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Dendroarchitecture and Lateral Inhibition in
Thalamic Barreloids
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Thalamic cells that relay vibrissa information to barrel cortex are clustered within whisker-related modules termed barreloids. Each
barreloid receives input from one principal whisker and inhibitory inputs from reticular thalamic neurons with receptive fields that
correspond to that same whisker. Although the proximal dendrites of relay cells are confined to their home barreloid, distal dendrites
often extend into surrounding barreloids representing adjacent whiskers on the mystacial pad. It was proposed that this arrangement
provides a substrate for a mechanism of lateral inhibition that operates remotely on extrabarreloid dendrites. In the present study, we
identified adjacent whiskers that suppressed activity below background levels in barreloid cells, and we used a double-labeling protocol
to relate the efficacy of inhibition to the dendroarchitecture of the cells. Significant suppression of background discharges was produced
by 92% of adjacent whiskers within rows, by 48% of adjacent whiskers within arcs, but was never observed after deflection of nonadjacent
whiskers. The magnitude of lateral inhibition increases linearly as the cumulated length of dendrites increases in the barreloid repre-
senting an adjacent whisker (R 2 � 0.86; p � 0.0001). As distance between cell bodies and the border of an adjacent barreloid increases,
dendritic length in that adjacent barreloid diminishes and so does inhibition. Considering time differences between the arrival of
principal and adjacent whisker inputs in barreloids, our data suggest that inhibition operating distally on dendrites acts as a spatial filter
that primarily suppresses adjacent whisker inputs and so contributes to enhance edge detection.
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Introduction
Studies of the lateral eye of the horseshoe crab Limulus
polyphemus have provided us with the concept of lateral inhibi-
tion as a mechanism of edge enhancement (Hartline, 1942). This
concept was later extended to the vertebrate retina and integrated
into the notion of receptive field with antagonistic center–sur-
round organization (Kuffler, 1953). Since then, lateral inhibition
revealed itself as a ubiquitous mechanism that operates at all
levels in sensory systems (von Bekesy, 1967; Yokoi et al., 1995;
Pollak et al., 2002).

In the vibrissal system of rodents, lateral inhibition is often
referred to as adjacent whisker-evoked or cross-whisker inhibi-
tion. It has been found at each of the relay stations in this system,
but circuits that mediate lateral inhibition in brainstem and cor-
tex remain poorly understood (Simons and Carvell, 1989; Welker
et al., 1993; Brumberg et al., 1996; Ghazanfar and Nicolelis, 1997;
Goldreich et al., 1998; Brecht and Sakmann, 2002; Bruno and
Simons, 2002; Minnery and Simons, 2003; Minnery et al., 2003).
Only in the ventral posterior medial nucleus (VPM) of the thal-
amus do we know which neurons are involved and their connec-
tions. The VPM of rodents contains a single class of neurons, the

relay cells (Barbaresi et al., 1986; Harris, 1986; Ohara and Havton,
1994), which are clustered within whisker-related aggregates
termed barreloids. Each barreloid contains neurons that respond
strongly to the motion of one vibrissa, the principal whisker
(PW), and more weakly to that of one to four adjacent whiskers
(AWs) (Simons and Carvell, 1989; Armstrong-James and Calla-
han, 1991; Chiaia et al., 1991; Diamond et al., 1992; Friedberg et
al., 1999; Minnery et al., 2003). Axons of relay cells do not branch
locally in VPM but give off collaterals in the nucleus reticularis
thalami (nRT) as they move toward barrel cortex (Harris, 1987;
Pinault and Deschênes, 1998). Reticularis cells are GABAergic
and return inhibitory projections to the barreloids.

In a previous study, we reported that a thalamic barreloid
representing a given whisker receives inhibitory inputs from nRT
neurons with receptive fields that correspond to that same whis-
ker (Désı̂lets-Roy et al., 2002). Within a barreloid, nRT axons
synapse onto the cell bodies and dendrites of residing neurons as
well as onto the distal dendrites of neurons with cell bodies that
are located in adjacent barreloids (Varga et al., 2002). It was pro-
posed that this arrangement provides a substrate for a mecha-
nism of lateral inhibition that operates remotely on distal den-
drites, and that the spread of dendritic trees among surrounding
barreloids determines spatial patterns of AW-evoked inhibition.

In the present study, we tested this proposal in a preparation
in which VPM and nRT cells were rendered monowhisker re-
sponsive by lesion of the interpolaris division of the brainstem
trigeminal complex (SpVi) (Lee et al., 1994a; Friedberg et al.,
1999; Timofeeva et al., 2004). The topography of lateral inhibi-
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tion was assessed quantitatively by controlled deflection of AWs,
and a double-labeling protocol was used to ascertain that the
presence and efficacy of inhibition relate to the spread of den-
drites in surrounding barreloids.

