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Hartings, Jed A., Simona Temereanca, and Daniel J. Simons. mal’s level of vigilance (Steriade et al. 1986) and has been

High responsiveness and direction sensitivity of neurons in the ®jggested to be involved in high-level functions such as atten-

thalamic reticular nucleus to vibrissa deflectiohsNeurophysiol83: ﬂon (Crick 1984; Yingling and Skinner 1976). Indeed, lesio
a b . L

2791-2801, 2000. The thalamic reticular nucleus (Rt) is strategic . S . . .
positioned to integrate descending and ascending signals in the cor}éeoﬁt disrupt orienting responses to sensory stimulation (Frigd-

of sensorimotor and other thalamocortical activity. Its prominent roR€"d and Ross 1993) and abolish attentional effects of cuging
in the generation of sleep spindles notwithstanding, relatively little @0 reaction times (Weese et al. 1999).
known of Rt function in regulating interactions with the sensory Anatomic and physiological findings suggest that Rt m

deflection are larger and longer in duration than those of VPm and%lf'de' (Jones 1975; see _also Jones 1985), and within
all other populations studied in the whisker/barrel pathway. Magrector there are topographic maps of sensory space (Monte
tudes ofon and oFF responses in Rt were negatively correlated witdl. 1977; Shosaku et al. 1984; see Guillery et al. 1998).
immediately preceding activities, suggesting a contribution of lovsehaving animals the visual and somatosensory sectors sh
threshold T-type C&" channels. Rt neurons also respond with higeelective increases infos expression depending on the m
tonic firing rates during sustained vibrissa deflections. By comparis%pa"ty of sensory exploration (Montero 1997, 1999). In an

VPm neurons are less likely to respond tonically and are more lik ; . - . .
to exhibit tonic suppression. Rt and VPm populations are similar %{etlzed preparations, Rt neurons exhibit peripherally driva

each other, however, in that they retain properties of directiontSPONSes which resemble, but differ from, those of their
sensitivity established in primary afferent neurons. In both populferent thalamocortical neurons (visual: Dubin and Clela
tions neurons are selective for deflection angle and exhibit directiod€77; Ulrich et al. 1991; Wrobel and Tarnecki 1984; somafo=:
consistency, responding best to a particular direction of movemeagnsory: Shosaku 1985; Sumitomo and Iwama 1987). Chal @
regardless of the starting position of the vibrissal hair. These findingsyizing the different sensory-evoked responses of Rt ver

suggest a role for Rt in the processing of detailed sensoryinformatiq)@'ay neurons is a critical step in determining how Rt affe¢t

Temporally, Rt may function to limit the duration of stimulus-evoke . . h . .
VPm responses and to focus them on rapid vibrissa perturbatio gnsory processing during different behavioral or attentio %

Moreover, by regulating the baseline activity of VPm neurons, Rt m&}ates. N
indirectly enhance the response selectivity of layer IV barrel neuronsMost in vivo single-unit studies of the somatosensory sect&
to synchronous VPm firing. of Rt have been conducted in the rat vibrissa system. In [z
ventroposterior medial (VPm) nucleus neuronal aggregal€s,
called “barreloids,” correspond in a one-to-one fashion witk*
INTRODUCTION individual vibrissae on the contralateral face. Feedback inh
. . . . ... tion from Rt is the only source of inhibition onto barreloi
The thalamic reticular (Rt) nucleus, comprised of 'nh'b'tor}ﬁeurons, as the rodent VPm is virtually devoid of inhibitofy

projection neurons, is an integrative center for control OVelie e rons (Barbaresi et al. 1986; Harris and Hendrickgon
sensory and other signals en route to the cerebral cortex (Sc% !

bel and Scheibel 1966; for review see Guillery et al. 199 @87)’ and ablation of Rt alters the response properties of

Combining both ascending thalamocortical and descendi urons in a fashlon similar to_direct apphgauon 9f GAB
corticothalamic inputs with intrinsic nonlinearities, Rt neuron eptor antagonists (Lee et al. 1994a,b). Like the|r.affe_r
can modulate and gate the activity of thalamocortical neuro gm VPm, Rt neurons.have spanally_focuse.d receptive fiefds
in a state- and behavior-dependent fashion. During slow-wayiet aré typically dominated by a single vibrissa (Shosaku
sleep, Rt generates “spindle” oscillations which are widefy28>: Sumitomo and Iwama 1987). Accordingly, anato

synchronous throughout thalamocortical circuits and presuftidies have demonstrated that axons of VPm neurons can hav
y g P stricted collateral branching in Rt (Harris 1987) and that,

ably disrupt refined spatiotemporal processing of sensory sl e . ; i
nals (Steriade et al. 1987; for review see Steriade et al. 199Fnversely, individual Rt neurons project mainly to specific

During wakefulness, Rt activity varies according to an an§_ubnuclear or single barreloid domains (Pinault et al. 1995; ke€]

also Pinault and Deschenes 1998). These reciprocal conpect

q_'gms likely exist between neuronal modules corresponding to

The costs of publication of this article were defrayed in part by the payme o ; . . .
of page charges. The article must therefore be hereby marked “advertisem&}® Same vibrissa, as physiological studies employing crdss-

in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.  correlation techniques have provided evidence for functional
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connectivity between VPm and Rt neurons only when thelpration of 200 ms. Deflections were applied in eight rando
have the same vibrissa receptive field center (Shosaku 1988lerleaved directions spanning 360° in 45° increments and wegre
To study the role of Rt in processing low-threshold tactileepeated for 10 trials, for a total of 80 stimuli. Peristimulus tinfe
information, we recorded the responses of Rt neurons to figiograms (PSTHSs) for each of the eight directions were compyted
same controlled vibrissa deflections used to characterize otA& displayed on-line. All units which exhibited even minimal re-
onsiveness to vibrissa deflections were included in our analysgs.

