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SUMMARY AND CONCLUSIONS

1. Glass micropipettes were used to record
the activity of 124 single units in the somato-
sensory vibrissa cortex (SI) of 16 rats in re-
sponse to combined deflections of contralat-
eral vibrissae. Compact multiangular electro-
mechanical stimulators were used to stimulate
individual vibrissal hairs alone or in combi-
nations of two or three adjacent whiskers. Each
whisker was stimulated independently to pro-
duce controlled temporal and spatial patterns
of mechanical stimuli.

2. Following displacement of a vibrissa,
unit discharges to subsequent deflections of
adjacent whiskers are reduced in a time-de-
pendent fashion. Response suppression is
strongest at short interdeflection intervals, i.c.,
10-20 ms and decreases progressively during
the 50-100 ms following the first deflection.
In many cases this period also corresponds
with a reduction in ongoing unit discharges.

3. Response suppression was not observed
for first-order neurons recorded in the trigem-
inal ganglion of barbiturate-anesthetized rats.

4. In the cortex, the presence and/or degree
of response suppression depends on a number
of spatial factors. These include /) the angular
direction(s) in which the individual hairs are
moved, 2) the sequence in which two whiskers
are deflected, that is, which one is deflected
first, 3) the particular combination of whiskers
stimulated, and 4) the number (2 or 3) of vi-
brissae comprising the multiwhisker stimulus.

5. Within a vertical electrode penetration,
one particular whisker typically elicits the
strongest excitatory and inhibitory effects;
other, nearby vibrissae elicit variable (or no)
excitation or inhibition. Excitatory and inhib-
itory subregions of a receptive field could thus
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be distributed asymmetrically around the
maximally effective whisker. In these cases, the
receptive fields displayed spatial orientations.

6. Quantitative criteria were used to classify
30 cortical units on the basis of the distribution
of inhibitory subregions on either side of the
maximally effective whisker. Twenty-one of
these cells had receptive fields (RFs) with sym-
metrical inhibitory side regions. Responses of
the other nine units were strongly suppressed
by a preceding deflection of a vibrissa on one
side but relatively unaffected, or even slightly
facilitated, by preceding deflection of the
whisker on the other side. Most of these units
with asymmetrically organized RF’s were re-
corded in the deeper aspects of the cortex
(~1,100-2,000 um below the pial surface)
where they constituted a majority of the clas-
sified cells.

7. Twenty-five units displayed distinct re-
sponse peaks to each deflected whisker in a
multiwhisker stimulus. For 20 of these cells
such responses were obtained when the an-
gular direction of the individual whisker dis-
placements paralleled the spatial sequence of
the deflections.

8. These findings suggest that neurons in
the SI cortex, but not in the trigeminal gan-
glion, are differentially responsive to patterned
stimuli produced by objects moving in partic-
ular directions and/or at certain velocities
through the vibrissal field. Such processing of
information appears to depend in part on in-
tracortical mechanisms.

INTRODUCTION

The mystacial vibrissae of rats and some
other rodents consist of 30-35 discrete tactile
organs that form an array of complex receptor
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elements that is swept back and forth through
the sensory environment during exploratory
tactile behavior (62, 68). The follicles of each
of the vibrissal hairs are innervated by as many
as 200 large myelinated axons whose parent
cell bodies are located in the trigeminal gan-
glion (63; see also Ref. 28). Physiological stud-
ies have demonstrated that these first-order af-
ferent fibers functionally innervate not more
than one whisker (79; see also Refs. 8, 14) and
that this segregated pattern of innervation is
largely maintained in the representation of the
vibrissae in the brain stem (40, 49) and tha-
lamic nuclei (9, 64; see also Ref. 61) which
comprise the main sensory pathway to the so-
matosensory cortex. This discrete and highly
specific projection is paralleled in the somato-
sensory vibrissa cortex (SI) by the presence of
distinct aggregations of cells in layer IV, called
barrels, whose spatial organization closely re-
flects the pattern of vibrissae on the contra-
lateral face (66, 77). Numerous studies using
a variety of anatomical and physiological
techniques have clearly demonstrated a one-
to-one correspondence between a given mys-
tacial vibrissa and its appropriate cortical bar-
rel (7, 26, 56, 60, 66, 67, 78).

The relation between vibrissae and barrels
was first appreciated in evoked potential stud-
ies in mice (75). Subsequently, Welker (66,
67) found that units and unit clusters recorded
in barbiturate-anesthetized rats were activated
only by high-velocity deflections of not more
than one whisker and were not differentially
responsive to the angle in which that single
hair was moved. An important observation
was that these unit cluster responses could be
precisely correlated with appropriate individ-
ual barrels. More recent studies of single cor-
tical units in unanesthetized rats and mice (53,
55, 56) have extended these findings by dem-
onstrating that when electrodes are advanced
through the barrel cortex, perpendicular to the
pial surface, cells recorded at different cortical
depths are all activated by at least one partic-
ular vibrissa; electrode track reconstructions
show a direct correspondence between this
“principal” whisker and its appropriate barrel.
Additionally, these studies have revealed con-
vergence of spatial information that is greatest
in the nongranular layers. Receptive-field sizes
are smallest in layer I'V, where the majority of
cells are activated only by the whisker that is
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correct for the barrel in which the unit is re-
corded, and largest in layers V and VI where
most cells respond to deflections of several ad-
jacent whiskers, sometimes as many as 20 or
more (see also Ref. 5). Moreover, under these
conditions, cortical vibrissa units, like those
in the periphery (79), respond differentially to
a variety of stimulus parameters such as an-
gular direction, velocity, amplitude, and fre-
quency (see also Refs. 3, 24, 49), When a unit
is activated by more than one whisker, the re-
sponses elicited by stimulation of different vi-
brissae comprising the receptive field are ob-
served to be qualitatively similar, for example,
all reveal a similar angular sensitivity.

These physiological data have been inter-
preted to mean that each barrel is the mor-
phological correlate in layer I'V of a functional
cortical column that extends throughout the
thickness of the cortex (53, 56; see also Refs.
7, 36). The findings also indicate that an im-
portant function of the SI cortex is to inte-
grate information arising from different, in-
dividual vibrissae on the contralateral face.
This spatial integration is thought to depend
at least in part on a hierarchical organization
whereby cells in different barrels, but with
similar or related response properties, con-
verge on specific neurons in the supra- and
infragranular layers. To study how the barrel
cortex processes information from groups of
whiskers, an array of multiangular electro-
mechanical stimulators has been developed
that can be used to deflect independently a
number of facial vibrissae in controlled spatial
and temporal patterns. Use of these stimula-
tors to deflect pairs of adjacent whiskers has
identified several spatial factors that determine
the responses of SI cortical neurons to mul-
tiwhisker stimuli (54). These include the an-
gular direction of the hair movements, the
spatial sequence in which the hairs are de-
flected, and the particular combination of
whiskers involved. The present report de-
scribes these phenomena in more detail, in-
cluding some of the temporal factors that
underlie them. Moreover, evidence is provided
that a number of spatial and temporal factors
interact to synthesize direction-selective attri-
butes of some cortical cells. Similar experi-
ments on first-order neurons in the trigeminal
ganglion indicate that these phenomena are
not due to interactions in the sensory periphery
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but are brought about through integrative
mechanisms within the central nervous sys-
tem, possibly in the SI cortex itself,

METHODS

Preparation and recording

Surgical and electrophysiological procedures for
recording extracellular unit potentials from the ro-
dent somatosensory cortex (SI) were similar to those
described previously (53, 56). Adult, female, albino
rats weighing 150-275 g (Sprague-Dawley strain;
Hilltop Lab Animals, Scottsdale, PA) were anes-
thetized with pentobarbital sodium (Nembutal, 50
mg/kg, ip) that was supplemented as needed to
maintain areflexia to foot pinch throughout surgical
preparation. A short length of polyethylene tubing
was inserted into the trachea as a cannula, and a
steel post was fixed to the exposed skull with dental
acrylic. The latter was used to stabilize the animal’s
head without pressure points during the recording
sessions. A small craniotomy (~0.5 mm?) was made
over the right SI vibrissa cortex, and the dura was
carefully reflected. In later experiments, an attempt
was made to expose cortex overlying the row-C or
row-D vibrissae (e.g., C2 or C3, see below) as it was
found most convenient to stimulate these larger,
centrally located whiskers. An acrylic dam was
constructed around the craniotomy and was filled
with warm saline or mineral oil. Following infiltra-
tion of the surgical fields with a local anesthetic,
the scalp and neck incisions were sutured closed to
prevent dessication or irritation of the tissue.