Materials and Methods
Animal preparation. Experiments were performed in 33 male rats
(Sprague Dawley, 250 –300 gm) in accordance with federally prescribed
animal care and use guidelines. Rats were initially anesthetized with pen-
tobarbital (50 mg/kg), supplemented as needed by a small amount of
xylazine (1 mg/kg). The left facial nerve was cut, and the rat was placed in
a stereotaxic apparatus. Throughout the experiment, the animal
breathed freely, and body temperature was maintained at 37.5°C with a
thermostatically controlled heating pad. A unilateral electrolytic lesion of
the SpVi was made with a tungsten electrode (tip diameter, �200 �m;
deinsulated over 500 �m). The electrode was lowered through the cere-
bellum (12 mm behind the bregma, 3.2 mm lateral to the midline) (Paxi-
nos and Watson, 1986) until the floor of the brainstem was reached. Then
the electrode was retracted in steps of 500 �m, and DC (3 mA, 4 sec) was
applied at four depths.

Two stainless steel tubes (diameter, 1.5 mm; length, 15 mm; spacing,
10 mm) were fixed across the surface of the skull by means of screws and
acrylic cement. For the recording session, the rat’s head was maintained
in a stereotaxic position by means of a small U-shaped frame bearing
adjustable pins inserted in the tube openings of the cemented device. The
frame was secured to a large steel post so that whiskers on the left mys-
tacial pad were freely accessible for stimulation. Before the start of re-
cordings, the nape of the neck was infiltrated with long-lasting local
anesthetics (Marcaine 1%) to reduce animal discomfort. Local anesthesia
produced a remarkably still preparation in which the electroencephalo-
gram (recorded in two rats) displayed spindles and a dominance of 5–7
Hz activity. Animals remained motionless with occasional twitches of the
right whiskers, indicating that they did not experience any discomfort,
but they briskly reacted to a moderate pinch of the hindlimbs. Together,
these signs are indicative of a light anesthesia stage (stage III-2) (Fried-
berg et al., 1999). An additional dose of anesthetics (ketamine, 20 mg/kg)
was given when small amplitude-whisking movements were noticed.

At the end of the recording sessions, animals were perfused under deep
anesthesia with saline followed by a solution of 4% paraformaldehyde
and 0.5% glutaraldehyde in phosphate buffer (0.1 M, pH 7.4). The brain-
stem was cut at 70 �m, and the extent of the lesion was visualized after
processing sections for cytochrome oxidase histochemistry.

Receptive field of nRT cells. In four rats, the receptive field size of single
nRT units was assessed before and after SpVi lesion. Glass micropipettes
filled with potassium acetate (0.5 M) were used for the recordings. Signals
were amplified, bandpass filtered (150 Hz to 3 kHz), sampled at 20 kHz,
and stored on hard disks for off-line analysis. The receptive field size of
single units was determined by manual whisker deflection under a dis-
secting microscope. Because in lightly anesthetized rats central neurons
respond to several whiskers, it was found impractical to further assess
receptive field sizes by means of controlled deflection of individual whis-
kers. In the context of the present study, the important issue was rather to
ascertain whether nRT cells identified as single-whisker responsive by
manual deflection indeed responded to a single whisker. This test was
performed in a subset of cells by using air jet stimuli to simultaneously
deflect a large number of vibrissae. Air jets were generated by a Pico-
spritzer (General Valve, Brooshire, TX) connected to a narrow-bore pi-
pette (tip diameter, 200 �m). The pipette was positioned at distance
(6 – 8 cm) from the whiskers in front of the animal, and the blast was
directed away from the rat’s face to avoid as much as possible stimulation
of other orofacial sensory afferents. This created a cone-shaped air dis-
placement that deflected approximately six to eight whiskers about the
PW. First, the responsive whisker was cut at 2 cm from the pad, and a
peristimulus time histogram (PSTH; bin width, 2 msec) was built by
compiling 20 responses to air jet stimuli (stimulus duration, 50 msec;
interstimulus interval, 1.5 sec). Then, the effective whisker was inserted
into a 2 mm glass capillary, and a second PSTH was compiled. The
capillary gently pressed against the pad to completely mask the PW. The

delay between the command voltage and the actual motion of the vibris-
sae was measured by placing a piezoelectric film (Measurement Special-
ties, Fairfield, NJ) at the same distance from the tip of the micropipette.
This delay (�13 msec) was subtracted from the recordings to build
PSTHs of sensory-evoked responses.

