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INTRODUCTION

I. Previous studies have demonstrated marked differences in
the relative sizes of ON and OFF responses of neurons in the
whisker/ barrel system. In particular, OFF responses are unexpectedly large in thalamic neurons. Extracellular unit recordings were
used to examine whether varying the time between stimulus onset
and offset differently affects OFF responses of neurons in the trigeminal ganglion, ventrobasal thalamus, and somatosensory cortical layer IV. Controlled whisker stimuli were used to deflect individual vibrissal hairs in different directions. We hypothesized that,
in part because of the gradual waning of central inhibition evoked
by stimulus onset, OFF responses of thalamic and cortical neurons
but not trigeminal ganglion cells would increase in size with longer
duration stimuli, with relative changes being greatest in the cortex.
2. OFF response magnitudes for thalamic and cortical neuronal
populations increased as the stimulus duration was increased from
200 to 1,400 ms. Increases were greater at nonoptimal deflection
angles. Similarly, individual cells having smaller OFF responses for
the short-duration stimulus tended to display proportionately
greater increases when the stimulus was lengthened. OF~Fresponses
of trigeminal ganglion cells were largely unaffected by stimulus
duration.
3. Barrel neurons were subclassified as regular-spike units
( RSUs) or fast-spike units (FSUs) on the basis of the time course
of their action potentials. ON and OFF responses were smaller in
the former and, when the stimulus was lengthened, percentage
increases in their OFF responses were greater than those in FSUs.
Results illustrate nonlinear transformations of the thalamic input
signal by RSUs, which are presumed to be excitatory barrel neurons, and extend previous findings of response similarities between thalamocortical units ( TCUs) and FSUs, the latter of which
are thought to be inhibitory.
4. The time course of om response suppression in cortical neurons suggests that stimulus onset evokes central inhibition having
two components, a potent one lasting several tens of milliseconds
and a weaker one lasting many hundreds of milliseconds. Background activity levels in cortex and thalamus were diminished for
> 1,800 ms after whisker movement.
5. For TCUs, 200-ms stimuli were less likely than 1,400-ms
stimuli to elicit an OFF response, but when responses occurred
they consisted of a greater number of spikes timed closer together.
By contrast, the 200-ms stimulus OFF responses of the RSUs and
FSUs displayed longer interspike intervals than did their 1400-ms
responses, with no change in the number of spikes per response.
6. TCUs displayed an inverse relationship between the magnitudes of their OFF responses and activity just before the end of the
stimulus plateau. The relationship was more robust for the 200-ms
stimulus than for the 1,400-ms one.
7. In the thalamus, the OFF response may be enhanced by the
operation of the voltage-dependent low-threshold calcium spike
(LTS) mechanism that increases neuronal responsiveness during
periods of moderate hyperpolarization. In behaving animals, thalamic inhibition and the LTS mechanism could counterbalance
each other to maintain TCUs within an optimal range of responsiveness.
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Seminal studies of the visual system (Hubel and Wiesel
196 1, 1962) revealed striking differences in the receptive
field properties of lateral geniculate and cortical neurons
that have formed the basis of several competing models of
visual cortical circuitry (see Ferster 1987; Sillito 1979). By
contrast, a characteristic feature of the dorsal column/medial lemniscus system, and its trigeminal homologue, is the
relative similarity in receptive field and other response properties of neurons located at different synaptic stations from
the periphery through at least the early stages of processing
within somatosensory cortex (Mountcastle
1984). Differences, although often subtle, do however exist (e.g., Phillips
et al. 1988; Schultz et al. 1976; Sinclair and Burton
199 1a,b), and these may likewise serve as a basis for delineating synaptic circuitry within central somatosensory
pathways.
We have described a number of differences, as well as
some important similarities, among the response properties
of vibrissa-activated neurons in the rat trigeminal ganglion,
the ventrobasal thalamic (VB) “barreloids,” and the layer
IV barrels of the somatosensory cortex (Lichtenstein et al.
1990; Simons and Carve11 1989). Our interest in layer IV
barrels stems from anatomic and physiological studies indicating that they are the site of a major, initial transformation of the incoming thalamic signal (for a review, see
White 1989). Efforts to model this thalamocortical
response transformation ( Kyriazi and Simons 1993 ) piqued
our interest in an aspect of the stimulus-evoked response to
which we had previously paid relatively little attention,
namely the response of a neuron to the return movement of
a whisker from its deflected position to its resting state after
a ramp-and-hold deflection, i.e., its OFF response. On close
inspection our data revealed two interesting features of OFF
responses. One, those of the largest population of studied
barrel neurons, regular-spike units ( RSUs) (see below), are
considerably smaller than those of thalamic barreloid neurons that are presynaptic to them, even though cortical and
thalamic responses to stimulus onsets (ON responses) are
nearly equal in magnitude. Two, OFF responses of thalamic
neurons are unexpectedly large when compared with those
of peripheral or cortical neurons. In fact, OFF:ON ratios are
more similar between cortex and ganglion than between
cortex and thalamus or ganglion and thalamus.
OFF responses in the trigeminal ganglion are smaller than
ON responses. This difference probably reflects both the less
abrupt nature of stimulus offset (i.e., movement of the
whisker from a stressed to a resting position) and the mechanics of the transduction process within the whisker follicle, rather than active inhibition, fatigue, or accomodation
(see Lichtenstein et al. 1990). Whisker deflection evokes