While the animals were still anesthetized, they
were positioned on the recording table where they
were held only by the steel post previously affixed
to the skull. Head orientation was adjusted to op-
timize positioning of the whisker stimulators (see
below) in the immediate vicinity of the one whisker
principally associated with the small cranial open-
ing. This particular hair was readily determined by
making an initial electrode penetration through the
upper cortical layers because SI vibrissa units in
barbiturate-anesthetized rats are activated almost
exclusively by one “columnar” whisker (cf. 53, 66).
Similar reductions in receptive-field size with dif-
ferent general anesthetics have been documented
in other studies of the rodent SI cortex (6) and in
other species as well (34, 35). Since the purpose of
the present experiments was to examine integrative
properties of SI neurons revealed by controlled
stimuli involving both the columnar whisker and
neighboring vibrissae, data were collected from un-
anesthetized animals whose whiskers were station-
ary. To do this, the rats were subsequently allowed
to recover from general anesthesia under neuro-
muscular blockade. Paralysis was maintained by a

617

mixture of gallamine tricthiodide and pancuronium
bromide administered through an indwelling intra-
peritoneal cannula consisting of a 26-gauge syringe
needle. Dosage was adjusted so that reflexive
movements of the vibrissae or eye blinks could be
elicited at intervals of 20-25 min. The rats were
artificially respired with a positive-pressure respir-
ator that was adjusted as necessary to maintain end-
tidal CO, levels at 3.5-4.5% (~2.5 ml at 80-100
strokes/min). Rectal temperature was maintained
at 37°C by a servo-controlled heating blanket.
Ophthalmic ointment was applied to the eyes to
prevent drying of the corneas, and throughout the
remainder of the experiment surgical fields were
periodically covered with 5.0% lidocaine (Xylo-
caine) ointment that was warmed to body temper-
ature to reduce its viscosity.

Recording sessions began at least 2 h later and
lasted 6-10 h. During this period no surgical pro-
cedures or physical manipulation of the surgical
fields were performed, and the animals remained
in the dimly illuminated and relatively quiet lab-
oratory. Only innocuous somatic stimuli (small de-
flections of the facial vibrissae) were used in the
experiments. The condition of the animals was as-
sessed by frequent observation of the electrocardio-
gram, pupillary reflexes, and vascular perfusion of
glabrous skin. Heart rate remained stable and well
within the normal range for rats at rest (32). Pupils
were miotic, even in low light levels, and constricted
reflexively in response to light flashes. Electroen-
cephalographic recordings in identically prepared
and maintained animals in this laboratory show
asynchronous activity of ~10-12 Hz that is spon-
taneously interrupted by periods of synchronous,
somewhat larger amplhitude waves at 5-8 Hz. Par-
ticularly in the longer experiments, it appeared that
the rats became increasingly somnolent as evi-
denced by decreasing need for the paralytic agents
and occasionally by diminished responsiveness of
cortical cells to multiwhisker stimuli (see also Ref.
39). When the latter occurred, the experiments were
terminated. At the conclusion of the recording ses-
sions, the animals were killed by an overdose of
barbiturate anesthetic administered through the in-
traperitoneal cannula; artificial respiration was
continued until electrocardiographic activity ceased.

Glass microelectrodes filled with 3 M NaCl (~ 1-
um tip diameter, 6-12 MQ impedance) were ori-
ented normal to the pial surface and advanced
through the cortex by means of a hydraulic mi-
crodrive equipped with a digital counter. During
advancement, whiskers on the contralateral (left)
face were periodically deflected using hand-held
probes so that units that were not spontaneously
active could be isolated. In later experiments the
electromechanical stimulators (see below) were used
to randomly deflect whiskers in different angular
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directions as the electrode was advanced. Extracel-
lular recordings were obtained from single cortical
units as judged by spike waveform and amplitude
criteria. An analog delay line was used for visual-
ization of the entire spike waveform, and an am-
plitude discriminator was used to digitize the im-
pulse events and to isolate the largest amplitude
potentials when more than one unit was being re-
corded. The cortical depth of the recorded units
was obtained from the microdrive counter. Al-
though no attempt was made to histologically verify
the laminar location of the recorded cells, unit
sampling and changes in background activity levels
at different cortical depths were comparable with
those observed in previous studies in which elec-
trode tracks were histologically reconstructed (e.g.,
Ref. 55).

Stimulation

The electromechanical stimulators used to in-
dependently deflect combinations of vibrissae have
been described in detail previously (54). Briefly, the
stimulators are constructed from two sets of piezo-
electric bimorph “benders” (Vernitron Piezoelec-
tric, Bedford, OH) that are cemented together so
that their planes of movement are orthogonal to
each other. Separate driving signals are applied to
each stage, and the resulting movement of the stim-
ulator can be varied over 360°. A grass probe is
used to amplify the displacements produced by the
bimorphs. A stimulator is attached to a whisker by
inserting the terminal 2 mm of the hair (that has
been trimmed to a length of 7 mm) into a short
length of 30-gauge tubing that protrudes from the
end of the probe. Stimulators are positioned over
individual vibrissae by means of micromanipulators
supported on steel or aluminum beams that are
suspended beside the recording table. For the pres-
ent experiments, two to five stimulators were at-
tached to adjacent hairs, and whiskers were deflected
alone or in combinations of two or three. Individual
stimuli were ramp-and-hold “trapezoids” consisting
of 1-mm displacements of 200 ms duration (see
Fig. 1). Stimulus waveforms were filtered to produce
sigmoidally shaped ramps with average velocities
of 100 or 135 mmy/s; with these stimuli, mechanical
ringing of the stimulators was kept to <10 um. The
stimulators were controlled by a laboratory com-
puter that was also used to simultaneously acquire,
store, and analyze the spike data. Spike interevent
times were measured with a resolution of 100 us
and retained in a format that allowed complete re-
construction of the spike discharge pattern for each
stimulus presentation.

Experimental procedures

Once a unit was isolated, its receptive field was
determined using hand-held probes, and the whisker
eliciting the most vigorous responses was identified.
Individual vibrissae were specified by row (4
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through E, proceeding dorsal to ventral) and arc (J
through 4-7, proceeding caudal to rostral: see fi-
gurine, Fig. 1). Whiskers straddling the rows at the
caudal aspect of the face pad are labeled «, 8, v,
and 6. Since electrode penetrations were oriented
normal to the pia, and thus parallel to the long axis
of a functional cortical column, the maximally ef-
fective whisker was usually the same for each unit
encountered. This columnar whisker is called the
principal whisker of the penetration. The angular
sensitivity of each cell was determined using a me-
chanical stimulator to deflect the principal whisker
in eight different directions (i.e., in 45° increments
relative to the horizontal alignment of whisker rows
on the face). Stimuli were delivered randomly for
each sequence of eight directions, and this was re-
peated 5-10 times for a total of 40-80 stimulus
presentations. The mean discharge and variance
during the 20 ms following the onset of the deflec-
tion was computed on-line, and a visual represen-
tation of the unit’s angular preference was displayed
on a graphics terminal in the form of a polar plot
(see Fig. 1). These data were used to determine the
cell’s “best” or maximally activating angular direc-
tion.