Cross-whisker inhibition. In SpVi lesioned rats, most VPM cells re-
sponded to a single whisker. In four animals, however, residual AW ON
responses were detected in the recordings, and histological controls re-
vealed that lesions were incomplete. Results from these animals were not
considered for analysis. Once a unit was isolated, the micropipette was
advanced until spike amplitude reached 8 –10 mV. From that juxtacellu-
lar position, positive DCs (1– 4 nA) were applied to induce tonic dis-
charges (15–25 Hz). Spike suppression was assessed during this back-
ground activity by deflecting the rostral, caudal, ventral, and dorsal AWs
in the direction that best suppressed tonic discharges as determined with
a hand-held probe. Whiskers were cut at 10 cm from the skin, and the tip
was inserted into the groove of a beveled straw attached to a ceramic
bimorph bender (Physik Instrumente, Karlsruhe, Germany). Each
vibrissa was deflected in turn from its resting position using ramp-and-
hold waveforms (rise/fall times, 15 msec; total duration, 200 msec; am-
plitude, 1–2 mm). Depending on the steadiness of background dis-
charges, stimuli were delivered over periods of 2–3 min at interstimulus
interval of 1.2 sec. After completion of this stimulation protocol a similar
test was performed with one or two non-adjacent whiskers. In additional
experiments, we also investigated the direction sensitivity of lateral inhi-
bition by deflecting each AW in four directions spanning 360° (e.g., in 90°
increments relative to the horizontal alignment of the whisker rows).

Barreloid and cell labeling. Another series of experiments aimed at
determining whether the magnitude of lateral inhibition was related to
the spread of extrabarreloid dendrites in surrounding barreloids. Rats
were first anesthetized with a mixture of ketamine (75 mg/kg) plus xyla-
zine (5 mg/kg), and a barrel column in the right hemisphere was located
by recording unit responses to manual whisker deflection. Then, a mi-
cropipette (tip diameter, �6 �m) containing Fluoro-Gold (FG; 2% in
0.1 M cacodylate buffer, pH 7.0; Fluorochrome, Denver, CO) was lowered
in layer 4 (depth, 750 �m) of the identified barrel column. The tracer was
ejected with positive current pulses (duration, 2 sec) of 100 nA for 10
min. After completing this protocol, the skin was sutured, rats were given
analgesics (Anafen, 5 mg/kg), and they were returned to the animal
facilities.

Twenty-four to 48 hr after FG injection, animals were reanesthetized
with pentobarbital (50 mg/kg) and prepared for the recording session as
described above. VPM cells were recorded with micropipettes (diameter,
0.5–1 �m) filled with K-acetate (0.5 M) and Neurobiotin (2%; Vector
Laboratories, Burlingame, CA). When a cell was found in a barreloid
surrounding the labeled barreloid, the presence of inhibition was de-
tected by driving the unit with DC, whereas deflecting the vibrissa repre-
sented in the labeled barreloid in four orthogonal directions (see above).
After completion of the stimulation protocol, neurons were juxtacellu-
larly stained by the application of positive current pulses (2–5 nA, 200
msec duration, 50% duty cycle) for 5 min (Pinault, 1996). At the end of
the experiments, rats were perfused under deep anesthesia with saline
followed by a fixative containing 4% paraformaldehyde and 0.5% glutar-
aldehyde in phosphate buffer (0.1 M, pH 7.4). Brains were removed,
postfixed overnight in the same fixative, and cut coronally at 70 �m with
a freezing microtome.

Data analysis– quantification. Data analysis was performed off-line
with the Neuroexplorer (Plexon, Dallas, TX) and Excel (Microsoft, Red-
mond, WA) software. Spike events were compiled into PSTHs of 100 –
125 responses with 2 msec bin width. Units were considered for analysis
only if none of the AWs induced a statistically significant ON response.
This test was performed by comparing firing rates within a 20 msec
poststimulus window to that estimated over a 100 msec period before
stimulus onset (� � 0.025; one-tailed t test). Then we tested for the
presence of statistically significant inhibitory responses by comparing
firing rates within a 40 msec time window after stimulus onset to pre-
stimulus firing rates estimated over a 100 msec period (� � 0.025; one-
tailed t test). To accommodate the latency of feedback inhibition, the
start of this window was offset by 6 msec from the start of the stimulus.
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The magnitude of inhibition was rated as the
percentage difference in the mean number of
counts per bin during the prestimulus and post-
stimulus time windows. Before comparing the
inhibitory impact of each AW, we first ascer-
tained that the magnitude of inhibition did not
relate to the level of prestimulus background
discharges. Correlation analysis in a population
of 107 AWs revealed that, within the range of
imposed background discharges (15–25 Hz),
magnitude of spike suppression was unrelated
to mean prestimulus firing rate (R 2 � 0.07; p �
0.0001).