1994 The

American Physiological Society

OFF RESPONSES IN THE VIBRISSA

SYSTEM

393

were advanced through the tissueusing a hydraulic microdrive
relatively long-lasting inhibition
in thalamic and cortical
neurons, but not in trigeminal ganglion cells (see Salt 1989; attachedto a steppingmotor. The recordingbarrel wasfilled with
3 M NaCl ( - 1 pm tip diam, 5- 10MQ impedence)and the other
Simons 1985 ). In our previous studies we used whisker
barrel was filled with 10%horseradishperoxidase(HRP) in 50
deflections lasting 200 ms, a period during which inhibition
tris( hydroxymethyl)aminomethane HCl, pH 6.8 (Simons
evoked by movement onset could influence the size of OFF mM
and Land 1987). HRP wasiontophoretically ejectedto mark seresponses.
lected recording sitesor the termination of electrodetracks. For
We expected that increasing the duration of the stimulus
trigeminal ganglioncells,unit recordingswere obtainedusinginplateau would, because of a waning of inhibition, increase sulated tungsten microelectrodes(Frederick Haer, Brunswick,
the size of OFF responses centrally but not peripherally.
ME) that wereadvancedmanually through the ganglion.Soasnot
Moreover, because surround inhibition is stronger in the to excludestudyingcellslacking spontaneousactivity, in all expercortex than in the thalamus (Simons and Carve11 1989), we iments whiskerswere stimulatedusinghand-heldprobesor with
electromechanicalstimulatorsduring electrodeadvancement.Rehypothesized that the increases would be more pronounced
in the former. Using much longer stimuli, we found that corded spikeswere distinguishedusingan amplitudediscriminaand a digital oscilloscopewith a delayedtime basewasusedfor
stimulus duration does significantly affect the size and tor,
visualizing the entire spikewaveform. Spike recordingsin VB are
shape of OFF responses in thalamus and cortex. It appears presumedto be action potentialsof thalamocorticalrelay neurons
that, whereas inhibition acts to diminish the size of the OFF
( seeSimonsand Carve111989))which hereafterwill be referredto
response in the cortex, it may indirectly contribute to its as thalamocortical units (TCUs). Two types of units were reenhancement in the thalamus.
corded in the cortical barrels:RSUsand fast-spikeunits (FSUs).
METHODS

Preparation
Adult female Sprague-Dawleyrats weighing 200-350 g were
usedfor the experiments(Zivic-Miller Laboratories,Allison Park,
PA). Surgicalproceduresfor preparing the animalsfor thalamic
and cortical unit recordingshavebeendescribedin detail (Simons
and Carve111989). Briefly, under pentobarbital sodiumanesthesia,an openingwasmadein the skull and dura overlying the right
VB or the face areaof the primary somatosensorycortex, and an
acrylic damwasconstructedaround the craniectomy. A steelpost
wasembeddedin the dental acrylic and wasusedto hold the animal’s head thereafter. After all surgical procedureswere completed, the animal receiveda continuous intravenous infusion of
fentanyl, a synthetic opiate receptor agonist(Sublimaze,Janssen
Pharmaceuticals;5- 10 pg. kg-’ hr-‘). This maintainedthe animalsin a lightly narcotized and sedatedstatefor the remainderof
the experiment. Ratswereimmobilized by pancuroniumbromide
(-1.6 mgekg-’ hr-’ iv), artificially respiredvia a tracheal cannula usinga positivepressurerespirator,and kept warm by means
of a servo-controlledheatingblanket. The condition of the animal
wasassessed
by observationof the electroencephalogram,
electrocardiogram,expired CO2 levels, pupillary reflexes,and femoral
arterial blood pressure.Experimentswereterminated by barbiturate overdoseat the conclusionof the recording sessionor if normal physiologicalconditions could not be maintained.
For trigeminal ganglion recordings,the external jugular veins
werecatheterized,and the animalswereadministeredintravenous
pentobarbital sodium sufficient to maintain areflexia to moderately strongfoot pinch; neuromuscularblockadeand artificial respiration were not used. A craniectomy exposedthe left hemisphere,and this wascarefully aspiratedsothat the left trigeminal
ganglion could be visualized directly (see Lichtenstein et al.
1990). Becausebarbiturate anesthesiadoesnot appearto affect
peripheral mechanoreceptors(seede Jong and Nate 1967)) and
becausecortical neuron responses
obtainedwith the dosagerange
of fentanyl usedhere are comparablewith thoseobtained previously in animalsmaintainedin the absenceof generalanesthesia
(Simonsand Land 1985;seealsoSimonset al. 1992), we assume
that it is reasonableto comparedata from the trigeminal recordingswith thoseof thalamic and cortical recordingsobtainedunder
fentanyl sedation.
l

Thesewere distinguishedon the basisof the time courseof the
action potentials,with thoseof the latter beingapproximately half
the duration of thoseof the former (Simons 1978).There isdirect
evidencethat fast spikesare dischargedby smoothnonpyramidal
neurons(seeConnorsand Gutnick 1990); RSUsarepresumedto
be spiny barrel neurons(Simonsand Woolsey 1984).
At the conclusionof the thalamic or cortical recordingsessions,
rats were administeredan overdoseof pentobarbitalsodiumand
perfused for HRP and cytochrome oxidasehistochemistry.For
the cortical recording experiments,the right hemispherewassectioned in the tangentialplanesothat individual barrelsin layer IV
could beidentified. Specimensfrom the thalamic recordingexperiments were cut coronally. Microdrive readingsand HRP spots
were usedto reconstructthe electrodetracks and recording locations. Data are reported only for cells recorded within the cytochrome oxidase-richbarrel centers or within VB; no attempt
was made to reconstruct thalamic penetrationswith respectto
individual barreloids.Histology wasnot performedfor trigeminal
ganglionrecordingexperiments.