A conditioning-test paradigm was used to study
the responses of single neurons to combined dis-
placements of two and, in later experiments, three
individual vibrissae. Stimuli that were identical with
respect to velocity, amplitude, and duration were
used to separately deflect each whisker, usually in
the unit’s best direction, and the time interval be-
tween successive whisker deflections was varied,
usually in steps of 0 (both whiskers together), 10,
20, 50, 100, and 1,000 ms. Each combination of
stimuli was delivered a minimum of 10 times, and
individual stimulus runs were separated by at least
3.5 s. At each time interval the sequence of whisker
deflections was then reversed so that first whisker
1 preceded whisker 2, and then in the next series,
whisker 2 preceded whisker /. Each whisker was
also stimulated alone to obtain a base-line measure
of the unit’s response to the individual whiskers
deflected one at a time. In later experiments, the
computer was used to generate these stimulus com-
binations in a randomized format.

Data analysis

The data were analyzed to determine quantita-
tively the effect of the first vibrissal deflection (the
conditioning stimulus) on the response of the unit
to displacement of the second deflected whisker (the
test stimulus). For each conditioning-test combi-
nation, the mean number of spikes (for 10 stimulus
presentations) elicited by the second deflection was
divided by the mean discharge of the unit to de-
flections of the second deflected whisker by itself.
A value < 1.0 thus signifies a proportional reduction
in the cell’s discharges to displacements of the sec-
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ond deflected whisker (i.e., response suppression),
and a value > 1.0 indicates a response greater than
that evoked by the test stimulus alone (i.e., facili-
tation). Most cells displayed predominantly rapidly
adapting profiles, and therefore only the response
to the initial displacement of the hair from its resting
state to its deflected position was analyzed. The du-
ration of the time epoch from which spike count
functions were derived was determined by exam-
ining peristimulus time histograms (PSTs) con-
structed from the neuron’s responses to 10 presen-
tations of the test stimulus alone. The duration of
a cell’s response was typically 5-15 ms. Conse-
quently, when the interdeflection interval was 10
ms, responses to conditioning and test stimuli oc-
casionally overlapped in time. In these cases the
contribution of the first (conditioning) whisker de-
flection was eliminated from the two-whisker
(combined) response profile (see Ref. 12). To do
this the latter part of the cell’s response to the con-
ditioning stimulus alone (i.e., starting at +10 ms
from its onset) was subtracted from that portion of
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the combined profile that contained the test re-
sponse. The result was then divided by the cell’s
response to the second deflected whisker by itself
(see Fig. 1 below). When both conditioning and test
stimuli were presented simultaneously, that is, at
0-ms intervals, the observed response was divided
by the sum of the responses to each stimulus alone.
A value of <1.0 indicates an observed response that
is proportionally smaller than expected from a sim-
ple summation of the two ‘““alone” responses.

RESULTS

Data were obtained from 16 animals in
which a total of 124 single cortical units were
examined for their responses to multiwhisker
stimuli. Results show that a principal effect of
a vibrissal deflection is to reduce cortical unit
discharges to subsequent deflections of a sec-
ond, nearby whisker. This is shown in Fig. 1,
which also illustrates the basic experimental
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FIG. . Response suppression in a cortical vibrissa unit. Polar plots illustrate angular sensitivity of this cell determined
by separately deflecting whiskers C2 and C1 at 8 different angles. Whisker nomenclature and polar plot orientation is
shown by the figurine where C1 and C2 are indicated by filled circles. Distance from the origin represents mean spikes
per stimulus. Peristimulus time histograms (PSTs) show unit responses to separate deflections of C2 and C! and to
combined deflections in which movement of C1 precedes that of C2 by 20 ms. The hairs were deflected in an up-and-
forward angle (i.e., at 135°) as indicated by the “weathervane™: c, caudal; r, rostral; d, dorsal; v, ventral. Analog
representations of the hair displacements are shown below each PST. In these and all subsequent PSTs, data represent
the accumulated response to 10 stimulus presentations, and the vertical bar in the upper right indicates 1 spike per
bin. Bin width = 1 ms. Note that a preceding deflection of C1 strongly suppresses the cell’s response to C2 deflections.

This unit was recorded 684 ym below the pial surface.
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paradigm and the analysis of the spike data.
This cell had an excitatory receptive field that
included whiskers C1 and C2, and as shown
by the polar plots it was most responsive to
stimulation of either of these whiskers when
they were displaced at a 135° angle (up-and-
forward) relative to the horizontal alignment
of the row-C vibrissae. The unit’s accumulated
responses to 10 deflections of each individual
vibrissa are shown in the PSTs. In each case
the stimulus consisted of a 1-mm displacement
in an up-and-forward direction (indicated by
the weathervane).

As expected from the polar plots, the cell
responded vigorously to the initial movement
of either hair (i.e., at 135°) and minimally to
the hair’s return from the deflected state (i.e.,
at 315°). In the PST at the bottom the two
whiskers were moved in combination so that
displacement of C1 preceded by 20 ms an
identical movement of C2. A strong discharge
is observed in response to the first deflected
whisker, C1, but only a few spikes occur during
the period within which a C2 response is ex-
pected. The mean number of discharges that
occurred during this latter period was calcu-
lated from the 10 individual spike trains and
found to be 0.40 with SD 0.52. By comparison
the average response of the unit to deflections
of C2 alone (see upper PST) was 2.0 with SD
0.94. Since two of the spikes in the combined
response could tentatively be attributable to
the secondary discharge of the cell to C1 alone
(see METHODS), the preceding deflection of C1
had the effect of reducing the C2 response to
10% of its control value [i.e., (4 — 2) + 20 =
0.10].

Qualitatively similar interactions were ob-
served for every cortical neuron examined in
this study. As will be described below, the
strength of these interactions depended on the
time interval between the whisker deflections
and on certain spatial features of the multi-
whisker stimulus. In the present report a dec-
rement in unit discharges subsequent to a vi-
brissal deflection will be referred to as response
suppression or response inhibition; the latter
term is used for convenience of discourse and
should not be taken to necessarily imply the
nature of the underlying integrative mecha-
nisms.

Time course
The time course of multiwhisker integration
i1s illustrated in Fig. 2. These histograms show