Barreloids and neurons were reconstructed
from serial sections with the aid of a computer
system (Neurolucida, version 5; MicroBright-
Field, Colchester, VT). Arrays of retrogradely
labeled cells were outlined by convex contours
that were smoothed and connected to generate
a solid picture of the barreloids. Morphometric
analysis and three-dimensional reconstructions
were made with the NeuroExplorer software
equipped with the Solid Rendering module
(MicroBrightField). The length and surface
area of the dendrites were measured after cor-
rection for shrinkage in the z-axis. The shrink-
age factor was determined by computing the
ratio of section thickness used for tissue sec-
tioning to that measured on slides with the
z-axis of the microscope stage.

Histochemistry and immunohistochemistry.
After three washes in PBS (0.01 M, pH 7.4),
brain sections were treated for 30 min with a
solution of 50% ethanol plus 2% hydrogen per-
oxide. They were rinsed several times in PBS
and preincubated for 1 hr in PBS with 3% nor-
mal goat serum and 0.3% Triton X-100. Then
they were incubated overnight in the same me-
dium containing an anti-Fluoro-Gold antiserum
(1:8000; Chemicon, Temecula, CA). The anti-
body was revealed using a peroxidase-labeled
secondary antibody (goat IgG; Chemicon) and
3,3�-diaminobenzidine tetrahydrochloride (DAB)
as a substrate (brown reaction product). Next,
sections were processed for Neurobiotin histochemistry using the ABC
kit (Vector Laboratories) and nickel-DAB (black reaction product). Fi-
nally, sections were mounted on gelatin-coated slides, dehydrated in
alcohols, cleared in toluene, and coverslipped without counterstaining.
Photomicrographs were taken with a Spot RT camera (Diagnostic In-
struments, Sterling Heights, MI) and imported in Photoshop 6.0 (Adobe
Systems, San Jose, CA) for contrast and brightness adjustments.

Results
Validation of the experimental approach
Wiring diagrams in Figure 1 show different ways lateral inhibi-
tion may occur in the barreloids. Considering cell 1 in barreloid
D3, if both VPM and nRT cells respond to multiple whiskers,
deflection of whisker D2 could inhibit cell 1 through several paths
of recurrent connections (Fig. 1A). These include the possibility
that cell 1 only responds to whisker D3, but that other cells within
barreloid D3 respond to whisker D2 (cell labeled D3-d2). If VPM
cells respond to a single whisker and nRT cells to several, then
whisker D2 could inhibit cell 1 via two parallel paths (Fig. 1B).
Finally, if both VPM and nRT cells are monowhisker responsive,
then whisker D2 could inhibit cell 1 only through synaptic con-
tacts made by D2-responsive nRT cells on the extrabarreloid den-
drites of cell 1 (Fig. 1C). Thus, to assess the role of extrabarreloid
dendrites as a substrate of lateral inhibition, experimental condi-

tions must be such that both VPM and nRT cells respond to a
single whisker. Previous studies have shown that in lightly anes-
thetized animals, receptive fields in VPM were reduced to a single
vibrissa after SpVi lesion (Lee et al., 1994a; Friedberg et al., 1999;
Timofeeva et al., 2004), but it remained unknown whether such
lesion also reduced receptive field sizes in nRT. In a first series of
experiments, we investigated that issue.

In our recording conditions, spontaneous activity in nRT was
low (�2 Hz) and consisted of a mixture of single spikes and
bursts, which allowed us to clearly identify vibrissa-evoked re-
sponses both from the computer display and the sound monitor.
In normal rats, nRT cells responded on average to 2.42 � 1.13
whiskers (n � 57), but responsiveness was reduced to 1.03 � 0.15
whisker after SpVi lesion (n � 90) (Fig. 2A,B). The reduction of
receptive field size was also assessed by air jet stimulation in a
subset of cells (n � 24). In SpVi lesioned rats, population PSTH
(Fig. 2C) to combined deflection of PWs and AWs exhibited a
prominent peak at stimulus onset, but responses were completely
obliterated after inserting the effective whisker into a glass capil-
lary. Histological controls confirmed that lesions completely de-
stroyed the ventral portion of the SpVi (e.g., the whisker-
responsive region) (Henderson and Jacquin, 1995) and a large
part of the trigeminal tract (Fig. 2D). Because SpVi lesion ren-

Figure 1. Neuronal circuits that may mediate lateral inhibition in VPM. Wiring diagram A shows different ways cell 1 in
barreloid D3 may be inhibited by whisker D2 when both relay and nRT cells respond to multiple whiskers. B, Relay cells respond to
a single whisker and nRT cells to several. C, Both relay and nRT cells are monowhisker responsive (see Results for full
description).