. . - . .S
populations in the ascending lemniscal system. In preV'OU%A time/amplitude window discriminator (BAK Electronics) and

studies we found that approximately 75% of primary affereqjyia| storage oscilloscope were used to isolate single units. Seq
(N. V.) neurons respond tonically to sustained vibrissa deflegs) spike event times were recorded with 1@8-resolution and
tions in a preferred direction and are directionally well-tune@nalyzed with custom-designed programs on a DEC LS| 11/73. Re-
the remainder respond only phasically and are less directiggonses to the onset and offset of vibrissa deflections in each diredtion
selective (Lichtenstein et al. 1990). In VPm a large percentagere computed as the mean number of spikes recorded for all 10 tfials
of neurons also exhibit high direction selectivity. Howeverduring 20-ms epochs after the onset and offset of vibrissa deflections
unlike N. V. neurons, only 37% of VPm cells are tonicallyoN andorr responses, respectively). This time period was chosenjon
responsive, and many exhibit tonic suppression at particufig_Pasis of the duration of evoked responses of VPm neurons [seq
directions (Shosaku 1985; Simons and Carvell 1989). Here, Wa 1S In Fig. 7). For purposes of direct comparison, 20-ms peripds

. A . re also used for Rt data unless noted otherwise. Responses tp th
report that Rt neurons discharge at high firing rates during b imulus plateau, when the vibrissa was maintained inpa defleqted

transient and m_alntalned vibrissa c_jeflectlons, a_nd they do SQhte  were measured during a 100-ms period beginning 75 ms afte
a manner that is dependent on stimulus direction. These fiRglmulus onset (see Fig. 1). Spontaneous activity was measured dyripg
ings are consistent with the view that Rt contributes to the100-ms period preceding the deflection. Maximally effective dirgc2
processing of specific aspects of tactile stimuli. tions foron, oFr, and plateau responses were defined as those wihigh
evoked the most activity during the corresponding time epochs.
Data analyses and statistical tests were performed on an IBM
using Microsoft Excel/Visual Basic and the statistics package fr
Surgical procedures and recordings SPSS, Inc. Mann-Whitnely tests were used to compare distribution
The slowly or rapidly adapting nature of each unit’'s response W
Adult Sprague-Dawley rats weighing 250-300 g were prepared fagsessed by using a procedure employed previously in a study of N
electrophysiological study using methods described previously fgurons (Lichtenstein et al. 1990). Two-tailetests with 95% con-
detail (Simons and Carvell 1989). Halothane anesthesia was ugigénce limits were used to compare spontaneous firing rates |
during surgical procedures. A steel post was fixed to the skull withose evoked during the stimulus plateau. A cell was classified
dental acrylic to hold the animal’s head, and a craniectomy was magdgically responding if the plateau response at the maximally effect
at stereotaxic coordinates overlying the recording location in thgrection was significantly greater than spontaneous firiRg<(
thalamus (VPm: 2.0-4.5 posterior, 1.5—-4.0 lateral to bregma; Rt:

1.5-3.5 posterior, 2.5-4.5 lateral to bregma; Paxinos and Watsgn VPm B Rt
1982; Shosaku et al. 1984). After surgery halothane was discontinued,
the animal was immobilized by pancuronium bromide, artificially
respired through a tracheal cannula, warmed by a servo-controlled
heating blanket, and maintained in a lightly narcotized state by a
steady infusion of fentanyl (Sublimaze, Jansen Pharmaceutical;

wg- kg *-h™h. The animal’'s condition was assessed by contin
ously monitoring electroencephalogram, femoral arterial blood pres-
sure, tracheal airway pressure, and pupillary reflexes.

Extracellular single-unit recordings were made in VPm or Rt Witp
10 M) stainless steel microelectrodes (Frederick Haer, Brunswick,
ME). VPm and Rt were reliably distinguished during recording ses-
sions on the basis of their medial and lateral locations, respectively,
relative to the ventroposterior lateral nucleus, and by different bug
patterns during spontaneous firing (Domich et al. 1986); Rt neurons
display longer bursts characterized by more spikes and an accele-

rando—decelerando pattern. At the end of recording sessions animals
were deeply anesthetized with sodium pentobarbital (Nembutal) and
perfused transcardially. Brains were sectioned in the coronal plane
) adiaka B
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and stained with thionin to confirm the location of electrode tracks
through the appropriate nucleus.