the responses of a second cortical neuron to
stimulation of C2 alone (upper left PST) and
to paired displacements of C3 and C2 at seven
interdeflection intervals. This unit responded
maximally to single deflections of C2 (2.4
spikes/stimulus) and less vigorously to C3 (0.8
spikes/stimulus). A preceding deflection of C3
reduced the cell’s response to subsequent de-
flections of C2 in a time-dependent fashion.
For example the response to C2 is minimal
with interdeflection intervals of <10 ms, and
it returns progressively toward control levels
as the time separating the deflections increases.
Some interaction also occurs when the two
whiskers are deflected simultaneously (i.e., at
0 ms), as the response in this case (1.8 spikes/
stimulus) is smaller than would be expected if
the two alone responses summated to produce
a response equal to the sum of the conditioning
and test stimuli presented alone. This re-
sponse, however, is only 25% smaller than that
to deflections of C2 alone. Separating the dis-
placements by 2 ms causes a similar decrement
in the size of the overall response (1.8 spikes/
stimulus) that is more temporally dispersed.
Quantitative data from this cell and 18 other
cortical units are shown in Fig. 3 as dotted
lines. These graphs plot the change in the test
response as a function of the time separating
the first (conditioning) and second (test) de-
flections in the two-whisker stimulation par-
adigm. As described above, a value of 1.0 in-
dicates a test response equivalent to that elic-
ited by stimulation of the second deflected
whisker by itself, and a value < 1.0 indicates
a proportional reduction in the cell’s response.
Data in Fig. 3 were computed for stimulus
onsets only, and the abscissa represents the
time interval (i.e., interdeflection interval) be-
tween the start of the conditioning stimulus
and the start of the test stimulus. These graphs
illustrate several important features of the
temporal integration of multiwhisker inputs.
First, the responsiveness of cortical vibrissa
units is substantially reduced following dis-
placements of a nearby whisker. As a general
rule, facilitation was observed less often than
inhibition, but this depended to a large extent
on certain spatial aspects of the multiwhisker
stimulus (see below). Second, response inhi-
bition is greatest at short interdeflection inter-
vals (i.e., 10 and 20 ms) and decreases with
longer intervals. The responsiveness of most
cells returns to at least 75% of control values
during the 100 ms following a vibrissal stim-
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FIG. 2. Time course of neuronal integration of multiwhisker stimuli. PSTs show unit responses to deflections of
C2 alone (upper left) and to paired displacements of C3 and C2. Displacements of C2 follow those of C3 by the indicated
time intervals, and the peristimulus time histograms (PSTs) are aligned with respect to the onset of the C3 deflections
that occur at ~¢ = 75 ms (see time scales at the bottom). The cell’s response to C3 alone can be seen in the 20-, 50-,
and 100-ms PSTs where the responses to each whisker are clearly separated in time. The responses to the initial
displacement of C3 and C2 are labeled in the 100-ms panel. These data show that response suppression is greatest at
short interdeflection intervals and declines progressively during the 100 ms following a vibrissal deflection. Note also
that a strong C2 “off™ response (to the return of C2 from its deflected position) can be seen in the 50- and 100-ms
panels (stimulus duration = 200 ms). This unit was recorded 775 um below the pial surface.

ulus, and by 1,000 ms (data not shown) cells
were observed to respond within their control
range. Third, the strength of inhibition is quite
variable at 50-ms intervals. In some cases re-
sponses at this interval were observed to ac-
tually be greater than those at 100 ms, and
occasionally facilitation (i.e., responses greater
than control levels) was observed with inter-
deflection intervals of 50 ms but not 20 or 100
ms. In fact, unit discharges could sometimes
be elicited by deflecting normally ineffective
whiskers 50 ms after stimulating an effective
one. Fourth, as noted above, it appears that
inhibition develops rapidly but not necessarily
immediately following a vibrissal deflection.
With simultaneous whisker deflections, the
responses of eight of these cells were larger than
their responses to either of the individual
whiskers deflected alone, and in one case the
combined response equaled the sum of the two
alone responses (i.e., a value of 1.0). The re-
maining units displayed responses that were
less vigorous than the larger of the two alone
responses but greater than the smallest alone

response. Since suprathreshold stimuli were
used for both whisker deflections, these find-
ings could reflect occlusion of inputs from
two overlapping and maximally activated
neural pools. Finally, data not shown revealed
that the time course of response suppression
to stimulus offsets is similar to that illustrated
in Fig. 3 for stimulus onsets; typically, how-
ever, the magnitude of response suppression
is less in the former case than in the latter (see
below).

First-order neurons

Careful observation of the whiskers, using
a dissecting microscope, revealed that dis-
placement of a whisker causes a slight defor-
mation of adjacent regions of the mystacial
pad and corresponding low-amplitude move-
ments of nearby vibrissae. Moreover, the dis-
placement of a nearby whisker relative to its
hair follicle is increased when its distal end is
held in place by attachment to a mechanical
stimulator. To assess the extent to which such
mechanical interactions in the periphery could
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FIG. 3. Quantitative data showing the time course of
response suppression in the cortex and in the trigeminal
ganglion. Graphs plot the proportional change in unit re-
sponsiveness as a function of the interdeflection time in-
terval for 18 cortical neurons (dashed lines) and 2 Ist-
order neurons (solid lines). Data are computed for stimulus
onsets only (i.e., initial movements of the whiskers from
their neutral position). For each data point, the mean dis-
charge in response to the 2nd of a 2-whisker stimulus is
divided by the mean discharge of that unit to deflection
of the 2nd deflected whisker by itself. For intervals of 0
ms, the observed response was divided by the sum of the
2 “alone” responses (see METHODS). A value < 1.0 rep-
resents response suppression. Large, filled circles are data
from the cortical cell of Fig. 2, and filled triangles are data
from the Ist-order neuron of Fig. 4 below.
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account for integrative phenomena observed
in the cortex, 26 units that were recorded in
the trigeminal ganglion of four barbiturate-
anesthetized rats were examined for their re-
sponses to multiwhisker stimulation. Data
from a low-threshold, slowly adapting neuron
are illustrated in Fig. 4. The topmost PST
shows the cell’s response to 1-mm displace-
ments of whisker D2. The second panel dem-
onstrates that a small, transient response can
also be elicited from this cell by deflecting the
immediately adjacent hair, D3, while the D2
hair is held at its neutral position by a stim-
ulator. This D3 response could only be evoked
by using deflections of D3 large enough to de-
form the skin around the D2 follicle, thus
causing the D2 hair to bend, and is therefore
most likely due to mechanical spread of the
stimulus energy through the mystacial pad.
The remaining PSTs in Fig. 4 show the effect
of stimulating these two whiskers in combi-
nation so that displacement of D3 precedes
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that of D2 by variable intervals, and it can be
seen that there is virtually no effect of D3 on
the D2 response. Quantitative data from this
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FIG. 4. Effects of multiwhisker stimulation on a cell in
the trigeminal ganglion. This neuron responded in a slowly
adapting fashion to displacements of D2 (4). A smaller,
transient response could also be elicited by deflection of
D3 (B) and was largest when D2 was held in place by
attachment to a 2nd stimulator (see text). C-F shows that
a preceding displacement of D3 produces little or no change
in the D2 response regardless of the interdeflection interval.
The apparent increase in spontaneous discharge between
A and B-E is due to slight off-axis positioning of the D2
stimulator that was detached and reattached several times.
The sensitivity of this neuron to small displacements of
D2 is illustrated by the rythmic pattern of discharge during
the early phase of the stimulus plateau in C-F; this cor-
responds to “ringing” of the probe tip of <5 um, as de-
termined by simultaneous monitoring using a phototran-
sistor circuit (see Ref. 54).
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cell and a rapidly adapting peripheral neuron
are shown in Fig. 3 as triangles and solid lines.
Whereas data from a few of the most sensitive
afferents suggest that some interactions may
occur as a result of mechanical spread of the
stimulus from one follicle to the next, these
effects were rather subtle and quite unlike
those observed at the cortical level.