Figure 2. Reduction of receptive field size in nRT by SpVi lesion. A, B, In lightly anesthetized rats, nRT cells respond on average
to 2.42 � 1.13 whiskers ( A), but receptive field sizes are reduced to 1.03 � 0.15 whisker ( B) after brainstem lesion that involves
the rostral portion of SpVi. Reduction of receptive field size was additionally assessed by deflecting a large number of whiskers
with air jet stimuli. Population PSTHs (24 cells) in C show responses of nRT cells to air jet stimuli applied before (white area) and
after (gray area) inserting the PW into a glass capillary. Cytochrome oxidase-stained horizontal section in D shows the extent of the
lesion (dashed line). Scale bar, 1 mm. 7th, Tract of the facial nucleus.
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dered both VPM and nRT cells monowhis-
ker responsive, this experimental approach
allowed us to investigate the impact of nRT
input on extrabarreloid dendrites after de-
flecting AWs (scenario depicted in Fig.
1C). That being established, the following
predictions could be made: (1) because re-
lay cells never extend dendrites beyond a
neighboring barreloid (Varga et al., 2002),
lateral inhibition should only ensue from
deflection of an adjacent vibrissa; (2) be-
cause relay cells do not send dendrites into
all surrounding barreloids (Varga et al.,
2002), lateral inhibition should be asym-
metrically distributed; and (3) the magni-
tude of inhibition produced in a given cell
by an AW should be related to the extent to
which its dendrites spread in the corre-
sponding adjacent barreloid.

Spatial patterns of lateral inhibition
We examined the suppressive effect of 118
AWs and 30 non-AWs on the tonic dis-
charges of 31 relay cells. In these cells, spike
suppression occurred without excitation

with a magnitude that depended on the location of the AW on the
pad. Figure 3 shows a representative case of cross-whisker inhi-
bition in which four AWs were deflected in the direction that best
inhibited a C3-responsive cell. Whiskers C2 and C4 suppressed
discharges by 93 and 79%, respectively, whisker D3 by 48%, and
whisker B3 did not produce any inhibition (Fig. 3B). Table 1
provides a detailed account of the prevalence and magnitude of
inhibition for a population of 31 barreloid cells. On average,
individual cells were inhibited by 2.68 � 0.79 AWs, with a clear
prevalence for whiskers located within rows. Significant suppres-
sion of background discharges was produced by 92% of AWs
within rows (n � 59) but only by 48% of AWs within arcs (n �
58). Among the effective whiskers, however, no significant differ-
ence was found between the magnitude of inhibition evoked by
AWs within rows or arcs, (65.34 � 23.64 and 56.48 � 23.46%,
respectively; t test; p � 0.11). Spike suppression was never ob-
served after deflection of non-AWs.

In six cells, we also examined whether the magnitude of inhi-
bition depended on the direction of AW displacements (Fig. 4).
Among the 24 AWs tested, 12 produced no inhibition or re-
mained equally effective (�10%) whatever the direction of mo-
tion, whereas the amount of spike suppression produced by the
other whiskers demonstrated clear direction sensitivity.

Lateral inhibition and dendroarchitecture
To obtain direct evidence for the role of extrabarreloid dendrites
in cross-whisker inhibition, single barreloids were outlined by retro-
grade labeling, and individual cells within adjacent barreloids were
stained with Neurobiotin. We examined whether the magnitude of
inhibition produced in those cells by deflecting the vibrissa repre-
sented in the backfilled barreloid related to the spread of their den-
drites within that same barreloid. The magnitude of inhibition was
rated according to the direction of deflection that best suppressed
spike discharges. Figure 5 shows a representative case of double la-
beling that combines the backfilling of barreloid D3 with the juxta-
cellular staining of two cells in barreloids D2 and D4. Note that the
cell in barreloid D4 sent dendrites into barreloid D3 and was inhib-
ited by whisker D3 (Fig. 5C), whereas the D2-responsive cell did not

Figure 3. AW-evoked suppression of tonic discharges induced by juxtacellular current application. Traces in A show transient
suppression of background discharges in a C3-responsive cell by deflecting whisker C2. PSTHs in B show the magnitude of
suppression produced in the same cell by deflecting AWs C4, C2, B3, and D3. Whisker deflection occurred at time 0 and lasted for
200 msec (white bar within PSTH under B3 label).