s

Vibrissa stimulation and data analysis f \

Hand-held probes were used to identify the vibrissa evoking the
strongest response from an isolated unit, i.e., the principal whisker. A ) o ] ]
piezoelectric mechanical stimulator was then attached to this whiskef!c- 1. Population peristimulus time histograms (PSTHSs) of ventroposte-
10 mm from the face (Simons 1983). We did not record response% medial (VPm) and thalamic reticular nucleus (Rt) responéeand B:
movements of adjacent whiskers or attempt any systematic studyd THs computed for all neurons included in the analysis and for all 8

. - . . - f lection angles (X10 trials per directio®.andD: PSTHs computed for all
receptive field size. The stimulation protocol, which we have used 4 rons at the direction evoking the most activity during the period of the

previous studies, consisted of a ramp-and-hold deflection of t8gmulus plateauE and F: PSTHs for the directions selected for the leat
vibrissa from its resting position. Deflections were 1 mm in amplitudgtivity during the plateau period. Bin width, 1 ms. Stimulus waveform, lowfr
(~5.7°), with onset and offset velocities of 125 mm/s and a platesft. Dashed lines, period for which plateau activity was calculated.

1 spikes/ms

= 100ms

1%
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O_.025_). Units with signific_antly Ies_s a_cti_vity at the minimally effectivetrated in the population PSTHSs of Fig.A,andB, which show

direction were characterized as “inhibited.” ~ the accumulated responses of all neurons to all deflection

We assessed each unit’s sensitivity to vibrissa movements in dé%mes_ Both VPm and Rt responses to the onset and offsdt o
folg

ferent directions using three measures. Tuning ratios were computed’. . .
as the response magnitude evoked at the maximally effective directiof' 558 deflectiondn and orr responses, respectively) peak

divided by the response averaged over all eight directions (Kyriazi ${thin @ few milliseconds, the rise of the Rt response being
al. 1996); a higher value denotes greater selectivity. In a secon@layed relative to VPm by approximately 1.3 ms. VPm 4c-
analysis each unit was classified into one of eight tuning categoriigty, however, begins to decay within 5 ms, whereas Rt
based on the number of deflection angles (0-7) that evoked responsegrons continue to respond for approximately 20 ms befpre
statistically smaII(_ar than @hOSE of the maximally effective directiOﬂecaying more slowly to a steady firing rate (see also Fig. [7).
(P < 0.05, one-tail; see Simons and Carvell 1989); category 7 repreg quantify these differences in the temporal dispersion of(ihe

sents the most selective responses. Tuning ratios and tuning Categ(?@%?)onse we calculated the time in the 20-ms response pdriod
were calculated separately fox, oFr, and plateau responses, becaus 5 - . .
neurons in the trigeminal ganglion and in central populations ofteng the 50th percentile spike for each cell. The population megns

have different preferred directions for the different response phas d standard dewaﬂons for VPm and Rt were Z.5.6 and
A third measure, used previously to analyze responses of N. ¥4-3* 4.2 ms, respectively, for then response (P< 0.001),
neurons (Lichtenstein et al. 1990), assessed the degree to which a@hfl 10.0= 4.9 and 12.9+ 4.2 ms for theorr response (P<
responded to a particular stimulus direction regardless of the vibr{$-001).
sa’s initial position relative to rest. This property, termed directional The greater responsiveness of the Rt population is eviderjt in
consistency, was quantified by computing a linear correlation coefil measures of unit activity. Table 1 lists the mean responfes|
cient for meanon and orr response magnitudes evoked at eachf VPm and Rt neurons averaged over all deflection angleg &s
direction and to stimulus offset after initial movements in the opposigang|e_ For each response measure, and for spontaneous @i

direction exhibit negatively correlateoh and oFr responses. A unit . c L .
was classified as “directionally consistent” if the correlation coeffﬂy’ .Rt aCt'.V'ty. IS greater than VPm; in ?a"h case the dlffer_encg.
cient was significantly negativé®(< 0.05, one-tail). Is highly significant, even after correcting response magnitu i?

Each of the three measures captures related but different aspect@bifferences in spontaneous activiti€s 0.001). Figure 2
a neuron’s directional properties. It is not clear which, if any of thesgows the distributions of these measures for the two pop{iig-
measures, represents the most salient aspect of directional procesd@is, illustrating that differences in mean values reflect trer
in the vibrissa system. Here, we use these measures as quantitatitlipughout the populations, rather than outlying responses p
descriptive probes for comparing response specificity between VRew cells. As shown in Fig. 3, the differences in respon

!