l

Electrophysiological

recordings

Extracellular unit recordingswere obtained from thalamic or
cortical neuronsusing double-barreledglassmicropipettesthat

Whisker stimulation
A multiangle electromechanicalstimulator ( Simons1983)was
usedfor whiskerdeflection, which in this study waslimited to the
“principal whisker,” i.e., the one whosemovement evoked the
most vigorous, or the sole,excitatory responsefrom the observed
unit. All data were obtained from neurons whose principal
whiskerresidedin the caudalaspectof the mystacialpad, i.e., arcs
1-4 and the caudalmoststraddlers.The stimulator heldthe vibrissalhair at a position 10 mm from its base.Stimuluswaveforms,
consistingof ramp-and-holdtrapezoidsthat produced l-mm displacementswith onsetand offset velocities of - 125mm/s, were
the sameasthoseusedin our previous studies.The whiskerwas
deflectedin eight different directions, that is, in 45” increments
relative to the horizontal alignmentof the whiskerrows.For each
sequenceof eight angles,stimuli were delivered randomly, and
this wasrepeated10timesfor a total of 80 stimuluspresentations.
The whisker wasmaintainedin a deflectedstatefor 200 or 1,400
ms. Hereafter, the former stimulusprotocol is referred to asthe
“short-plateau” stimulus,whereasthe latter is denotedthe “longplateau” stimulus.For the short plateau,data collectionlastedfor
a SOO-ms
period centeredaround the whiskerdisplacement,and
eachsuchperiod wasseparatedfrom the next by 1.5s.For the long
plateau,data collection lasted3 s with an intervening periodof 1 s.
Intervals betweenstimulusoffset and the next stimulusonsetdiffered for the two protocols,with 1,800msintervening in the short
protocol and 2,600 msin the long. Becauseof the much lengthier
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period of whiskerdeflection with the long plateau,we choseto use to characterize both populations equally well. For thalamic
this greaterinterval to allow for relaxation of mystacialpad tissues and cortical neurons, a previously employed statistical criteaswell asfor possiblerecovery of central neuron responsiveness. rion for distinguishing slowly and rapidly adapting neurons
Short- and long-plateaustimuli were deliveredascompletebat- was applied that gave results ( 30% and 15% slowly adapting
teries,that is, they werenot intermixed. The order of the stimulus in thalamus and cortex, respectively) comparable with
protocols wasvaried, however, so that for someunits the shortplateau protocol was used first, whereasfor others it was used those reported previously ( Simons and Carve11 1989). Thus
second.Somecellswerestudiedalsousingramp-and-holdstimuli the studied thalamic and cortical populations seemed to be
representative of those described previously.
that varied in duration from 25 to 1,000ms.

Data analysis
A laboratory computer (LSI 11/73, Digital Equipment) was
usedto control the whisker stimulator and collect data, which
werelater analyzedusingthe 11/73 or a personalcomputer running a data baseand statisticalpackage(SPSSPC+,SPSS). Spike
interevent times were measuredwith a resolution of 100 ps and
storedsequentiallyon disksothat spiketrains for individual stimulus presentationscould be reconstructed.Spike trains were converted into peristimulustime histograms(PSTHs) having 0.1 or
I-ms bins. The meanand variance of spikedischargesfor selected
time periodsafter the stimuluswere derived from the individual
spike trains. Responses
to stimulus onsetsand stimulus offsets
werecomputedfor a 20-msperiod after the beginningof whisker
movementaway from or back to its neutral position. These20-ms
windowswere chosensothat the entire responseof thalamic and
cortical cells was included (see PSTHs in Fig. 1). Background
activity, hereafterreferredto as“spontaneousactivity,” wasmeasuredduring a lOO-msperiod just before stimulusonset.
Responselatencieswerecomputed for eachunit asfollows. For
eachstimuluspresentationwe measuredin lOO-psbins the time
from the beginningof a particular 20-mswindow until the occurrence of the first spike (if any) within that window, and results
were averaged.To minimize inclusion of contaminating background spikesin theseanalyses,windowswere chosento begin 1
msbeforethe earliestdetectablestimulus-evokedactivity in population profiles,suchasthoseshownin Fig. 2 below. We calculated
that the potential error accruing in even the most spontaneously
active population, the FSUs,wasno more than a 0.3-msunder-estimation of om responselatency.
Interspikeinterval (ISI) analyseswereperformedfor thosestimuluspresentationsthat evokedtwo or more spikesduring the relevant poststimuluswindow. Unlike the latency data, IS1 averages
were not computedseparatelyfor eachunit; rather, data from all
units within a given population were combinedto compute averageISISfor that particular neuron class.
RESULTS