Table 1. Magnitude of AW-evoked inhibition in barreloid cells (percentage
suppression with respect to prestimulus level)

AW

PW Rostral Caudal Dorsal Ventral

B2 47.41 83.37 b b

B2 14.99 84.78 b 85.34
C1 54.28 a 63.27 b

C1 95.27 a b b

C2 b 78.82 79.96 b

C2 17.27 93.30 87.35 b

C2 30.77 81.50 44.78 b

C2 85.29 b b 76.60
C2 64.18 79.29 b b

C2 73.37 66.36 73.53 28.72
C2 68.86 86.24 b 93.96
C2 b 20.04 17.43 74.88
C3 37.40 69.30 b b

C3 33.10 34.80 b 74.60
C3 79.36 93.19 b 47.73
C3 24.54 15.72 b 62.77
C4 18.00 80.06 b 47.06
D2 77.11 29.78 27.82 b

D2 81.41 79.48 36.75 68.71
D3 52.19 76.78 b 22.98
D3 85.49 73.23 b 29.76
D3 61.76 79.46 b 59.26
D3 82.24 31.15 30.77 b

D3 76.69 72.88 59.23 29.37
D3 67.39 57.10 76.86 b

D4 74.10 87.26 b 61.39
D4 86.06 90.06 30.77 b

E1 81.70 91.80 91.82 a

E1 70.76 b b a

E2 67.67 68.36 b a

E3 b 75.25 b a

Mean 61.02 69.82 55.25 57.54
�SD 23.94 22.90 25.50 22.39

Rows: 65.34 � 23.64c Arcs: 56.48 � 23.46 c

aUntested or untestable.
bNo significant inhibition.
cNo significant difference between rows and arcs (t test; p � 0.11).
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send any dendrite into barreloid D3 and was not inhibited by whis-
ker D3 (Fig. 5D). Among the 17 cells tested and recovered after
staining, five did not demonstrate inhibition, and none of the latter
sent dendrites into the backfilled barreloid. Lateral inhibition was
present in the other cells with a magnitude that strongly correlated
with the extent to which dendrites invaded the backfilled barreloid
(Fig. 6A). As the length of dendrites increases, inhibition increases
steeply to reach 90% spike suppression at a cumulated length of �1
mm. This figure is actually close to the maximum degree of spike
suppression observed after PW deflection (e.g., 92% using the same
poststimulus time windowing; n � 4 cells; data not shown). Thus,
within the range of background discharges used to test inhibition
(15–25 Hz), data points are best fitted by linear regression with R2 �
0.86 ( p � 0.0001). Because distal dendrites exhibit little tapering
(Ohara and Havton, 1994; Varga et al., 2002), using dendritic surface
areas instead of dendritic lengths did not significantly alter the linear
relationship.

An almost perfect correlation was found between the magni-
tude of inhibition and proximity of cell bodies to the labeled
barreloid (R 2 � 0.97; p � 0.0001) (Fig. 6B). As distance de-
creases, the magnitude of inhibition increases linearly up to 90%
spike suppression for cells located next to the margin of the la-
beled barreloid. Accordingly, the cumulated length of labeled
dendrites in the backfilled barreloid also closely related to the
distance between cell bodies and the border of that barreloid. The
graph in Figure 6C shows that data points are best fitted by a
logarithmic function (R 2 � 0.82; p � 0.0001). We then examined
whether a logarithmic increase in dendritic length also character-
izes dendritic arbors that remain confined within the home bar-
reloid of the cell. The intrabarreloid dendritic arborization of
four cells was sliced at 10 �m intervals, and we computed the
cumulated length of dendrites past each cut (Fig. 6D). After nor-
malization, the average increase in length also followed a loga-
rithmic function (R 2 � 0.98; p � 0.0001). Thus, whether den-
drites remain confined within a barreloid or traverse septa, they
exhibit a similar logarithmic increase in dendritic length. This
suggests that the position of a cell within a barreloid is the main
determinant of the amount of dendrites sent into an adjacent
barreloid.

Discussion
Morphometric analysis of VPM neurons in rodents have dis-
closed a single class of relay cells with a stereotyped bushy den-
droarchitecture (Harris, 1986; Chiaia et al., 1991; Ohara and
Havton, 1991; Varga et al., 2002). When examined in relation
with the three-dimensional structure of the barreloids, however,
it was found that VPM cells differed from one another by the
spatial distribution of their dendrites in surrounding barreloids
(Varga et al., 2002). In the present study, we report that this
anatomic feature determines whisker-specific patterns of lateral
inhibition. The efficacy of inhibition increases with the amount
of dendritic spread in a given adjacent barreloid, which in turn
depends on the distance that separates cell bodies from the border
of that barreloid.