&

d

and Rt neurons. profiles are readily observable even in the responses of ind-
vidual VPm and Rt neurons. The meamandorrresponses of| &
RESULTS the VPm neuron consist of 1.19 and 1.35 spikes, respectively,

ich are precisely time-locked to the stimulus, yielding ng
We recorded and analyzed the responses of 62 VPm and1 peaks in PSTHs. The Rt neuron, on the other ha

Rt neurons discharging to vibrissa deflections in a total of 335,045 to stimulus onsets and offsets with 4.49 and 3.
animals. These neurons constituted the majority of neurog

SBAROT

o= : . - . ~spikes, respectively, which in both cases are more brog
encountered in wbnssa-respo.nswe regions in our rgcordm tributed over tens of milliseconds.
no attempts were made to activate unresponsive units by other
modalities of stimulation. The response characteristics of VPm
neurons reported here are comparable to populations préMnic versus phasic response characteristics
ously studied under the same physiological and stimulus con-
ditions (Kyriazi et al. 1994; Simons and Carvell 1989). A particularly striking difference between VPm and Rt rg
sponses occurs during the stimulus plateau (i.e., maintai

vibrissa deflection). In Rt mean plateau activity averaged o
all deflection angles (49.7 spikes/s) is more than twice {

The most prominent features of Rt neuronal activity are thieean spontaneous activity (22.4 spikes/s), whereas VPm
large magnitude and long duration of stimulus-evoked révity is nearly equivalent during these periods (plateau: 14
sponses, compared with those of VPm neurons. This is illuspikes/s; spontaneous: 13.2 spikes/s; see Fig dndB). A

NC uo 2'€£°02

A

Response profiles

© 1A H

TABLE 1. Stimulus-evoked responses and spontaneous activities of VPm and Rt populations

Mean Responses (All Angles) Maximal Responses (One Angle)
VPm* Rt* Rtt VPm* Rt* Rtt
oNF 1.27+ 0.68 3.46+ 1.54 5.69+ 2.35 2.14+ 0.95 5.00* 1.85 7.65+ 2.69
OFFf 1.17+0.71 2.68+ 1.26 4.07=1.73 2.06* 0.98 3.90+ 1.56 5.95+ 2.48
OFFHON 1.10+ 0.75 0.83*= 0.37 0.78+ 0.41 1.09+ 0.58 0.84+ 0.46 0.83+ 0.42
Spontaneous 132 7.1 22.4*+16.2
Plateau 14.9- 10.6 49.7+ 29.8 29.2+19.8 74.0+ 38.8

Values are means SD. VPm, ventroposterior medial; Rt, reticular nuclews;onsetorr, offset. * 20 ms windows were used to compateandorFrFresponse
magnitudes for both populations, based on the duration of the VPm response. T Rt responses were also computed for a window (38 ms) approprigte fi
duration. ¥ Mean spike count per window. Because all values are expressed as thetn&argf individual cell values, therron ratios may differ slightly
from the ratio that can be calculated from the me&n andoN responses. Spontaneous and plateau activities are expressed as spikes/s.
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FIG. 2. Frequency distributions of VPm and Rt response magnitudes averaged over all deflection directiononNpaset (
offset (OFF) response magnitudes were computed for 20-ms windows after the onset and offset of vibrissa deflection. Note that these
values are underestimates for Rt responses, which are longer in duration. Spontaneous and plateau activities were both calculated
for 80 X 100-ms periods. Solid and dashed arrows indicate the values corresponding to the VPm and Rt cells, whose responses

are shown in Fig. 3.
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Fic. 3. Responses of single VPm and Rt neurol
to different angles of vibrissa deflection. The upp¢
8 PSTHs show accumulated responses to 10 trialg
each of 8 deflection angles indicated at left. O
represents an initially caudal deflection, 90°, an in
tially dorsal deflection. Lower PSTHs show re
sponses accumulated over all angles. Duration
PSTH is 500 ms and individual ticks represent
spike/ms bin. These cells are representative of th
respective populations in their temporal respon
profiles and were intentionally selected for their lac
of direction selectivity.
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A 100 1 B 100 thalamus is not simply determined by a neuron’s excitatqry
o W inputs, but is also influenced by inhibitory mechanisms.
g % 807 . "
5 3 Direction sensitivity
2 =
3 é 60 1 As demonstrated previously, many VPm neurons, like N. V.
Z = neurons, respond differently depending on the direction |of
k- % 40 A vibrissa movement (Simons and Carvell 1989). Polar plots| of
2 o single neuron responses, such as those shown in Fig. 5, rgved|
E] \3 20 - that Rt neurons also exhibit directionally sensitive firing for the
s © oN, oFF, and plateau response periods. Note, however, as in Fig,
N 01 5, that the maximally effective directions for evoking, orr,

VPm Rt VPm Rt and plateau responses often differ for the same neuron. This is

true for primary afferent neurons as well (Lichtenstein et
1990), especially in the case o and orr responses (seg
below). To compare directional tuning in VPm and Rt, tunin
similar relationship holds for VPm and Rt responses to diretatios were computed separately fay, orr, and plateau re-
tions evoking the greatest plateau activity (FigClandD).  sponses by dividing each neuron’s maximal angle responsg

Fic. 4. Comparison of VPm and Rt plateau activity. SeerHops for
classification criteria.