Whisker deflections lasting 200 and 1,400 ms were used
to study time-dependent aspects of responses of 49 trigeminal ganglion neurons, 64 thalamic barreloid neurons, and
78 cells in the cytochrome oxidase-rich centers of cortical
barrels, from four, five, and seven rats, respectively. Of the
78 cortical cells, 68 were RSUs and 10 were FSUs. For the
three recording loci, magnitudes of oN responses and of om
responses using the short-plateau stimuli are comparable
with those reported in our previous studies. To verify further that the units studied here are representative of units in
our previous studies, we used the same statistical criterion
to distinguish rapidly and slowly adapting cells (see Simons
and Carve11 1989). Our sample of trigeminal ganglion cells
contained a higher proportion of rapidly adapting cells than
the population reported by Lichtenstein et al. ( 1990) (5 1%
vs. 25%). This reflects our present attempt to record explicitly from equal numbers of rapidly and slowly adapting cells

Figure 1 shows responses from a representative slowly
adapting trigeminal ganglion cell and from a thalamic neuron. The PSTHs illustrate that, for the ganglion cell, OFF
responses are considerably smaller than ON responses,
whereas for the thalamic cell the two are of similar magnitude. Although the two cells differ in terms of spontaneous
activity, stimulus plateau activity, and overall responsiveness, both are directionally consistent, responding best to
caudally directed whisker movements regardless of whether
the whisker’s movement is away from or back to its neutral
position. As described previously (Lichtenstein
et al.
1990), such directional consistency is a distinctive feature
of slowly adapting primary afferent neurons, and we suspect that, even though the thalamic neuron failed to discharge in sustained fashion during the stimulus plateau, it
nevertheless received inputs from afferent neurons having
slowly adapting characteristics. In the cortex, above-background plateau activity and directional consistency are present but even more attenuated. For these reasons we lacked
confidence in our statistical criterion’s ability to identify
central neurons receiving predominantly
rapidly or slowly
adapting input, and we therefore did not divide them into
the two subpopulations for the analyses presented here.
Efects of stimulus
and timing

duration

on OFF response magnitude

Stimulus duration has a marked effect on the sizes and
shapes of OFF response profiles in the thalamus and cortex.
Figure 2 shows population ON and OFF response PSTHs
obtained using the short- and long-plateau stimuli. The histograms are aligned with respect to the start of the whisker
movement. ON responses were virtually identical for the
short- and long-duration
stimuli (see Table 1) and are
shown only for the former. The population ON response of
trigeminal ganglion cells rises and falls quickly and is similar in shape to its OFF response, regardless of stimulus duration. For all of the central neuron populations, increasing
the stimulus duration results in significant changes in the
size and shape of the population OFF responses, such that
they now more closely resemble their ON responses.
Paired t tests were used to compare the magnitudes of oN
and OFF responses evoked by short- and long-plateau stimuli; separate analyses were performed for responses evoked
at each cell’s maximally effective deflection angle and for
responses averaged over all eight angles (see Table 1). As
expected, within each cell population ON responses were
statistically equivalent for short- and long-duration stimuli,
although in thalamic and cortical cells they tended to be
slightly larger when the long-plateau protocol was used.
These slight increases are consistent in magnitude with the
small but statistically significant increases found in these
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FIG. 1.
Responses to different angles of whisker deflection of a slowly adapting trigeminal ganglion unit (A) and a
thalamocortical unit (B). Peristimulus time histograms ( PSTHs) show accumulated responses of each unit to 10 deflections
at each of 8 different angles. O” represents an initially caudal deflection, 90” an initially upward deflection. Arrows: beginning of stimulus onset and offset, which are separated by a 200-ms plateau. Duration of each PSTH is 500 ms; binwidths are
1 ms. The smallest individual tick marks represent single spikes. Polar plots show response magnitudes measured in spikes
per stimulus, where caudal is to the right, as indicated by the inset. Solid lines: responses to stimulus onsets. Dashed lines:
OFF responses evoked by return movement of the whisker from its deflected state. ON and OFF responses are plotted with
respect to the direction of movement of the whisker during stimulus onset and offset, respectively. Note that both units
responded maximally to caudally directed movements regardless of the whisker’s position before the movement.

neurons’ spontaneous activities, which were measured just
before stimulus onset and which were not subtracted from
the latter responses. Increases in ON responses and background activities may be more a reflection of interstimulus
interval than of stimulus duration per se, because 2.6 s separated stimulus offset from the subsequent onset in the longplateau protocol, whereas only 1.8 s intervened for the
short-plateau protocol (see DISCUSSION).
In contrast to the virtual absence of change in ON responses, lengthening the stimulus duration caused substantial increases in OFF responses of TCUs and RSUs but not
ganglion cells. Also, effects in central neurons were generally greater for OFF responses that were initially smaller.
Three lines of evidence support this latter conclusion. First,

as shown in Fig. 3, proportional increases in OFF response
magnitudes of thalamic and cortical neurons were greater
for responses averaged over all eight deflection angles than
for those evoked by the maximally effective direction of
stimulus offset. Second, the largest effects were observed in
RSUs, whose short-plateau OFF responses were the smallest
among the three classes of central neurons both in terms of
their absolute magnitudes and their sizes relative to those of
their ON responses (see Table 1) . The combined, all-angle
response of RSUs increased by almost 50%, whereas increases for TCUs and FSUs were only about half as large.
Third, analyses of individual
neurons demonstrated for
TCUs and RSUs a strong negative correlation between the
magnitude of a cell’s OFF response after the short-duration
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FIG. 2. Population PSTHs of ON and OFF responses. Data are from 10 fast-spike units ( FSUs), 68 regular-spike units
( RSUs), 64 thalamocortical units ( TCUs), and 49 trigeminal ganglion neurons (N.V.) . Each unit was deflected 80 times ( 10
repetitions of 8 directions). Time 0: stimulus onset; stimulus offsets began at 200 ms and at 1,400 ms for the short- and
long-duration plateau. The time scale is greatly magnified compared with the PSTHs of Fig. 1; binwidth is 100 ps. All plots
are scaled identically. Note the changes in size and shape of om responses in the thalamus and cortex with the long-duration
stimuli, such that they now more closely resemble their respective ON responses.

