movement
Protraction
Retraction

Whisker-Surface
relation
Contact
No contact
578”lsec
150mm/seca
702”/sec
184mm/secO

748Vsec
196mm/set=
1lfil”/sec
302 mm/set=

y At 15 mm along the hair shaft.

PRO

DIRECTION

RE

OF WHISKER

MOTION

6. Effects of surface contact on the amplitude of whisker movements. For each of 6 whiskers, 432 fields were examined to determine
the angular displacement of the whisker hair during successive fields
when it was contacting a discriminandum and when it was sweeping
the air only (no contact). Error bars denote means and SEM; PRO,
protractions; RE, retractions.

Figure

~-HZ movement pattern was observed. The subject of panel B
displayed this characteristic frequency on only 1 trial, during
which the rat was palpating the smooth surface. In the 2 other
trials (rough surface), the animal moved its whiskers at a considerably lower frequency. The rat in panel C differed from the
other 2 animals in that it consistently displayed high-frequency
components during whisking. The task for this subject was to
discriminate a coarse surface from the smooth one, whe-eas the
animals of panels B and D were distinguishing between a finer
surface and the smooth discriminandum. Interestingly, despite
the differences in the temporal pattern ofwhisking in these trials,
in each case the rat made the correct choice. In this regard, the
frequency of whisking may be a less important parameter than
the actual velocity at which a whisker moves across the surface;
that is, rats might adjust the amplitude of individual sweeps to
achieve a relatively fixed velocity of whisker-surface
contact.
However, examination of the data revealed that, like whisking
frequency, sweep amplitudes and velocities varied over a fairly
broad range. Analyses of variance showed that neither amplitude nor velocity differed significantly for trials characterized
by low-frequency whisking and those characterized by highfrequency movements. Whether whisking frequencies are consistently related to changes in surface texture, level of training,
or task difficulty cannot be determined on the basis of the present
sample. What is clear, however, is that whisking behavior is not
strictly stereotyped.
Discussion
The present findings are consistent with those of Guic-Robles
et al. (1989) in demonstrating that rats can use their mystacial
vibrissae to obtain useful information about the surface texture
of objects in the environment. The discrimination capability of
these animals is quite remarkable inasmuch as blindfolded rats
are able to perform reliably rough-smooth discriminations that
we ourselves found challenging using our fingertips. Although

we have not yet establishedprecise thresholds, our findings
indicate that rats can detect reliably shallow grooves spacedat
no more than 90 pm. For comparison, trained human subjects
palpating surfaceswith raiseddots or gratingsare able to detect
differencesin the spacingof thesefeatures of 40-80 Km (Lamb,
1983; Morley et al., 1983).
We are confident that the task used in the present study is
vibrissally based. Video analyses clearly indicated that mechanical contact between a discriminandum and the rat prior
to its jump waslimited to the vibrissae. Also, the animals’ability
to perform the discrimination task successfullydepended specifically on the spatial frequency of the rough surface.It is conceivable that the rats detected the sound of whiskers vibrating
as they swept acrossthe surface grating. Although we cannot
presently dismiss this possibility with certainty, the obvious
flexibility of the hair shafts and the elasticity of the mystacial
pad in which the hairs are embeddedsuggestthat whisker vibrations are not likely to generatesignificant airborne or boneconductive microphonics.
In order to palpate a discriminandum, rats projected their
whiskersforward at an acute angleand superimposedupon this
protracted state a rhythmic to-and-fro movement of the vibrissal hairs. Consistent with the findings of Welker (1964) in the
rat and Wineski (1983) in the hamster, we observed that the
large, caudal whiskers typically move together. Wineski described the whisker hairs of the hamster as being of different
lengthsand curvatures suchthat, in a fully protracted state, the
array of mystacial vibrissae forms a plane of tactile sensorsin
front of the animal. Anatomical and behavioral evidence suggest
that rostra1and caudal whiskers within this planar array serve
different functions. The large, caudal whiskers are associated
with 2 types of striated musculature, one that moves the whole
mystacial pad, and one that directly moves each sinushair follicle; the rostralmost vibrissae lack the latter muscle system
(DBrfl, 1982). Consistent with these findings, Wineski (1983)
reported that the small, rostra1 vibrissae move less than the
large, caudal ones. In the present study, the differential mobilization of the small, rostralmost vibrissaeand the 3 caudalmost
whiskerswasa prominent aspectof the strategy adopted by the
animals: the former remained in a relatively motionless, protracted position while the latter swept repetitively acrossthe
discriminandum.
It appearsto usthat the animalsusedthe rostralmostwhiskers
to gaugethe location of the surface while the caudal whiskers
palpated it. The differential usageof these2 groups of whiskers
parallels differences in the sensoryinnervation of the follicles.
Thus, in the case of the caudal whiskers, trigeminal afferents
innervate the superficial aspectof the follicles (i.e., the conus),
whereas such innervation is lacking in the caseof the rostra1
vibrissae. Comparative studies have demonstrated a positive
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Figure 7. Fourierpowerspectraof whiskingbehavior.A, Averageddatafor 3 animalsduring3 trials each.For 2 trials, animalswerepalpating
the roughsurface;for the othertrial, the smoothone.Error bars:* 1.OSD.B-D, Datafor eachindividualtrial that revealvariationsin the temporal

patternof whiskingwithin andam&g animals(seetext).