We quantified differences in Rt and VPm plateau activity biys mean response to all deflection angles. By these measTirgs,

classifying individual neurons as tonically or phasically resn, orr, and plateau responses of the VPm population
sponsive. Units were considered “tonic” if their plateau activitgignificantly better tuned than those of Rt neurdns(0.001).
at the maximally effective plateau direction was significantlyhe on response tuning of the sampled VPm and Rt popu
elevated above spontaneous levels; all others were categorizeds is directly compared in the normalized polar plots of Fi
as “phasic.” Within Rt, 75.3% of the units responded tonicall§. Population data from 83 N. V. neurons are also presented
compared with only 45.1% of VPm unitg{ test,P < 0.001, comparison (Shoykhet and Simons, unpublished data). At e
Fig. 4A). Even among the subpopulations of tonic Rt and VPsequential stage of processing directional tuning becor
neurons, the former displayed greater plateau activity in terdogader.
of both absolute spike counts and relative to spontaneous level§he tuning ratio used here, like those commonly employ
(Table 2). in other systems (e.g., width at half-height of tuning curvg
At the least effective angle for evoking plateau responsesynploys normalization and hence is a relative measure
many neurons fire at lower than spontaneous rates (see [Riguronal activity at different directions. In terms of absolu
1E). We classified units as putatively inhibited if their plateaspike counts, however, we find that the difference between
activity at the minimally effective direction was significantlymaximum angle response and the response averaged 0Ove
less than spontaneous firing. FigurB ghows that a greater eight angles is greater in Rt (1.54 0.85 spikes) than VPm
proportion of VPm neurons are inhibited during vibrissa d€0.87 = 0.50 spikesP < 0.001). The same relationship hold
flections than Rt neurons (59.7 versus 21.2%. test, P < for theorrand plateau responses (Table 1). The smaller tun
0.001). ratios (Fig. 6 polar plot) for Rt neurons thus reflect their grea
Data were examined to determine whether neurons classifiadan responsiveness (denominator of tuning ratio) rather t
as phasic were more likely to be inhibited in at least onmore reliable discrimination between directions. For examp
direction than neurons classified as tonic. In VPm, 71% (24/3ddifference of 2.0 spikes/stimulus between the response alf
of phasic units were inhibited compared with 46% (13/28) qifreferred angle and the average for all eight angles yield
tonic cells % P = 0.054). The same relationship was-obhigher tuning ratio for a neuron whose average response is|
served in Rt (phasic: 48% inhibited; tonic: 13% inhibit®d<  (4.0/2.0= 2.0) than for a neuron whose average response is
0.001). Similarly, in both VPm and Rt, tonic cells fire mor€8.0/6.0= 1.33). We therefore also assessed directional tun
spikes at the least effective plateau direction than phasic cebly; using a measure based on the mean and variance of
conversely, inhibited cells have smaller maximum plateau repike counts. Each unit was classified into one of eight tun
sponses than noninhibited cells (Table 2). Together, thesaegories based on the number of deflection angles (0-7)
analyses indicate that inhibition, if present, influences a neevoked responses statistically smaller than those of the m
ron’s plateau responses in all directions, rather than in nonpmaally effective direction (P< 0.05, one-tail-test; see Simons
ferred directions only. As such, tonic responsiveness in thed Carvell 1989); category 7 represents the most selec|

TABLE 2. Plateau activities in subpopulations of VPm and Rt neurons

VPm Rt
Maximum Minimum Mean Maximum Minimum Mean
Tonic 43.3+19.4 6.5+ 6.9 21.9+ 109 84.8+ 36.9 315+ 215 57.6+ 28.9
Phasic 17.6+ 10.4 3.2+3.2 9.2+ 6.1 41.3+ 235 14.1+ 15.3 257+ 17.4
Noninhibited 33.2+- 20.2 8.7+6.2 19.8+11.9 78.7* 36.4 32.6+ 20.2 55.1+ 27.7
Inhibited 26.5+ 19.2 20+22 11.6+ 8.3 56.7+ 43.6 74+ 129 29.5+29.4

Values are means SD and are expressed in spikes/s. Data are based on responses evoked by the maximally and minimally effective plateau dirg
well as mean responses computed over all directions.
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Fic. 5. Directional response properties 0
Il I ‘ I two Rt neurons. PSTH conventions are th
| Tl same as in Fig. 3Bottom: plots ofon re-

sponse magnitudes at each of the 8 directio

shown in polar coordinates. Rightward is 0
m li and represents an initially caudal deflectiorf;

upward is 90° and represents a dorsal deflej

tion. Distance from the origin (radial axis) is

labeled in spikes/stimulus onset (20-ms wint
”“Il | L AT llllill | _l‘lll . doyv). Tuning categqugs of thesg cells #@e

ON: 7, OFF. 5, plateau: 6; an@: oN: 6, OFF. 2,
Plateau: 1. Correlations between and oFr
responses at each angle @e—0.86 andB:

—0.87.
All

dorsal dorsal

315

5.0 caudal 6.0 caudal

spikes/stimulus ' spikes/stimulus

responses. Figure 6 shows that the distribution of cells acr@ssne relationship is observed in primary afferent neurg
the eight categories is similar for VPm and Rt populatiogfs ( (Lichtenstein et al. 1990; sesscussioN. However, unlike the
P’s > 0.1). For example, 37 and 46% of VPm and Rt neurongtimary afferent population tonic and phasic neurons in VH
respectively, have significantly greaten responses in the are equally likely to display directional consistency [toni
maximally effective direction than in five or more other direc50.0% (8/16); phasic: 43.5% (20/46),= 0.65]. The same is
tions. true for Rt [tonic: 71.2% (42/59); phasic: 84.6% (22/2B)=
A third measure of a unit’s directional properties is dired.18].