Spatial asymmetry of lateral inhibition
In cytochrome oxidase-stained coronal sections of the thalamus,
barreloids appear as darkly reactive, curved, tapering rods that
extend through the thickness of VPM. In sections cut normal to
their long axis, barreloids appear as an array of rectangular blobs
with center-to-center spacing of �100 �m along rows and of
�200 �m along arcs of whisker representation (Land et al., 1995;
Haidarliu and Ahissar, 2001). Given that the dendritic field span
of relay cells does not exceed 250 �m (Chiaia et al., 1991; Ohara
and Havton, 1991; Varga et al., 2002), the geometry of the barre-
loids thus limits the spread of dendrites to a single adjacent bar-
reloid along an arc of whisker representation. These geometric
constraints likely explain why most cells failed to demonstrate
lateral inhibition after deflection of either the dorsal or ventral
AW and also why, in previous studies, maximal inhibitory inter-
actions in VPM were observed primarily with whisker row stim-
uli (Ghazanfar and Nicolelis, 1997; Brecht and Sakmann, 2002).
Only in the ventral part of VPM, where barreloids taper, could
dendrites spread in most of the adjacent barreloids and inhibition
be possibly elicited by both AWs within an arc. This could explain
why �13% of the cells we recorded (Table 1) were suppressed by
two adjacent whiskers along an arc.

Dendroarchitecture and receptive field structure
Our results show that the spatial distribution of extrabarreloid
dendrites closely relates to the distance that separates cell bodies
from the border of surrounding barreloids. The shorter that dis-
tance, the larger the amount of dendrites sent into the nearest
barreloids. Because both cell body location and patterns of lem-
niscal inputs are likely determined by genetic factors, one may
wonder whether the distribution of extrabarreloid dendrites rep-
licates the structure of surround receptive fields. In other words,
do relay cells send dendrites in all barreloids representing whis-
kers that compose their receptive field? Although this possibility
appears congruent with most estimates of receptive field size in
VPM (three to six whiskers) (Simons and Carvell, 1989;
Armstrong-James and Callahan, 1991; Chiaia et al., 1991; Dia-
mond et al., 1992; Friedberg et al., 1999; Minnery et al., 2003), it
faces the difficulty that surround receptive fields may include
whiskers that are not immediately adjacent to the PW, whereas
relay cells never extend dendrites farther than one surrounding
barreloid (Nicolelis and Chapin, 1994; Brecht and Sakmann,
2002). In contrast, one can argue that a match might be found if
more stringent thresholding and time windowing criteria were
used to define receptive field sizes. There is now clear evidence
that multiwhisker receptive field synthesis occurs in the princi-
palis nucleus (PrV) through inter-subnuclear trigeminal projec-

Figure 4. Direction sensitivity of lateral inhibition in barreloids. A–D, Graphs show the mag-
nitude of spike suppression produced in four cells by deflecting each AW in four directions (0°,
rostralward; 90°, dorsalward, and so on). For each cell, PWs and AWs are identified above and on
the right-hand side of the graphs, respectively.
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tions (Timofeeva et al., 2004). The most direct route for AW
inputs to reach VPM involves monosynaptic projections from
the interpolaris or caudalis nuclei to PrV, but additional polysyn-
aptic routes are possible. These include, for example, projections
from caudalis to SpVi and then to PrV (Jacquin et al., 1990) or
more complex synaptic interactions in the spinal complex that
may contribute to enlarge receptive field. Thus, depending on the
poststimulus time window used to analyze PSTHs, receptive
fields may shrink or enlarge to include up to 15 whiskers under
light anesthesia (Nicolelis and Chapin, 1994). For the moment,
the spatial organization of vibrissal receptive fields has received
little attention (but see Brecht and Sakmann, 2002); however, if
one assumes that dendrites are not randomly distributed among
barreloids, their distribution should relate to some aspect of re-
ceptive field organization, or again to response properties to co-
ordinated deflection of a small group of vibrissae.

Impact of AW-evoked remote inhibition
By using an experimental approach that rendered thalamic cells
monowhisker responsive, we examined the extent to which VPM
neurons manifest an exclusively inhibitory component to their
surround receptive fields. We found that lateral inhibition was
solely present in cells that sent dendrites into the barreloid rep-
resenting the stimulated whisker. This result dismisses the possi-
bility that background discharges induced in a VPM neuron and
subthreshold input from an adjacent barreloid summate to de-

polarize nRT cells and inhibit barreloid
cells in a recurrent manner. In that case,
cross-whisker inhibition should be unre-
lated to the distribution of dendrites in
surrounding barreloids, and the five cells
that did not send dendrites into the back-
filled barreloid should have been inhibited
as well.