Spatial aspects

Data in Figs. 2 and 3 were chosen to illus-
trate the nature and time course of response
suppression observed under some but not all
multiwhisker stimulus conditions. Whereas all
cortical neurons studied displayed response
suppression, the presence and degree of this
suppression depended in part on which whis-
kers in a receptive field were stimulated and
on the spatial order of the multiwhisker dis-
placements, that is, which whisker was de-
flected first. This is illustrated in the PSTs in
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Fig. 5. As shown in the topmost PSTs, this
neuron responded maximally to deflections of
B1 (left) and somewhat less vigorously to B2
(right). The remaining histograms at the left
show that a preceding deflection of BI inhibits
the unit’s response to subsequent deflections
of B2 in a time-dependent fashion. Qualita-
tively similar effects are obtained when B2
precedes B (right-hand column), though here
the suppression of the response to the second
deflected whisker is not as great. Of particular
interest is the cell’s behavior at 10-ms inter-
deflection intervals. When Bl is deflected first,
the response to the second deflection is com-
pletely abolished, whereas when B2 is deflected
first some discharges to the second deflected
whisker are observed, and the total response
is greater than that to deflections of either Bl
or B2 alone. The overall response of this cell
to these whiskers’ contact with an object mov-
ing through the vibrissal field might therefore
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Importance of spatial order in determining unit responses to combined whisker deflections. Peristimulus

time histograms (PSTs) show this unit’s response to deflections of B1 and B2 alone (top panels in left and right columns)
and to paired displacements of these whiskers at 4 interdeflection intervals. PSTs are aligned with respect to the onset
of the 1st deflected vibrissa that occurs at ~f = 100 ms. Note the differences in discharge patterns that result from a
reversal of the spatial order of the deflections, especially for stimulus onsets at 10-ms intervals. A period of reduced
activity can be seen during the 100 ms following the B2 alone stimulus; this parallels the time course of response
suppression when the hairs are deflected sequentially. This unit was recorded 1,355 um below the pial surface.
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depend on the object’s velocity (i.e., the inter-
deflection interval) and on whether its trajec-
tory caused Bl and B2 to be displaced in a
rostral-to-caudal sequence or in a caudal-to-
rostral one.

Figure 6 illustrates that stimulating different
combinations of whiskers also affects the re-
sponses of cortical neurons to multiwhisker
stimuli. This cell responded best to deflections
of C2 and less vigorously to deflections of ad-
jacent whiskers C1 and C3. A preceding dis-
placement of C3 (left panel) substantially re-
duced the cell’s response to subsequent dis-
placements of C2 at interdeflection intervals
of 10, 20, and 100 ms. Note that response
suppression is less pronounced at 50-ms in-
tervals, and in fact a small “off” response as-
sociated with the return movement of C2 to
its neutral position can be seen (see above).
By contrast, combined deflections of Cl1 fol-

C3 Precedes C2
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lowed by C2 elicit two distinct response peaks
to stimulus onsets that are separated by ap-
propriate 10-, 20-, 50-, or 100-ms intervals. At
each condition-test interval, including 0 ms,
the total response to stimulus onsets was larger
with the C1-C2 combination than with the
C3~C2 combination. This reflects both the
magnitude of the response to the first (CI vs.
C3) deflection and the degree of suppression
of the second (C2) response. The overall re-
sponse of the cell to an object moving through
the vibrissal field might therefore be consid-
erably larger with a caudal-to-rostral trajectory
than with a rostral-to-caudal one.

Receptive-field properties and columnar
organization

There was a columnar pattern to the distri-
bution of excitation and inhibition within
cortical receptive fields. All driveable cells en-
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FIG. 6. Importance of whisker combination in determining unit responses to combined whisker deflections. Peri-
stimulus time histograms show this cell’s response to deflections of C2 alone (fop of each column) and to paired
deflections of C3-C2 and C1-C2. Other conventions as in Fig. 5. Note the absence of significant response suppression
when C1 precedes C2. Quantitative data for this cell are plotted in Fig. 7D.
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countered during a given electrode penetration
were maximally activated by one particular
vibrissa, the columnar or principal whisker
(PW) of the penetration. Other neighboring
whiskers could also activate cells, but the
strength of their excitation was usually less
than that of the PW (see also Ref. 53). Simi-
larly when whiskers were deflected in paired
combinations, the strongest inhibitory effects
were usually elicited by the columnar whisker;
other, nearby vibrissae elicited variable
amounts of inhibition. For example in the
cases illustrated in Figs. 5 and 6, the PW’s were
B1 and C2, respectively.

The relationship between the PW and non-
PW whiskers is illustrated further in Fig. 7. In
each panel, bar graphs indicate excitatory

A

10 ..--©

06 -

Proportional change in unit responses
(@]

yd
45 °

625

components of the receptive field, and the re-
sponse-suppression curves illustrate inhibitory
areas. The height of the bars represents the
magnitude of the responses to deflections of
the indicated whiskers. Inhibitory effects ex-
erted by the PW (i.e., when the PW is the con-
ditioning stimulus) are shown by curves with
solid lines, whereas inhibitory influences of
adjacent whiskers on the cell’s response to
subsequent deflections of the PW are shown
as dashed lines (see Fig. 7 legend). Figure 7, 4
and B, depicts receptive fields in which strong
inhibitory effects were exerted equivalently by
both the PW and non-PW vibrissae. Within
each panel there are marked similarities in the
response suppression curves obtained from
different whisker pairings, but the recovery
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FIG. 7. Relationship between the principal whisker and adjacent vibrissae. In A-D excitatory components of a cell’s
receptive field are shown as bar graphs in which the height of each bar represents the magnitude of the response elicited
by deflections of the indicated whisker stimulated alone. The response elicited by the principal whisker is indicated by
mean values (spikes per stimulus) above the solid bars. The angle in which the whiskers were moved is indicated in
each panel. Inhibitory components are illustrated by the graphs. Effects of the principal whisker (PW) are shown by
solid lines; effects of adjacent whiskers on responses to PW deflections are shown by dashed lines. The stimulus
sequence from which response suppression curves were derived is indicated for each graph (e.g., D3-D2, D3 displacements
precede D2 displacements). In 4 and B inhibitory influences are exerted equivalently by PW and non-PW whiskers.
In C and D inhibitory effects of an adjacent whisker are clearly less than those of the PW. Depth of each unit based

on microdrive readings: A: 391 ym; B: 978 um; C: 771 um; D:

1,455 pm.
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times of these two neurons are quite different
from each other. In particular both whisker
combinations in Fig. 74 show response facil-
itation to the second deflected whisker at 50
ms, whereas none of the test responses in B
attain control levels, even at 100-ms intervals.
By contrast, Fig. 7, C and D, iilustrates recep-
tive fields in which there are substantial dif-
ferences in the strength of response suppres-
sion elicited by PW and non-PW whiskers. In
both cases the PW produces the strongest in-
hibitory effects. Data in Fig. 7D are from the
cell illustrated in Fig, 6, and the graphs indicate
quantitatively that C3 strongly suppresses the
PW response, whereas the other immediately
adjacent whisker (C1) has only a small inhib-
itory effect.

Symmetrical and asymmetrical receptive
fields

The data in Fig. 7 demonstrate how cortical
vibrissa units could differ in terms of the spatial
organization of excitatory and inhibitory
components of their receptive fields. An im-
portant variable here appears to be the relative
contributions of non-PW vibrissae. This is il-
lustrated further in Fig. 8, which shows data
for eight units obtained by deflecting the PW
in combination with its two immediately ad-
Jjacent neighbors in the same horizontal row.
As in Fig. 7, bar histograms indicate the ex-
citatory receptive field; the graphs plot the ef-
fects of a preceding deflection of each of the
adjacent whiskers on the cell’s response to a
subsequent movement of the PW. Figure 84
depicts a multiple-whisker receptive field with
an excitatory focus at C2 (the PW) and adja-
cent excitatory regions of approximately equal
influence (C1 and C3); each of these adjacent
whiskers exerts equivalent inhibitory effects on
the cell’s response to the PW, which in turn
strongly inhibits responses to both of them
(data not shown). Figure 8 H on the other hand
shows a cell with a sharply focused excitatory
receptive field (C2) that is inhibited by its ros-
tral neighbor (C3) but is relatively unaffected,
or even slightly facilitated, by its caudal one
(C1). Units in C, E, and G were alike in that
each was excited by only one of the PW’s
neighbors but are otherwise dissimilar in that
the unit in C was equalily inhibited by both
adjacent whiskers, whereas in (7, and to a lesser
extent in E, one adjacent whisker strongly in-
hibits the cell’s response to the PW while the
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FIG. 8. Symmetrical and asymmetrical receptive fields.
A-H shows excitatory and inhibitory components of vi-
brissal fields in a format similar to that used in Fig, 7
except that the inhibitory effects of the principal whisker
(PW) have been omitted. A-D illustrate receptive fields
that have equivalent inhibitory zones on each side of the
PW. In E-H there is an asymmetrical distribution of
inhibition within the receptive field. Depth of each
unit: 4: 283 ym; B: 913 um; C: 684 um; D: 530 um;
E: 1,591 pym; F: 589 um; G: 775 um; H: 643 ym.
There was a tendency for asymmetrical units to be found
mainly in the deeper aspects of the cortex although this
relationship is not indicated by the data in this figure (see
text).