tional consistency. Directionally consistent cells discharge We also examined whether inhibited and noninhibited ne
most vigorously to the onset of vibrissa deflection in onens differ with respect to directional tuning ratios. VPm cel

direction and to stimulus offset after initial movements in theith inhibited plateau responses are better tuned for the platead

opposite direction (Fig. 5A). The proportions of directionallyesponse than cells that are not inhibitBd<{ 0.001). Although
consistent cells in VPm and Rt are similar (25.8% versike mean plateau activity is significantly lower for inhibite
30.6%; x°, P = 0.53). Moreover, in both populations direc cells, the preferred angle response is also smaller (Talfe2;
tionally consistent cells have highex andorr tuning indices 0.01). The difference in absolute spike count between mg
than cells that are not directionally consisteAt<€ 0.05); the mum and mean plateau activities is therefore the same
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Fic. 6. Directional tuning of VPm and Rt populatior&op left,polar plot ofon response magnitudes of the N. V., VPm, and
Rt populations at different directions. For each population, each cell’'s maximum response was normalized to 1.0 and, for purposes
of comparison, rotated to a common (ventral, 270°) direction. Responses of all cells within a population were then averaged.
Histograms compare the distributions of VPm and Rt neurons across the 8 directional tuning categories, computed separately for
ON, OFF, and plateau time windows. Category 7 represents the most direction selective responses during the respective period of
the stimulus. 20-ms windows were used & and oFr responses for both populations.

inhibited (14.9= 12.0 spikes/s) and noninhibited (13#9.5 magnitude, which develops and decays more slowly. In cogr

spikes/s) cells (P= 0.60). As explained above, the highetrast, the Rbrrresponse consists of a single peak which beg|ns

tuning ratios of inhibited versus noninhibited cells thus reflee decay earlier than itsn response counterpart. These prof||eas,
their lower overall (mean) discharge rates at all directionsuggest that there are two components of Rt responses, ang

There are no S|gn|flcant differencesan or orr tunlng ratios their differential engagement might account for the smal
between inhibited and noninhibited VPm neurons, and thej:ow ratios of Rt neurons relative to those in VPm. This

response magnitudes are equivalent. In Rt, on the other hapdeed the case. We computerton ratios separately for early,

inhibited cells are better tuned fam, orr, and plateau re- gnq|ate portions (see bars in Fig. 7) of the responses. Ratio

sponses (< 0.05). Again, the hlgher tuning ratios are due tq, early components of the Rt responses are comparabl
a significantly lower mean responsiveness of inhibited ce Sose in VPm (P= 0.81, M-W U test), but are larger than

(P < 0.05), rather than a greater difference in the maximu 8
and mean number of evoked spikes. Inhibited and noninhib|tFg |0i)for the late Rt components (early: 0.925; late: 0.646; N
\c/?:lls dldF?tot differ with respect to tuning categories in either Based on a previous study of VPm neurons (Kyriazi et hl.
m or 1994), we hypothesized that the early component of thenRt
and orr responses is mediated by fast, ion-gated glutampte
on and ofr response transformations receptors, whereas the late component reflects activationy of

voltage-gated T-type G& (I;) channels (Huguenard ang

VPm and Rt neurons differ substantially with respect to therince 1992)1; channels require hyperpolarization to deinaf

relative magnitudes and temporal profiles of thmirandorr tivate (i.e., open inactivation gates) and hence to cond
responses. We computedr.on response ratios for VPm andregenerative depolarizing current on subsequent suprathr

Rt neurons (Table 1) and found that Rt neurons, like corticald depolarization. If the early response is mediated by vqlt-

and N. V. populations (Kyriazi et al. 1994), have significantlpage-independent ion-gated channels and the late compone

smaller ratios (i.e., relatively smallerr responses) than VPm|, the magnitude of the early response should be diregtly
neurons (P= 0.007 for 20-ms Rt windowP < 0.001 for proportional to the level ofimmediately preceding activity, and

38-ms window). that of the late response should be inversely related.
Figure 7 showsn andorr PSTHSs at high-temporal resolu-therefore examined how the magnitudes of the early and

tion. The Rton response has a rapidly rising early peak, similamomponents of Rt responses correlate with the presenceg o

to the VPmon response, followed by a second phase of largdsence of a spike in each 1-ms bin preceding the evo
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FIG. 7. Population PSTHs ofN and oFr

responses to all deflection angles. These gre

the same responses as in Fig.Al,and B,
shown here with 10@s bins. Bars below the
Rt responses indicate the 10-ms window