stimulus and its relative increase after the long deflection
(P < 0.0 1). Strong negative correlations were observed for
the absolute changes as well. For FSUs, correlations were
also negative but, perhaps because of the small number of
cells, the coefficients were not statistically significant. Trigeminal ganglion cells demonstrated virtually no relationship between the size of the short-plateau OFF response and
its change with the long stimulus.
The effect of stimulus duration on the overall shape of
the OFF responses can be seen in the population profiles of
Fig. 2. We quantified some of the temporal characteristics
of these responses using latency and IS1 measures (see
METHODS).
Findings are summarized in Table 2 and Fig.
4A. On average, for the three groups of central neurons, the
latency to the first spike in the OFF response was shorter for
the longer-duration
stimulus. ON response latencies were
virtually unaffected. An interesting aspect of the data in
Table 2 is that the ON responses in the central neurons begin

-5-6.5
ms later than those in the trigeminal ganglion,
whereas OFF responses of thalamic and cortical neurons, for
the short-plateau protocol, begin ~7-9.5 ms later than OFF
responses in the ganglion. Taken together with the data of
Table 1, this indicates that weaker responses tend to require
more temporal summation.
In contrast with the similiarities observed for the latency
measures in all three populations of central neurons, ISIS
changed in opposite directions for thalamic versus cortical
neurons. When stimulus duration was lengthened, ISIS decreased for RSUs and FSUs, as might be expected from
their larger responses; paradoxically, ISIS increased for
TCUs. Of particular interest, the ISIS of thalamic neuron
OFF responses after the 200-ms stimulus were actually
shorter than those during their ON responses. In all other
cases, including the thalamic OFF response after the long
stimulus, the opposite was observed, that is, ON response
ISIS were shorter than those for OFF responses. No latency
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Stimulus-evokedresponses
and spontaneousactivities offour neuronalpopulations

1.

Average Responses (All Angles)

Maximal Responses (1 Angle)
Short Plateau

Long Plateau

Short Plateau

3.83 t 2.12
2.56 t 1.41
0.721 k 0.320

3.86 t 2.31
2.79 + 1.50d
0.786 t 0.3 17d

1.10
2.15
1.59
0.725

k 2.27
z!z1.24
zk 1.08
+ 0.276

0.94
2.16
1.66
0.770

+
+
k
+

1.38
1.30
1.10
0.296d

2.03 + 0.85
1.85 k 1.05
0.944 IL 0.501

2.03 t 0.83
2.00 k 0.81
1.034 k 0.338

3.29
1.27
0.98
0.790

k
+
+
+

3.40
0.65
0.74
0.466

4.44
1.31
1.23
0.998

+
+
+
f

4.63d
0.64
0.61e
0.297”

2.42 k 0.74
2.04 + 0.84
0.829 zt 0.150

2.53 + 0.83
2.25 k 0.90
0.857 t 0.109

6.61
1.70
1.28
0.728

z!z5.15
+ 0.52
+ 0.59
k 0.162

9.58
1.74
1.54
0.855

+
t
k
+

5.43
0.55
0.61
0.187d

1.39 k 0.50
0.93 t 0.53
0.653 k 0.277

1.45 t 0.45
1.22 t 0.50”
0.860 + 0.282”

1.18
0.92
0.52
0.545

t
k
k
+

1.70
0.94
0.76
0.801

k
k
+
+

2.08e
0.34
0.37”
0.253”

N.V. (n = 49)
S.A.”
ONb
OFFb

oFF/oNc
TCUs (n = 64)
S.A.
ON
OFF
OFF/ON

FSUs (n = 10)
S.A.
ON
OFF
OFF/ON

RSUs (n = 68)
S.A.
ON
OFF
OFF/ON

Long Plateau

1.48
0.38
0.35
0.231

Values, except n values, are means t SD. N.V., trigeminal ganglion; S.A., spontaneous activity; TCU, thalamocortical unit; FSU, fast-spike unit; RSU,
regular-spike unit. aSpontaneous activities are expressed as mean of spikes/s * SD. bMean of spikes/20-ms window t SD. ‘Because all values are
expressed as the means & SD of individual cell values, the OFlYON ratios may differ slightly from the ratio that can be calculated from the mean OFF and
ON responses. dP< 0.05 compared with short plateau, 2-tailed paired t test. "P < 0.00 1, 2-tailed paired t test.