other’s effect is slightly facilitatory (G) or only
minimally inhibitory (E). In all cases, the PW
exerted inhibitory effects on adjacent excit-
atory whiskers that were at least as strong as
those indicated in the illustrated plots.
Whereas the material shown in Fig. 8§ attests
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to the diversity of receptive-field organization
that is observed using paired whisker stimuli,
examination of these data and those from 22
similarly studied cells indicate that it is possible
to distinguish among vibrissal receptive fields
on the basis of the distribution of inhibitory
subregions with respect to the PW. For ex-
ample, the units in Fig. 8, 4A-D, have sym-
metrically distributed inhibitory zones in that
both adjacent whiskers exert roughly equiva-
lent inhibitory effects on the responses of the
cells to deflections of the PW. By contrast,
markedly different effects of the two adjacent
whiskers are clearly evident in Fig. 8, F-H,
and in Fig. 7D. Differences are greatest at 10-
and 20-ms interdeflection intervals where re-
sponse suppression, when present, is most
pronounced. Student’s ¢ tests were used to
compare the effects of adjacent rostral and
caudal whiskers on the cell’s responses to the
PW. A receptive field was classified as asym-
metrical if the responses to the PW in each
case differed from one another at the 0.05 level
(two-tail). Table 1 summarizes the findings
and shows the proportion of asymmetrical re-
ceptive fields in the middle, superficial, and
deep aspects of the cortex. Thirty percent of
the cells had an asymmetrical distribution of
inhibition within their receptive fields. Inter-
estingly, most of these were recorded in the
deeper aspects of the cortex where the majority
of the receptive fields (60%) were classified as
asymmetrical. By contrast, receptive fields in
the middle and superficial aspects of the
cortex were predominantly of the symmetrical
variety.
Angular sensitivity

The response of many vibrissa units in the
SI cortex, as in the periphery (see Fig. 2 in
Ref. 54), depends in large measure on the an-
gular direction in which a whisker is deflected.
As a general procedure, multiwhisker stimuli

TABLE 1. Inhibitory receptive-field
asymmetries and cortical depth

Microdrive Sym- Asym- % Asym-
Reading, um metrical metrical metrical
0-749 11 2 15
750-1,099 6 1 14
1,100-2,000 4 6 60
Total 21 9
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were delivered at the cell’s maximally excit-
atory angle, and all of the data presented above
were obtained by deflecting both the PW and
non-PW whiskers in the same direction. Dur-
ing the course of the study, however, it became
apparent that deflection angle was another
factor underlying the integration of multi-
whisker inputs. This was evidenced by the
finding that “off” response inhibition (i.e., to
stimulus offsets) was often less pronounced
than response suppression to stimulus onsets.
For example, of 24 cases where a unit re-
sponded well to both stimulus onsets and off-
sets (e.g., Fig. 5), 15 cells showed less off than
on response inhibition, 4 cells showed no dif-
ference, and only 5 cells showed greater re-
sponse suppression to stimulus offsets than
onsets. The average proportional reduction in
unit responsiveness at 20-ms condition-test
intervals was 0.24 for on responses and 0.77
for off responses.

The dependence of response suppression on
deflection angle is illustrated in Fig. 9, which
shows angular excitatory and inhibitory zones
for four of the more extensively studied cells.
For each cell an angular excitatory zone was
first determined by deflecting the PW ran-
domly in different directions; this is indicated
in the polar plots as solid lines and filled circles.
Subsequently the PW was displaced in its pre-
ferred angular direction and was preceded 10
or 20 ms earlier by deflection of an adjacent
whisker at different angles. The proportional
change in the cell’s response to the second de-
flected whisker (the PW) was plotted on the
same polar coordinates to define an angular
inhibitory zone; this is indicated by dotted
lines and stippling, and here a value of 1.0
represents maximal inhibition (i.e., no re-
sponse from the PW). Figure 9, A-C, depicts
units whose angular inhibitory zones are quite
similar to their angular excitatory zones. Thus
for these cells inhibitory effects were greatest
at the angles that elicited good excitatory re-
sponses from the PW. By contrast in Fig. 9D
the inhibitory zone is clearly oriented at right
angles to a narrowly tuned excitatory zone.
For this unit inhibitory zones were computed
separately for two adjacent whiskers (C3 and
C5), which were immediately adjacent to the
PW (C4), and in both cases inhibitory effects
were found to be greatest at 0 and 180° (for
clarity of illustration only data for C3 are
shown).
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1.0

o = Inhibifory zone
® = Excitatory zone

FIG. 9. Angular excitatory and inhibitory zones of 4 cortical neurons. Solid lines are polar plots showing each unit’s
angular sensitivity based on the mean number of its discharges to deflections of the PW in 8 different directions. Data
are normalized to each cell’s maximal response that is represented as 1.0 (i.e., maximal excitation), and the orientation
of the polar plots is the same as in Fig. 1 (see weathervane). Dotted lines and stippling illustrate inhibitory effects of 1
adjacent whisker; here the PW was deflected in its maximally excitatory angle, preceded 20 ms earlier by deflections
of the adjacent whisker at 8 different angles. The proportional reduction in the cell’s response to deflections of the PW
was plotted so that a value of 1.0 represents maximal inhibition (i.e., no PW response). Depth of each unit: 4: 643

um; B: 614 ym; C: 756 um; D: 755 um.

Direction-selective neurons

Data obtained in the two-whisker paradigm
suggested that some cortical neurons might
respond selectively to spatially patterned
stimuli that mimic object movement across a
fairly broad extent of the vibrissal field. To
examine this possibility a third independently
controllable whisker stimulator was used dur-
ing the last two experiments so that whiskers
could be deflected in groups of three. Data
from one of these cells are illustrated in Fig,
10. This cell was recorded ~ 1,200 um below
the pial surface, and the PW of the electrode
penetration was C3. In Fig. 104, whiskers C5,
C4, and C3 were sequentially displaced in a
rostral-to-caudal spatial order (interdeflection
interval, 20 ms), but the individual hairs were
moved forward, toward the front of the ani-

mal. Only two small peaks, one each to C5
and C4, are observed in the PSTs, indicating
that prior deflection of C5 and/or C4 com-
pletely suppressed the normally vigorous re-
sponse of the cell to displacements of C3. In
Fig. 10B, the same spatial sequence was used,
but in this case the angular displacements of
the hairs were directed caudally (i.e., the an-
gular displacements parallel the spatial se-
quence). Under these stimulus conditions three
progressively larger peaks are observed at ap-
propriate 20-ms intervals.