correlation betweenthe extent of conus innervation and active
whisking in different species,suggestingthat the conus nerves
provide sensoryfeedback independent of the signaltransduced
by actual mechanical contact between the hair and an object
(Rice et al., 1986). Such kinesthetic information may be important in controlling the relatively fine movements of the cauda1 whiskers during discriminative touch. This hypothesis is
consistentwith our finding that sweepamplitude during active
touch representsonly a fraction of the rangeof motion of which
a whisker is capable.
Several lines of evidence suggestthat the whiskers do not
serve as absolute referents in a fixed spatial coordinate system.
In normal adult rats, vibrissaecontinually grow and arereplaced
(Ibrahim and Wright, 1975). During the growth cycle, the whisker hair undergoeschangesin length and caliber; at somegrowth
stages,2 whiskers emergefrom a singlefollicle. These changes
will effect the geometry of the whisker field, aswell asthe stiffness
of the hairs. The latter is presumably a critical factor in the
translation of mechanical signalsinto perturbations of the mechanoreceptorswithin the sinushair follicle. During active touch,
whiskers move synchronously, and several of them touch the
surfacetogether. Such contacts may last several hundred msec,
causing 1 or more whiskersto remain bent to varying degrees.
Also, headand body movements continuously alter the position
of the distal end of each hair shaft relative to other whiskersin
the array. It may be useful, therefore, to regard the whisker field
in its function as a continuous receptive sheet, more akin to
glabrous or hairy skin than the punctate anatomical character-

istics of the vibrissa system might offhandedly suggest.Consistent with this idea are physiological studiesdemonstratingsubstantive similarities between the receptive field properties of
vibrissa neuronsin the rodent somatic sensorycortex and those
of cutaneousunits in the somaticsensorycortex of other species.
These similarities include constraints on neuronal responsivenessto temporally patterned stimuli (Mountcastle et al., 1969;
Simons, 1978, 1985; Ferrington and Rowe, 1980; Gardner and
Costanzo, 1980b) and the spatial organization of afferent inhibition within cortical receptive fields (Mountcastle and Powell, 1959; Hellweg et al., 1977; Gardner and Costanzo, 1980a;
Simons, 1985;Carve11and Simons, 1988a;Simonsand Carvell,
1989). Moreover, the cortical forelimb representation in cats
and monkeys contains a mosaic of discrete columnar units,
called segregates(Favorov et al., 1987; Favorov and Whitsel,
1988) that are functionally reminiscent of whisker barrel columns in the rodent (Simons, 1978; Chapin, 1986; ArmstrongJamesand Fox, 1987).
A striking feature of vibrissal tactile behavior is its rhythmicity. We found that, during discriminative behavior, ratswhisk
their vibrissae at a dominant frequency of 8 Hz, with other
prominent frequenciesat approximately 2 and 16 Hz. Welker
(1964) observed that exploring rats also sweeptheir whiskersat
6-9 cycles/set. Mice display a dominant whisking frequency of
8-10 Hz with an upper value of approximately 15 Hz (Woolsey
et al., 198l), and hamsterswhisk at frequenciesof 9-23 Hz with
a mean of 16 cycles/set (Wineski, 1983). A variety of other
rodent speciesdisplay whisking behaviors, though the extent of
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variation in whisking patterns has not been defined (see Wineski,
1983).
Rats can extract relevant texture information from whiskers
that move over defined but broad ranges of frequencies, amplitudes, and velocities. A 30-fold range of frequencies characterizes optimal detection of vibratory stimuli delivered passively to a single vibrissa (Hutson and Masterton, 1986). For
human and nonhuman primates, the range of velocities associated with optimal texture or motion-direction discrimination
varies over a 1O-fold range (- 3-30 cm/set), as does the velocity
tuning of direction-sensitive
neurons in the monkey somatic
sensory cortex (for recent reviews, see Essick and Whitsel, 1985,
1988). Interestingly, rats sweep their vibrissae across a textured
surface at average velocities of 180 mm/set during protraction
and 290 mm/set during retraction. For the former case, values
are well within the range of velocities for cutaneous discriminations noted above.
For the primate hand, tactile discriminations are enhanced
by motion between an object and the fingertips (Darian-Smith,
1984). In this regard, the to-and-fro movements of the whiskers
may constitute a strategy whereby relative motion between the
vibrissal hairs and an object is maintained for extended periods.
Because movement of the whiskers is physically limited by the
nature of the mystacial pad, the major function of vibrissal
retraction may be the resetting of the position of the whiskers,
in a fashion perhaps analogous to optokinetic eye movements.
A resetting function for retractile movements is consistent with
Welker’s findings (1964) and ours that retractions occur more
quickly than protractions. Striated muscle fibers mediating protraction form a sling around the rostra1 aspect of each hair
follicle; contraction of these muscles via branches of the facial
nerve pulls the base of the follicle caudally, moving the distal
aspects ofthe whisker hair forwards (Dijrfl, 1982; Wineski, 1985).
By contrast, retraction of the vibrissae may depend primarily
upon passive, elastic properties of deep tissue; actively generated
retractions might occur only with extreme movements of the
caudal vibrissae via accessory pad musculature (Diirfl, 1982;
Wineski, 1985). Our finding, that protraction amplitudes are
less affected by surface contact than are retraction amplitudes,
is consistent with the idea that the former are subject to a greater
degree of muscular control than the latter. Such control may
depend, in part, on kinesthetic information provided by the
conus innervation of the caudal vibrissae (see above).
We are struck not only by the exquisite tactile sensitivity of
the rat vibrissal system, but also by the dynamics of whisking
behavior. As described above, the complement of mystacial
vibrissae forms an almost fluid-like mosaic of mechanical sensors extending laterally and rostrally as much as 50 mm around
the animal’s head. Whisker movements are rhythmic and rapid,
so much so that, viewed in real time, the whisker field appears
only as a blur. Viewed in slow motion, it is clear that, within a
fraction of a second, rats repeatedly scan a surface with their
vibrissae and, in so doing, derive information about its texture.
Neurophysiological studies of central, but not peripheral, neurons have demonstrated time-dependent excitatory and/or inhibitory interactions among inputs from different mechanoreceptors within a hair follicle and from different vibrissae on the
face (see Lichtenstein et al., 1990). Such spatiotemporal integration may provide a basis for the extraction of spatial detail
through the use of a flexible, disjunctive periphery that, in its
operation, lacks absolute and static reference coordinates. The
extent to which processing of information from parallel inputs
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(i.e., different vibrissae) contribute to vibrissal discriminations
might be assessed by identifying behavioral tasks that minimally
require 2 adjacent whiskers. Such tasks probably involve texture
or form discrimination, because detection tasks can be performed successfully with only a single whisker (Hutson and
Masterton, 1986).
References
Armstrong-James M, Fox K (1987) Spatiotemporal convergence and
divergence in the rat SI “barrel” cortex. J Comr, Neurol 263:265281. -