' | used for computing response magnitudes
] the early and late components.
10 ms
Rt

response. For each millisecond, a correlation coefficient watsal. 1994). The peak firing rates of VPm and Rt populatio
computed based on 10 trials 8 directionsx 85 neurons. are similar; rather, it is the long duration of the Rt respon
Figure 8Bshows that the late component of e response is which accounts for its larger magnitude (Fig. 7). The analys
negatively correlated with activity in each of the 24 consecyresented in Fig. 8, demonstrating a negative correlation
tive bins preceding the beginning of ther response. By tween this later component of Rt responses and activity p
contrast, the early component is positively correlated with th@ding the response, strongly suggest that it is partially mq
same preceding activity (FigGJ. To determine more precisely tg( byl; (see Bal and McCormick 1993; Contreras et
the time course of.these relationships, the total spike count OM@f92, 1993; Sumitomo et al. 1989). This interpretation is bas
the 25 ms preceding therr response was correlated with thgy, the presumption that extracellularly recorded spike acti
presence or absence of a spike in each 1-ms bin of the respaRsR.cts the extent of a unit's membrane polarization. Whe
(Fig. 8D_)._ Consis_tent with_the preceding analyses, correlatiofs) is relatively hyperpolarized (e.g., in the absence of
are positive during the first 10 ms of theer response but giimy|ys), I, channels become deinactivated and can cond
become negative after15 ms. The same analyses were apsrge regenerative currents on subsequent stimulus-eva
plied to theon response, and similar results were obtained (da&%polarization (e.gon response). When relatively depolarize
not shown). Specifically, the early component of there- (e 4 " during the stimulus plateau), a greater proportiofyof
sponse was positively correlated with preceding (spontaneopghnnels are inactivated and less depolarizing current car
activity, whereas the late component was negatively correlatgfsited by a subsequent depolarization of equal amplit

(e.g.,orrresponse). If the stimulus plateau is hyperpolarizin
DISCUSSION as for VPm neurons, therr response is enhanced (Kyriazi €

In this study we employed the same ramp-and-hold vibrisgh 1994). The long, late component of Rt responses may 3
deflections to study the response characteristics of Rt neur@gsmediated in part bil-methylo-aspartate (NMDA) recep-
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as were used previously to characterize neuronal signalingt%S* which have been identified histochemically in Rt neurd
N. V., thalamocortical, and cortical neurons. There are thr&gl 1997). Although NMDA receptors are also found on VP
main results presented here as followsTransient responsesn®Urons, the expression of their currents may be masked b
of Rt neurons are larger in magnitude and longer in durati@gater levels of Rt inhibition onto these neurons than o
than those of thalamocortical and other populations previoud§er Rt neurons. _ .

studied, 2) High firing rates emerge in Rt neurons during Functionally, high stimulus-evoked activity of Rt neuror
sustained vibrissa deflection, in the absence of proportionatR?Y P& necessary for adequate summation of IPSPs to te
high activity in the VPm population, arg) Rt neurons exhibit N&t€ VPm responses and limit them to a small number
directional sensitivities consistent with their receiving specifi€cisely timed spikes. Kim and McCormick (1998) ha
afferent inputs. These results demonstrate a modification/traRBOWn that there is increasing facilitation of IPSPs in thalan

formation of response characteristics in Rt neurons relative §8rtical neurons for at least three consecutive spikes at 190+

those at other stages of the sensory pathway and implicate®RP Hz and that the peak amplitude of compound IPS

functionally in the processing of sensory information. increases linearly with the frequency of presynaptic spik
Thus ~6 Rt spikes over 30 ms (200 Hz) would powerfull

inhibit VPm responses and prevent subsequent spikes thai
not as closely time-locked to stimulus onset. This feedbg
The magnitudes of transient responses in Rt are by far timibition would enhance the temporal specificity of thalam
largest of any vibrissa-responsive population studied thus faortical signaling and, therefore the information carried
under the same conditions (compare meamesponse for all individual spikes. Indeed, Lee et al. (1994a,b) found that eli
angles: Rt= 5.69 spikes, N. V. neurors 2.15, cortical layer inating Rt influences on VPm resulted in an increase in VH
IV regular-spike units= 0.92, layer IV fast-spike units= response magnitude and duration. Even if, under the influe
1.70), including those of the VPm neurons which are th&f Rt, individual VPm neurons fire only single spikes p¢
principal source of Rt afferent drive (mear = 1.27) (Kyriazi  stimulus, synchronous firing within the population can serve

oN and oFr responses
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an efficient, rapidly transmitted signal to which cortical circuitenhancing VPnorr responses. Decreased VPm activity during

are particularly sensitive (Pinto et al. 2000).

We found that the meaorron ratio is smaller for Rt than Rt-mediated inhibition)deinactivatesl; channels, rendering
for VPm and that this transformation can be accounted for ihem available to enhance VPm responses to stimulus offset
part by a diminished late component in the &t response. The converse influences ¢f on Rt and VPmorrF responses
This diminution is likely due to the inactivation of channels depend on the balance of activity in the thalamic circuit during
during periods of elevated activity preceding stimulus offsestimulus plateaus.
Previously, Kyriazi et al. (1994) used the same correlation
analysis presented here to suggest the involvement @i Tonic responses

' [
1 1
1 1
1 t
t ]
H ]
1 1
1 1

0.050 spikes/ms

late
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the stimulus plateau (i.e., greater hyperpolarization due|to