A stimulus pattern similar to the one shown
in Fig. 10B was employed in C and D, except
that the stimuli started with successively more
caudal vibrissae. When whiskers C4, C3, and
C2 are sequentially displaced, three distinct
response peaks at 20-ms intervals are again
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FIG. 10. Response properties of a direction-selective cell. The stimulus pattern consists of three individual whisker
displacements separated by 20 ms. In 4, whiskers C5, C4, and C3 were deflected in a rostral-to-caudal sequence, but
the individual hairs were moved forward (i.e., at 180°, see weathervane); only 2 small response peaks are observed. In
B, the spatial order of the deflections parallels the angular displacements of the hairs (caudally and at 0°), and 3
progressively larger peaks are observed at intervals of 20 ms. Data shown in C and D suggest that a preceding deflection
of C4 diminishes the suppressive influence of C3 on C2; note the absence of a large C2 response in D and the presence
of a good C2 response in C (third peak). Also of interest is the presence of a small sustained response in C that is not
seen in D. This cell might be selectively excited by object movement in a front-to-back direction that sequentially
displaces C5-C2. This unit was recorded 1,188 um below the pial surface.

observed. However, when the stimulus begins
with C3, as in Fig. 10D, only a small response
is observed for the C2 deflection. No response
is observed for the C1 deflection, a whisker
that did not by itself excite the cell. Compar-
ison of Fig. 10, C and D, is especially inter-
esting because it suggests that a preceding de-
flection of C4 diminishes (i.e., disinhibits?) the
suppressive influence of C3 (the PW) on C2.
Also of interest is the presence of a modest
sustained component of the cell’s response in
Fig. 10C to the maintained whisker displace-
ments, which is not observed in D, even
though the overall levels of pre- and poststim-
ulus activity are comparable. Other data (not
shown) demonstrated that sequential dis-
placements of C3-CS5 elicited only a single re-
sponse peak (to the C3 deflection). Similarly,
displacements at 0 or 180°, which orniginated
at C1 or C2, resulted in a complete absence
of an excitatory discharge (i.e., with the se-
quence C1, then C2, then C3) or only one

peak, when C2 was deflected first (C2, then
C3, then C4). This neuron might therefore be
maximally excited by the leading edge of an
object moving in a front-to-back trajectory as
it sequentially displaces whiskers C5-C2 and
inhibited by caudal-to-rostral movements be-
ginning at C1. Of 10 other cells examined in
this fashion, one other displayed comparable
properties, and on the basis of the microdrive
reading (1,590 pm) this cell appeared to also
be located deep in the cortex. The remaining
nine units displayed response suppression to
three-whisker combinations that was quali-
tatively similar to that observed in the paired
two-whisker paradigm.

These data suggest that directional selectiv-
ity may depend on the conjuction of several
receptive-field characteristics: /) the shape of
the excitatory receptive field, 2) the distribu-
tion of inhibitory subregions, and 3) the an-
gular sensitivity of the cell to individual whis-
ker displacements. Thirty-two neurons had
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TABLE 2. Receptive-field organization of
directionally selective neurons

Conditioning Stimulus

Angle/Spatial Order PW Non-PW Total
Parallel 3 17 20
Not parallel | 4 5
Total 4 21 25

PW, principal whisker.

excitatory multiwhisker receptive fields and
displayed two (or three) distinct response peaks
when combinations of whiskers were deflected
at 10- or 20-ms condition-test intervals (e.g.,
Figs. 5, 6, and 10). These cases were examined
to determine the relationship between the an-
gle of the whisker displacements and the spa-
tial order of the combined deflection. Seven
cells were discarded since the deflection angles
could not be interpreted with respect to spatial
order (e.g., combined displacements of C1 and
C2 at 90 or 270°). Table 2 summarizes data
from the remaining 25 cells and shows that in
20 cases the angle of the individual whisker
movements roughly parallels the spatial order
of the combined deflections (e.g., B2 precedes
Bl at 45° as in Fig. 5; see also Fig. 2 in Ref.
54). None of these cells was recorded in the
middle depths of the cortex. In 17 of these
cases, the conditioning stimulus was move-
ment of a non-PW whisker. In nine instances,
the overall direction of the stimuli was rostral
to caudal, and in the remaining 11 cells the
direction was caudal to rostral. For the other
five cells, the angle of the whisker displace-
ments did not parallel the spatial order of the
deflections (e.g., E4 precedes E3 at 180°), al-
though in four cases the conditioning stimulus
also consisted of a non-PW whisker. Again,
all but two of the cells were located outside
the middle depths of the cortex.

DISCUSSION

When whiskers are deflected in combina-
tion, the most commonly observed effect is a
time-dependent reduction of SI cortical unit
discharges to the second (or third) deflected
whisker. Importantly, however, the presence
and degree of this response suppression de-
pends on a number of spatial factors. These
include the angular direction(s) in which the
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hairs are moved, the sequence in which the
whiskers are deflected, the particular combi-
nation of whiskers stimulated, and the number
of whiskers involved. Identical stimuli elicit
responses from first-order neurons that largely
reflect the responses of these neurons to the
individual whiskers deflected one at a time.
These latter findings indicate that there is no
integration of multiwhisker inputs at the levels
of the trigeminal ganglion and are entirely
consistent with numerous observations in a
variety of species that a given afferent fiber in
the trigeminal nerve functionally innervates
one and only one mystacial vibrissa (e.g., Refs.
8, 14, 79). Temporal and spatial integration
of multiwhisker inputs must therefore involve
neuronal interactions within the central ner-
vous system. The response properties of vi-
brissa units in the rodent SI cortex and of cu-
taneous units in the somatic sensory cortex of
cats and primates suggest that such processing
of sensory information depends at least in part
on intracortical mechanisms.

Temporal integration

On the basis of single-unit recording studies
in the somatosensory cortex of cats and mon-
keys, Mountcastle and his colleagues (37, 38)
first demonstrated that somatic sensory stimuli
evoke an initial excitation followed by a lon-
ger-lasting “afferent” inhibition within central
neurons receiving inputs from ascending dor-
sal column-medial lemniscus pathways. Sev-
eral subsequent studies have shown that one
effect of this is a diminution in the respon-
siveness of cortical cells following a punctate
cutaneous stimulus, displacement of a single
facial vibrissa, and/or electrical shock to a pe-
ripheral nerve (2, 12, 18, 43). This decreased
responsiveness is seen as a reduction in the
number of unit discharges elicited by the sec-
ond of two equally intense stimuli and is most
pronounced during the 10-20 ms after the first
stimulus. Results generally indicate a return
in responsiveness within a period of 75-125
ms. There is clearly a spatial component to
these temporal interactions because in general
the strength of response suppression depends
on the position of the first stimulus within the
excitatory receptive field and decreases as the
distance between the two stimulus loci in-
creases (see below).

Afferent inhibition is observed in the dorsal
column nuclei and in the ventrobasal thalamic
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complex, as well as in the somatosensory cor-
tex (e.g., Ref. 15). It is interesting, however,
that the time course of response suppression
observed in the cortex parallels the temporal
responsiveness of SI cortical neurons to si-
nusoidal stimulation of the skin (10, 39) or
vibrissae (18, 53). For example, cortical neu-
rons are limited in their ability to follow re-
petitive stimuli in a one-to-one fashion at fre-
quencies greater than ~40-80 Hz. In contrast,
recordings from presumed thalamocortical fi-
bers to the somatosensory cortex have shown
them to be entrainable by natural or electrical
stimulation of the periphery to at least 200 Hz
(18, 39). It is unlikely that the frequency-re-
sponse properties of SI cortical neurons can
be explained entirely on the basis of intrinsic
membrane phenomena because it has recently
been shown that pacinian neurons in SII can
be entrained by higher-frequency vibration
stimuli than pacinian neurons in SI (10).
Taken together these observations suggest that
a substantial transformation of temporal in-
formation occurs within the somatosensory
cortex itself. Supporting evidence for this is
provided by intracellular recording studies that
demonstrate sequences of excitatory and in-
hibitory postsynaptic potentials (EPSP-IPSPs)
or sometimes only a longer-latency IPSP in
the initial responses of cortical neurons to cu-
taneous or vibrissal stimuli (1, 11, 23, 18, 73).
Hyperpolarization of the membrane potential
1s maximal 20-30 ms after stimulus onset and
declines to resting levels over a period of 100-
150 ms. Stmilar observations have been made
recently in the rat SI vibrissa cortex using
multiwhisker stimuli (Simons and Carvell,
unpublished data). A cortical origin for such
IPSPs is suggested by several lines of indirect
evidence indicating that the specific thalamic
input to the cortex is excitatory (4, 20, 58, 71).