Carve11
GE, SimonsDJ (1988a) Membranepotentialchangesin rat
SmI cortical neuronsevokedby controlledstimulationof mystacial
vibrissae.BrainRes448:186-l9 1.
Carve11
GE,SimonsDJ (1988b) Vibrissaltactilediscriminationin the
rat. NeurosciAbstr 14:716.
ChapinJK (1986) Laminardifferencesin sizes,shapes,
andresponse
profilesof cutaneousreceptivefieldsin the rat SI cortex. Exp Brain
Res62549-559.
Darian-SmithI (1984) Thesense
oftouch: performance
andperipheral
neuralprocess&.In:‘Handbookof physiology.I. Thenervoussystem.
Vol III. Sensorvmocesses
(Darian-SmithI ed), pp 739-787.AmericanPhysiolog&l Society.~
Dijrfl J (1982) The musculature
of themystacialvibrissaeof the white
mouse.J Anat 135:147-154.
EssickGK, WhitselBL (1985) Factorsinfluencingcutaneous
directionalsensitivity:acorrelativepsychophysical
andneurophysiological
investigation.Brain ResRev 10:213-230.
EssickGK, Whitsel BL (1988) The capacityof humansubjectsto
processdirectionalinformationprovidedat two skinsites.SomatosensMot Res6:l-20.
Favorov 0, WhitselBL (1988) Spatialorganizationof the peripheral
input to area1cellcolumns.II. Theforelimbrepresentation
achieved
by a mosaic of segregates. Brain Res Rev 13:43-56.
Favorov 0, Diamond M, Whitsel BL (1987) Evidence for a mosaic
representation of the body surface in area 3b of the somatic cortex
of cat. Proc Nat1 Acad Sci USA 84:6606-6610.
Ferrington DG, Rowe M (1980) Differential contributions to coding
of cutaneous vibratory information by cortical somatosensory areas
I and II. J Neurophysiol 43:3 10-33 1.