The mean plateau activity averaged over all deflection

on andorrresponses in Rt, is that there is high gain at VPm
synapses. This could be due to the presence of amplifying i
and voltage-gated currents (e.g., NMDA drpiland also to the
high-input resistances of Rt neurons (McCormick and Pri
1986). In addition, C&" influx throughl; channels during the
oN response may activate €adependent cation current
which contribute to tonic activity after burst discharges (B
and McCormick 1993). A second factor may be a high deg
of convergence of VPm synapses onto single Rt neur
Although there are an estimated 250-300 VPm neurons
the same receptive field center (i.e., within a barreloid; Lan
al. 1995), there are only 10-30 corresponding Rt neur
(Shosaku 1986). Becauser6% of VPm neurons collateraliz
within Rt (Harris 1987) and 80% of VPm neurons show ph
iological connections with Rt neurons in cross-correlation st
ies (Shosaku 1986), there is likely to be a many-to-one rela
in connections from VPm to Rt cells. A third mechanis
underlying large tonic Rt responses may be a disproportip
ately large number of inputs to Rt from tonic versus phasi
VPm neurons. Finally, Rt neurons are less likely to inhibit ealc
other than they are to inhibit VPm neurons (Fid3)4 this
allows Rt neurons to be tonically active and thereby inhibit th
plateau activity of VPm neurons.
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Specificity of connections within VPm-Rt circuit

‘&z AINC U0 Z

In a study employing cross-correlation analyses of VPm 4
Rt neuronal activity, Shosaku (1986) found that cells exhibite
functional interactions only if they responded best to the sa
vibrissa. Extending this finding of connectional specificity, w
report that a substantial proportion of Rt neurons exhibit ¢
rectionally selective responses (Figs. 5 and 6). This regult
demonstrates precision in connectivity from VPm to Rt, ings-
much as nonspecific convergence of VPm cells having differ-
ent, or no, directional preferences onto individual Rt neurdns
would render them nondirectional. Like N. V. and VPm ne-
rons, many Rt neurons respond selectively to vibrissa mope-

®Z08-

FIG. 8. Relationship of transient REFresponse with preceding activité:
meanorr response of Rt population averaged over all deflection angles §nd
preceding plateau activity (as in Fig. B: correlation coefficients computed
between spike counts over the late 10-ms window of the response (denotgd by
dashed lines and zero values) and activity in each 1-m3bisame a$, but
using a 10-ms window capturing the earliest component of the respbnse
correlation coefficients computed between spike counts over a 25-ms pgriod
preceding the evoked response and activity in each 1-ms bin. Time-scalg bar
applies to all panels.
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ment in a particular direction regardless of the starting point técts. Thus by controlling the maintained activity of VPm cells
the movement, a property termed directional consistency. This a long time scale (10s or 100s of milliseconds), Rt may fct
property, too, would require specific inputs to Rt neurons froas a gain control that keeps thalamocortical activity in a rarjge
directionally consistent VPm cells having the same directionaptimal for signal processing and transmission in the corti¢al
preference. These results demonstrate that VPm axons syndgaseel. Depending on the state of the animal (see Crick 1984),
onto Rt cells in a manner that is defined by specific paramet#nss indirect influence of Rt inhibition could act in concert with
of sensoryactivation. its enhancement ofransient thalamocortical spiking on a
Our findings contrast with results of Shosaku (1985), whshorter time scale by means of deinactivationpthannels.
relying principally on manual vibrissa stimulation, reporte&fficient signaling of rapid changes in vibrissa position |s
that Rt neurons are not directionally selective. According to hiigkely to be important in enabling the fine vibrissae-basg¢d
model, nondirectional Rt cells mediate both cross- and istexture discriminations of which rodents are capable (Carvell
directional inhibition in VPm (Shosaku et al. 1989). Indeed, thend Simons 1990, 1995).
present findings suggest that nondirectional inhibition from Rt
could enhance tuning of plateau activity in VPm by simply We are grateful to H. T. Kyriazi for a thoughtful review of the manuscript
raising the threshold for responses. On the other hand, Leé"%‘i‘; Mv-vosrzoyv'\‘lggt f:;;soertzfddiEC“‘,’\‘”;:O":;‘;"‘ %”Cizﬂ:‘:rylzgﬁﬁge;ito’;eugf{t
al. (1994a,b) reported_thf’ﬂ d!rectlonal tumng Qf VPm reSPONS@R19421380 and National Institutye of Neurological Disorders and Str(;ke
was unaffected by eliminating Rt-mediated inhibition. Intergrant NS-19950.
pretation of those findings is complicated somewhat by the us@ddress for reprint requests: D. J. Simons, Dept. of Neurobiology, E14
of a response measure that combined discharges to deﬂecﬁ:@medicm Science Tower, University of Pittsburgh School of Medicin|
onsets and offsets, which, as described, often have oppoS8itEPuran. PA 15261.
directional tuning. Although Rt may not play an active role iReceived 11 August 1999; accepted in final form 1 February 2000.
imparting directional tuning to VPm neurons, our finding that
many Rt cells are directionally well-tuned nevertheless raisBEFERENCES
the possibility that Rt-mediated inhibition could affect the, , 1. anp McCormick, D. A. Mechanisms of oscillatory activity in guinea
firing of VPM neurons during sequential whisker movements pig nucleus reticularis thalami in vitro: a mammalian pacemake®hysiol.
in opposite directions, as occur, for example, during transitiongLond.)468: 669-691, 1993. _
between whisker retraction and protraction. These influend&§BARES: P., $REAFICG R., FRASSONL C., AND RusTIONI, A. GABAergic
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