Patch-clamp recordings have shown
that AW deflection induces large ampli-
tude inhibitory postsynaptic potentials in
VPM cells (Brecht and Sakmann, 2002),
but conditions under which experiments
were performed do not permit identifica-
tion of the respective contribution of re-
current and lateral inhibitory circuits in
cell inhibition. In contrast, modeling stud-
ies in which the entire morphology of the
neuron was taken into account have
shown that the bushy dendroarchitecture
of VPM cells creates several independent
domains of synaptic operations (Neubig
and Destexhe, 2001). For inhibitory syn-
apses at all dendritic locations, significant
electrotonic filtering occurs, but �79% of
the charge transfer reaches the soma where
it disperses into other dendritic trees to re-
turn to the extracellular space. Thus, in-
hibitory synapses, albeit confined to one or
few dendritic trees, could still exert a sig-
nificant depressive effect, especially when
cells are maintained in a state of high so-
matic conductance by current injection.

Although previous studies argue
against a prominent role for lateral inhibi-
tion in the subcortical processing of spatial
information (Simons and Carvell, 1989;

Minnery et al., 2003), our results show that nRT inputs on extra-
barreloid dendrites can significantly depress relay cell excitability.
The extent to which this particular mode of lateral inhibition
contributes to spike suppression in cells that normally respond to
multiple whiskers remains to be assessed. Previous studies have
shown that AW responses in VPM lag PW responses by 3–5 msec,
and that nRT inhibition begins 2–5 msec after the onset of PW
responses (Shosaku, 1985, 1986; Armstrong-James and Callahan,
1991; Diamond et al., 1992; Lee et al., 1994a; Friedberg et al.,
1999; Hartings et al., 2000; Minnery et al., 2003). If one assumes
that prethalamic cells that are best tuned to the velocity and di-
rection of whisker motion fire first, their thalamic targets will also
be the first to reach threshold before significant inhibition occurs.
Thus, inhibition operating distally on dendrites could act as a
spatial filter that primarily suppresses AW inputs and so contrib-
utes to enhance edge detection. A latency-dependent gating
mechanism could explain why lateral inhibition is less effective in
suppressing PW responses in the thalamus (Simons and Carvell,
1989) and also why nRT lesion or the application of GABA recep-
tor antagonists produce an enlargement of receptive field size in
VPM (Lee et al., 1994a,b). This model would also be consistent
with a number of recent studies in which it was reported that
recruitment order coding provides a powerful, quick, and reliable
ensemble code to carry information about sensory stimuli (Pan-
zeri et al., 2001; Petersen et al., 2001; Delorme, 2003; Johansson
and Birznieks, 2004).

Figure 5. Relationship between dendroarchitecture and lateral inhibition in the barreloids. A, In the histological material,
barreloid D3 was backfilled by Fluoro-Gold injection in barrel D3, and two cells located in barreloids D2 and D4, respectively, were
labeled juxtacellularly after assessing the magnitude of spike suppression produced by whisker D3 deflection. Barreloid and cell
reconstructions are shown in B. The D4-responsive cell sent dendrites within barreloid D3 and was inhibited by whisker D3 (PSTH
in C), whereas the D2-responsive cell did not send any dendrite within barreloid D3 and was not inhibited (PSTH in D). Scale bar,
(in A) 100 �m.
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Other thalamocortical systems
Given the highly segregated organization of the vibrissa system,
one may wonder whether present results can be considered as a
model for synaptic operations in other thalamic nuclei in rat or in
other species. As in the VPM of rodents, the terminal fields of
nRT axons in the lateral geniculate nucleus in rats and cats form
bands or columns of terminations (Uhlrich et al., 1991; Pinault et
al., 1995). In cats, Uhlrich et al. (1991) showed that nRT axons
generally distribute to geniculate laminas receiving from left or
right eye in accordance with the dominant ocular input to the
reticular cell, and that the column of relay cells innervated corre-
sponds approximately to the position of the receptive field of that
nRT cell. Given that relay cells in first-order visual and somato-
sensory thalamic nuclei have similar bushy dendroarchitecture
(Sherman and Guillery, 2001), these observations suggest that
geniculate cells located next to an nRT projection column should
be subjected to lateral inhibition on their distal dendrites. How-
ever, considering the overlap of visual receptive fields and the
presence of local circuit cells in the lateral geniculate nucleus,
clear evidence for this proposal should be difficult to obtain.
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