Spatial integration

In several important respects the spatial or-
ganization of vibrissal receptive fields is com-
parable with that seen in other somatic sensory
systems. For example, excitation and inhibi-
tion are both maximal at the physiologically
defined focus of the receptive field (i.e., the
principal whisker), and both decline in inten-
sity at progressively more eccentric loci on the
skin (or mystacial pad) surface (12, 25, 38).
Inhibitory effects decline somewhat more
gradually and can be ¢licited over a broader

area of the receptor periphery than excitation.
With respect to cutaneous sensibility this or-
ganization is thought to limit the spread of
excitation resulting from a focal cutaneous
stimulus and thus enhance spatial resolution
on a continuously innervated surface like the
glabrous skin of the hand (38). A similar role
for afferent inhibition may be proposed for
the vibrissal system as weil because it is un-
likely that during whisking behavior a single
vibrissa is ever deflected in isolation (see
below).

A particularly interesting finding is that ex-
citatory and inhibitory subregions of vibrissal
receptive fields may be distributed asymmet-
rically with respect to the principal whisker
and with respect to each other. Especially in
the case of cells whose angular preferences
parallel these asymmetries, such receptive
fields take on a distinct spatial orientation.
The dynamic aspects of this need to be inves-
tigated in greater detail using a larger stimu-
lator array. Nevertheless, it appears that such
intrinsic receptive-field organization could
underlie the synthesis of complicated response
properties, such as direction selectivity.
Asymmetric distributions of inhibition and
excitation have been proposed as mechanisms
responsible for direction-selective responses of
cutaneously driven neurons in areas | and 2
of primate cortex (13, 22). Some of the present
findings suggest that celis having symmetrical
or asymmetrical receptive fields constitute dif-
ferent populations of vibrissa neurons within
the rodent SI cortex and that these two func-
tional cell types may be differentially distrib-
uted among the cortical laminae, with asym-
metrical units being located predominantly in
the deeper part of the cortex. This would par-
allel the known relationship between excit-
atory receptive-field size and cortical depth in
the rat somatosensory cortex (5, 27, 53), as
well as the laminar distribution of neurons
with spatially ortented and nonoriented re-
ceptive fields in the primate somatosensory
and visual cortices (21, 74).

Cortical organization and function

Findings from previous microelectrode
studies of the SI barrel cortex indicate that one
of its important functions is to integrate in-
formation arising from different, individual
vibrissae on the contralateral face. This occurs
within the context of a vertical or columnar
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organization that preserves certain features of
the peripheral stimulus (i.e., which whisker is
stimulated) and a horizontal organization,
largely correlated with laminar patterns, that
provides for spatial integration of inputs from
closely related parts of the receptor surface (i.e.,
different whiskers). Thus, multiple-whisker
receptive fields, which are largest and most
numerous in nongranular layers, are thought
to be elaborated in part by convergence of ex-
citatory inputs from single-whisker neurons in
the relevant layer IV barrels (see Ref. 53). The
nature of this convergence is quite precise
since, typically, responses elicited by stimu-
lation of different vibrissae in a multiwhisker
receptive field are qualitatively similar. The
present data parallel these findings in suggest-
ing specific inhibitory as well as excitatory in-
teractions among cells located in neighboring
barrels and the columns of which they are a
part (see also Ref. 59). This is consistent with
pharmacological studies of visual cortex that
indicate an important role for y-aminobutyric
acid (GABA)-mediated inhibition in shaping
the response patterns of cortical neurons to
complicated stimulus events (50-52; see also
Ref. 19). Inhibitory effects within the cortex
are most likely mediated by smooth or sparsely
spined stellate cells (see Ref. 29, 42) that may
use GABA as a neurotransmitter (e.g., Ref.
45). In the barrels such cells appear to be ide-
ally situated for exerting potent and spatially
selective inhibitory effects (30, 31, 48, 57, 70,
76). There is now some direct evidence (33)
that barrel neurons having smooth dendrites
are synonymous with “fast-spike” units that
are recorded infrequently, but predominantly
in layer I'V (see Ref. 53, 56, 57).

On the basis of presently available data,
however, it is not possible to determine the
extent to which the multiwhisker interactions
observed in this study involve cortical mech-
anisms per se and/or reflect processing that
occurs at lower levels of the ascending vibrissa-
trigeminal system. Convergence of spatial in-
formation, as evidenced by some neurons
having multiwhisker receptive fields, has been
documented in the brain stem trigeminal nu-
clei (40, 49) and in the thalamic ventrobasal
complex (65) so that spatial and temporal in-
tegration could occur prior to the arrival of
information in the cortex. For example spatial
summation in response to simultaneous de-
flection of several whiskers has been observed
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in physiologically identified relay neurons in
the brain stem of cats (16). This is seen as an
increase in unit discharge frequency or in some
cases as a qualitative change in the discharge
pattern, such as the addition of a tonic or sus-
tained component that is not observed when
only one whisker is stimulated. This latter ob-
servation is particularly interesting in light of
the data presented in Fig. 10. Temporal inte-
gration of multiwhisker inputs could also in-
volve short-latency feedback loops linking
brain stem and/or thalamic neurons with cor-
tical cells by means of corticofugal projection
neurons (see Ref. 72). As regards the contri-
butions of the somatosensory thalamus, how-
ever, it is significant that recent anatomical
and histochemical studies have shown the
ventrobasal complex of rats to be unusual
among mammalian species in its apparent lack
of intrinsic interneurons (41, 44, 46, 69). These
findings suggest that the processing of multi-
whisker inputs in the rat thalamus may not be
sufficient to account for the spatially specific
types of inhibitory interactions found in the
present study of cortical vibrissa neurons.

Information processing in the vibrissal
system

Observations of rodent behavior have im-
plicated a key role for the mystacial vibrissae
in a variety of sensory discriminative, motor,
and social behaviors (62; for a review see Ref.
17). Unfortunately, remarkably little is known
of the tactile sensitivity and informational ca-
pacity of the vibrissa system because sensory
functions of the vibrissae have been inferred
largely on the basis of behavioral deficits ob-
served after the whiskers have been removed.
Neurophysiological data suggest a tactile sys-
tem capable of considerable spatial and tem-
poral resolution because neurons have been
found at all levels of the rodent vibrissa-barrel
system that encode aspects of a vibrissal stim-
ulus such as its angular displacement, velocity,
amplitude, and temporal pattern (24, 49, 53,
65, 79). Moreover, the present findings suggest
that some neurons in the SI cortex may in fact
be differentially responsive to patterns of sen-
sory input created by the relative movement
of objects in certain directions and/or at cer-
tain velocities across the vibrissal field. In a
natural setting such stimuli would be produced
as the vibrissae are “whisked” through the
sensory environment, each hair in turn con-
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tacting a stationary or moving object that is
in close proximity to the animal’s face. The
whiskers are moved rhythmically at a fre-
quency of 5-11/s, with retraction occurring
twice as fast as protraction (68). At 20 mm
from the skin surface the large vibrissae in row
C are separated from each other by 8-10 mm.
Assuming an average peak-to-peak amplitude
of ~25 mm (total excursion of 50 mm/cycle),
adjacent vibrissae might be expected to se-
quentially strike a stationary object at intervals
of roughly 12-25 ms during backward sweeps
and 25-55 ms during forward movements.
This overall time span corresponds to the pe-
riod during which neuronal mechanisms in
the central nervous system appear to be most
effective in shaping the responses of single
neurons to spatially patterned multiwhisker
inputs. Future studies directly correlating
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