or IS1 differences were observed for trigeminal ganglion neuron om responses.
We also examined the number of spikes that made up a
positive response, i.e., one that contained 2 1 spike; as with
the ISIS, changing stimulus duration produced opposite effects in thalamic versus trigeminal ganglion and cortical
neurons (Fig. 4B). Specifically, in the thalamus there were
more spikes per response to stimulus offsets after the short
plateau than after the long one; short-plateau OFF responses
were also more robust than those to stimulus onset. Thus,
50

even though the probability of evoking a positive thalamic
response was least for the stimulus offset after the short
plateau, responses, when they occurred, consisted of a
larger number of spikes timed closer together.
Time course

of

OFF response increases in RSUs

For 14 RSUs we systematically varied the plateau duration, obtaining OFF response magnitudes using the deflection angle that gave the largest OFF response with the 1,400ms plateau stimulus. Data are summarized in Fig. 5. Note
that OFF responses are virtually nonexistent with a 25-ms
plateau and their relative magnitudes increase rapidly as
the plateau is lengthened to 50 and 75 ms, with the rate of
increase slowing thereafter. The time-dependent
effect of
stimulus duration is a central phenomenon, because we
found that even with a 25-ms plateau, ganglion cell OFF
responses are essentially unchanged relative to their size
after a 200-ms deflection (data not shown).
TABLE

2.

ON

and OFF responselatencies
Latency,* ms
ON

w

N.V.

TCUs

RSUs

FSUs

3. Effects of stimulus duration on OFF response magnitudes. Ordinate: percentage increase in OFF responses when stimulus duration is increased from 200 to 1,400 ms. Data are based on population responses
such as those shown in Fig. 2. Solid bars: changes observed for deflection
angles that evoked the maximal OFF responses. Open bars: effects combined across all 8 angles of whisker deflection.

N.V. (n = 49)
TCUs (n = 64)
FSUs (n = 10)
RSUs (n = 68)

6.9 + 1.6
11.6 k 2.2
13.0 Ik 2.1
13.4 zk 1.2

Short OFF

Long OFF

11.9
19.0
20.3
21.4

11.8 ~fr1.4
17.4 k 3.0-t
19.5 k 3.6
19.8 + 1.6.f

t
k
+
k

1.1
2.5
1.4
1.6

FIG.

Values are means t SD. For abbreviations, see Table 1. *A latency for
each neuron’s response was calculated using the appropriate 20-ms response window, and values indicate the time from whisker movement to
the 1st response spike within the particular window. tP < 0.00 1 compared
with Short OFF, using 2-tailed paired t test.
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5. Time course of cortical OFF response suppression evoked by
stimulus onset. Each of 14 RSUs was studied with ramp-and-hold whisker
deflections differing in plateau duration. Stimuli were delivered in the
direction that evoked the most vigorous OFF response using the 1,400-ms
plateau. Data were normalized with respect to each neuron’s maximal
response determined using 40 stimulus presentations; in most cases the
maximal OFF response occurred with the 1,OOO-or 1,400-ms duration stimulus. Means + SE are plotted.
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the stimulus angles that yielded maximal and minimal responses during the latter phase of the stimulus plateau, and
we then computed OFF response magnitudes at these angles.
On the basis of correlation data we predicted that OFF responses would be larger when they were evoked by stimulus
angles producing the smaller plateau response. Figure 7
shows population PSTHs obtained when maximal and
minimal responses were selected during the final 50 ms of
the short stimulus plateau. The OFF response at the minimally responding plateau angle (Fig. 7A ) is - 30% larger

response magnitudes and neuronal responsiveness
during the stimulus plateau

OFF

Compared with trigeminal ganglion cells, thalamic neurons display OFF responses after 200-ms deflections that are
larger than expected when normalized with respect to their
ON responses (see OFEON
ratios in Table 1). Thalamic neurons have a voltage-dependent
Ca*+ conductance that
renders them more responsive when slightly hyperpolarized
from rest (see DISCUSSION).
We therefore used correlation
analyses to determine whether an inverse relationship exists
between the size of the OFF response and the neuron’s activity preceding stimulus offset. Figure 6A shows results of
analyses in which we correlated, for each stimulus presentation, the total number of spikes during the 20-ms OFF response period with the number of spikes in each of the other
480 1-ms bins making up the data collection period. OFF
responses correlate positively with both spontaneous activity and ON responses, indicating that more active neurons
tend to be generally more responsive to whisker movements. During the stimulus plateau, correlation coefficients
vary with equal frequency from positive to negative, but
just before the OFF response there is an uninterrupted sequence of 36 negatively correlated bins.
We further examined the relationship between plateau
activity and OFF response size by identifying for each cell
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6. Comparison of om responses with preceding activity in TCUs.
A : activity in each of 480 1-ms bins was correlated with that occurring in
the 20-ms OFF response window, which is indicated by the doubleheaded
arrow. Correlation coefficients are based on 5,120 stimuli (64 TCUs X 8
directions X 10 repetitions). The short-plateau stimulus waveform, which
lasts 500 ms, is shown below. B: population PSTH of the same population
of TCUs as in A; responses are accumulated over 5,120 stimuli. Note in A
the uninterrupted sequence of negatively correlated bins just before the
OFF response.
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FIG. 7. Population PSTHs of 64 TCUs to deflection angles that evoked
minimal (A) and maximal (B) responses during the 50-ms period preceding stimulus offset, indicated by the double-headed arrow. Data in A and B
are from 640 (64 TCUs X 10) stimulus repetitions at the minimally or
maximally effective deflection angles. Note that the larger population OFF
response is associated with the smaller plateau response and that, for the
latter, activity is actually less than prestimulus levels.