GardnerEP, CostanzoRM (1980a) Spatialintegrationof multiplepoint stimuli in primary somatosensory
cortical receptivefieldsof
alert monkeys. J Neurophysiol43:420443.
Gardner EP, Costanzo RM (1980b) Temporal integration of multiplepoint stimuli in primary somatosensory cortical receptive fields of
alert monkeys. J Neurophysiol 43:444-468.
Guic-Robles E, Valdivieso C, Guajardo G (1989) Rats can learn a
roughness discrimination
using only their vibrissal system. Behav

Brain Res31:285-289.
Gustafson JW, Felbain-Keramidas
SL (1977) Behavioral and neural
approaches to the function of the mystacial vibrissae. Psycho1 Bull
84:477488.
Hellweg FC, Schultz W, Creutzfeldt OD (1977) Extracellular and intracellular recordings from cat’s cortical whisker projection area: thal-

amocorticalresponse
transformation.J Neurophysiol40:463479.
Hutson KA, Masterton RB (1986) The sensory contribution of a single
vibrissa’s cortical barrel. J Neurophysiol 56: 1196-1223.
Ibrahim L, Wright EA (1975) The growth of rats and mice vibrissae
under normal and some abnormal conditions. J Embryo1 Exp Morph
33:831-844.
Ito M (198 1) Some quantitative aspects of vibrissa-driven neuronal
responses in rat neocortex. J Neurophysiol46:705-7
15.
Lamb GD (1983) Tactile discrimination of textured surfaces: psychophysical performance measurements in humans. J Physiol (Lond) 338:
551-565.
Lichtenstein SH, Carve11 GE, Simons DJ (1990) Responses of rat
trigeminal ganglion neurons to movements of vibrissae in different
directions. Somatosens Mot Res 7~47-65.
Morley JW, Goodwin AW, Darian-Smith I (1983) Tactile discriminatibn of gratings. Exp Brain Res 49~29 l-299.
Mountcastle VB. Powell TPS (1959) Neural mechanisms subserving
cutaneous seniibility, with special reference to the role of affereni
inhibition in sensory perception and discrimination. Bull Johns Hopkins Hosp 105:201-232.

2646

Carve11

and

Simons

- Vibrissal

Tactile

Discrimination

in the Rat

Mountcastle VB, Talbot WH, Sakata H, Hyvlrinen J (1969) Cortical
neuronal mechanisms in flutter-vibration studied in unanesthetized
monkeys: neuronal periodicity and frequency discrimination. J Neurophysiol 32:452-484.
Rice F, Mance A, Munger BL (1986) A comparative light microscopic
analysis of the sensory innervation ofthe mystacial pad. I. Innervation
of vibrissal follicle-sinus complexes. J Comp Neurol 252: 154-l 74.
Richardson F (1909) A study of sensory control in the rat. Psycho1
Rev Mon Sup 12: l-l 24.
Shipley MT (1974) Response characteristics of single units in the rat’s
trigeminal nuclei to vibrissa displacements. J Neurophysiol 37:7390.
Simons DJ (1978) Response properties of vibrissa units in the rat SI
somatosensory neocortex. J Neurophysio14 1:798-820.
Simons DJ (1985) Temporal and spatial integration in the rat SI vibrissa cortex. J Neurophysiol 54:615-635.
Simons DJ, Carve11 GE (1989) Thalamocortical
response transformation in the rat vibrissa/barrel system. J Neurophysiol61:3 1 l-330.
Vincent SB (1912) The function of vibrissae in the behavior of the
white rat. Behavior Mon 1:l-82.
Waite PME (1973) The responses of cells in the rat thalamus to mechanical movements of the whiskers. J Physiol (Lond) 228:541-561.

Welker C (197 1) Microelectrode delineation of fine grain somatotopic
organization of SmI cerebral neocortex in albino rat. Brain Res 26:
259-275.
Welker WI (1964) Analysis of sniffing of the albino rat. Behaviour 12:
223-244.
Wineski LE (1983) Movements of the cranial vibrissae in the golden
hamster (Mesocritus
aurutus).
J Zoo1 Lond 200:261-280.
Wineski LE (1985) Facial morphology and vibrissal movement in the
golden hamster. J Morph01 183: 199-2 17.
Woolsey TA (1967) Somatosensory, auditory and visual cortical areas
of the mouse. Bull Johns Hopkins Hosp 12 1:9 l-l 12.
Woolsey TA, Van der Loos H (1970) The structural organization of
layer IV in the somatosensory region (SI) of mouse cerebral cortex.
Brain Res 17~205-242.
Woolsey TA, Durham D, Harris R, Simons DJ, Valentino K (198 1)
Somatosensory development. In: The development of perception:
psychobiological perspectives (Aslin RN, Pisani DB, eds), pp 259292. New York: Academic.
Zucker E, Welker WI (1969) Coding of somatic sensory input by
vibrissal neurons in the rat’s trigeminal ganglion. Brain Res 12: 138156.