than that associated with the maximal plateau response angle (paired t test, P = 0.0 17) We also compared OFF responses associated with maximum and minimum
plateau
angles for the preceding 50 ms, that is, during the period
from 100 to 5 1 ms before stimulus offset, and no differences
in OFF response magnitudes were observed. Further analyses indicated that an inverse relationship also exists between plateau activity and OFF response magnitude for the
1,400-ms stimulus protocol. It is, however, much less robust; thus, for the 50.ms window immediately
preceding
the stimulus offset, differences in OFF responses evoked at
the maximally and minimally effective plateau angles were
not statistically significant (P = 0.172).
Taken together with the finding that OFF responses are
relatively larger in thalamic vs ganglion neurons, these analyses indicate that thalamic neurons are more responsive to
return movement of the whisker when that movement is
preceded by a period of relative inactivity beginning -50
ms before stimulus offset. As seen in Fig. 7, activity during
the late phase of the minimal plateau response is actually
less than prestimulus levels, suggesting that the cells may
have in fact been somewhat hyperpolarized during this
time.
DISCUSSION

Three main results are reported here. One is that lengthening stimulus duration from 200 to 1,400 ms produces
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quantitatively
different effects in the three cell types that
make up the major thalamocortical
circuit in the vibrissa/
barrel system, i.e., the TCUs and barrel RSUs and FSUs.
Second,- a period of response suppression follows stimulus
onset in thalamic and cortical neurons but not in primary
afferent cells. A related finding is that interstimulus interval
and/or stimulus duration affects background activity in
thalamic and cortical neurons for > 1,800 ms. Third, thalamic OFF responses are larger than might be expected relative to the system’s peripheral inputs; and, surprisingly,
these “abnormally”
vigorous responses tend to be preceded
by a period of below-background neural activity.
Whereas the observed alterations in thalamic and cortical
neuron responses certainly reflect mechanisms operating
within the CNS, the level of the neuraxis at which they
directly act is not clear. A major source of uncertainty is a
possible contribution
of brain stem processing mechanisms, that is, effects observed in thalamic neurons could
simply reflect signal transformations that may have already
occurred in the brain stem. Recent findings in fact demonstrate that the rat principal sensory nucleus is unlikely to
function as a simple relay of whisker information (Doherty
et al. 1992). With these caveats in mind, we nevertheless
propose that the present findings in the thalamus can, at
least in part, be accounted for by mechanisms known to
operate postsynaptic to the trigeminothalamic
synapse.
Thalamocortical

OFF response transformation

The present findings demonstrate functional differences
among the three major cells types involved in thalamocortical response transformations in the whisker/ barrel system.
Thalamic barreloid neurons provide monosynaptic inputs
(White 1978) both to spiny stellate-like barrel neurons,
here presumed to be synonymous with RSUs, and to
smooth, nonpyramidal
neurons, which have been shown
previously to discharge fast spikes (Agmon and Connors
1992; McCormick
et al. 1985). Compared with RSUs,
FSUs are more strongly driven by whisker stimuli and tend
more closely to reflect activity in the thalamic projection
neurons (see Simons and Carve11 1989). In the present
study, when the period of whisker deflection was lengthened, increases in OFF response magnitudes were more similar for FSUs and TCUs than for RSUs and TCUs. Also,
percentage increases in OFF response magnitudes produced
by lengthening the stimulus plateau were considerably
larger for RSUs than FSUs. This latter finding is consistent
with previous data showing that RSUs respond more nonlinearly than FSUs to their synaptic inputs; that is, small
changes in input activities can, within the range of natural
stimuli used in this study, produce relatively larger changes
in RSU spike output.
For OFF responses, changes in ISIS as a function of stimulus duration differed qualitatively for thalamic and cortical
neurons. In the thalamus, the briefer stimulus was associated with shorter ISIS (see also below), whereas in the
cortex the same stimulus yielded longer ones. The latter
finding was true for both RSUs and FSUs. This would be
unlikely to occur if any given barrel cell were driven predominantly by input from only a single thalamic neuron,
because its spike discharge pattern would be expected to
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change in the same direction as does its input. Thus the
present observations are consistent with our hypothesis that
individual barrel cells receive convergent inputs from numerous thalamic barreloid cells (Kyriazi and Simons 1993;
Simons and Carve11 1989).
The fact that both populations of cortical cells have
longer ISIS with the short-duration stimulus also points toward their performing significant temporal summation,
because spatial summation of TCU inputs with shorter ISIS
would, by itself, yield shorter, not longer, cortical ISIS. Accordingly, one would expect whisker stimuli that produce
greater synchrony within the thalamic population to evoke
cortical responses with shorter ISIS, and perhaps with larger
magnitudes as well. In the present study this was accomplished for the OFF response by increasing the duration of
the whisker stimulus. This resulted in a greater proportion
of the thalamic spikes occurring early in the response, as is
the case for the ON response. Correspondingly, barrel cell
ISIS decreased, and their population OFF responses became
more similar in size and shape to the ON responses. RSUs,
especially, tended to respond with more spikes per stimulus. Studies of simulated whisker barrels (Kyriazi and Simons 1993) showed that recurrent excitation provided by
spiny barrel cells disperses responses temporally, rendering
OFF responses even more susceptible to the nullifying
effects of inhibition, which, being mediated by smooth cells,
is feed-forward and disynaptic (Agmon and Connors
1992). The same circuitry sharpens excitatory receptive
fields, enhancing responses associated with stimulating the
barrel’s maximally effective whisker and further diminishing those evoked by stimulating neighboring ones.
Central inhibitory

eficts

Our finding that thalamic and cortical, but not peripheral, OFF responses increase substantially on lengthening
the stimulus plateau from 200 to 1,400 ms indicates that
stimulus onset engages some central mechanism(s) lasting
2200 ms. Because there are no synaptic interactions among
peripheral nerve fibers, the minor changes in ganglion cell
OFF responses and background activities associated with
holding whiskers in deflected states for varying times probably reflect viscoelastic properties of mystacial pad tissues.
The effects on OFF responses observed in central neurons
are, however, most readily explained by the waning of synaptically mediated inhibition known to be evoked in both
thalamus and cortex by the preceding stimulus onset (Carvell and Simons 1988; Salt and Eaton 1990). Such inhibition, which may be present in the brain stem as well, probably accounts also for the strong attenuation of plateau activity in central neurons receiving slowly adapting inputs,
such as the one shown in Fig. 1B (see Gottschaldt et al.
1983; Lichtenstein et al. 1990).
Previous studies using paired whisker deflections in a
condition-test paradigm have demonstrated surround inhibition in both thalamic and cortical neurons (Salt 1989;
Simons 1985; Simons and Carve11 1989). Its time course is
similar in both and, in turn, is comparable with that shown
in Fig. 5, where the duration of a single whisker’s deflection
was varied, rather than the previous paradigm’s variation of
the interval between successive deflections of different
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whiskers. Although thalamic barreloids contain few inhibitory neurons, cells there do receive GABAergic contacts
from the thalamic reticular nucleus. It is unlikely, however,
that the marked OFF response suppression observed in cortical RSUs with 25- and 50-ms stimuli solely reflects an
inhibited input signal from the thalamus. Barrels contain
numerous local inhibitory neurons that are known to be
engaged directly by thalamocortical
afferent fibers (Keller
and White 1987). Perhaps correspondingly, surround inhibition evoked by adjacent whisker stimuli is stronger there
than in the thalamus (Simons and Carve11 1989).
Inspection of Fig. 5 suggests that stimulus onset evokes
two types of inhibition: a relatively short, potent one lasting
on the order of tens of milliseconds and a more persistent
but weaker one having a time course measured in hundreds
of milliseconds, consistent with the in vitro findings of Connors et al. ( 1982). The relative strengths and temporal
characteristics of these inhibitory effects suggest that they
may be mediated by y-aminobutyric
acid-a (GABA,) and
GABAb receptors, respectively (Connors et al. 1988). Both
thalamic and cortical neurons are known to be affected by
GABA, and GABA, antagonists (for a review, see McCormick 1992), although their relative contributions to the
present observations in the thalamus and in the cortex remain to be determined.
With the long-plateau protocol, prestimulus
“background” activity increased by m 33% in TCUs and ~45%
in both RSUs and FSUs. Increases in the background activities of cortical neurons could reflect increases occurring
first at the level of the thalamus. One possible mechanism is
the aforementioned long-lasting inhibition of thalamic neurons, whose effects would be diminished as the interstimulus interval was lengthened. Alternatively, increases in thalamic background activities could result secondarily from
an increase in corticothalamic
facilitation (McCormick
and von Krosigk 1992; Yuan et al. 1986).
One possible efict of low-threshold spikes on thalamic
responses

OFF

Thalamic neurons display a transient, low-threshold voltage-dependent Ca 2+ conductance that can, under conditions of initial membrane hyperpolarization,
cause them to
respond to excitatory postsynaptic potential depolarizations with a broad depolarization (“low-threshold spike” or
LTS) on which ride one or more Na+ action potentials,
termed an LTS burst (Jahnsen and Llinas 1984). After LTS
burst discharge the calcium conductance becomes inactivated, and deinactivation requires that the cell again experience hyperpolarization.
The LTS mechanism may thus account for the present finding that the size of the thalamic
OFF response is inversely correlated with activity during the
latter phase of the stimulus plateau. Also, the finding that
OFF responses after the short versus the long stimulus were
more burstlike, having shorter ISIS and more spikes per
response, may reflect a greater likelihood of LTS bursts
when stimulus offset occurs during the period of relatively
strong hyperpolarization
after the ON response; with the
1,400-ms plateau, most of the “priming” effect of stimulus
onset has been dissipated. Finally, the finding that the inverse relationship between plateau activity and OFF re-
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sponse magnit ud .e was evident begin ning -165 ms after
stimulu .s onset is consistent with the time course of LTS
deinactivation after an LTS burst, which may, in the present study, have occurred on at least some trials during the
ON response. Deinactivation
of the LTS has been previously implicated in the increased neuronal excitability that
follows whisker stimulus-evoked inhibition in the rat VB
(Salt 1989).
The thalamic LTS mechanism, by acting to enhance the
responsiveness of neurons experiencing moderate levels of
hyperpolarization,
could conceivably provide a counterbalancing influence to centrally mediated inhibition. Such opposing processes could serve to maintain thalamic neurons
within an optimal range of responsiveness in the face of
continually changing demands of the sensory environment.
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