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Controversy exists regarding the relative roles of thalamic versus intracortical inputs in shaping the response properties of cortical
neurons. In the whisker-barrel system, this controversy centers on the mechanisms determining the receptive fields of layer IV (barrel)
neurons. Whereas principal whisker-evoked responses are determined by thalamic inputs, the mechanisms responsible for adjacent
whisker (AW) responses are in dispute. Here, we took advantage of the fact that lesions of the spinal trigeminal nucleus interpolaris
(SpVi) significantly reduce the receptive field size of neurons in the ventroposterior thalamus. We reasoned that if AW responses are
established by these thalamic inputs, brainstem lesions would significantly reduce the receptive field sizes of barrel neurons. We obtained
extracellular single unit recordings from barrel neurons in response to whisker deflections from control rats and from rats that sustained
SpVi lesions. After SpVi lesions, the receptive field of both excitatory and inhibitory barrel neurons decreased significantly in size,
whereas offset/onset response ratios increased. Response magnitude decreased only for inhibitory neurons. All of these findings are
consistent with the hypothesis that AW responses are determined primarily by direct thalamic inputs and not by intracortical
interactions.
Key words: thalamus; trigeminal; vibrissa (whisker); rat; thalamocortical and corticofugal projections; somatosensory cortex

Introduction
Cortical neurons respond preferentially to activation of the center of their peripheral receptive fields, whereas stimulation of the
penumbra of the receptive field evokes a weaker excitatory response (Mountcastle et al., 1957; Mountcastle and Powell, 1959;
Hubel and Wiesel, 1968). Responses to stimulating receptive field
centers are generated by direct thalamic inputs (Hubel and Wiesel, 1962; Armstrong-James, 1995; Simons, 1995). However,
there is controversy regarding the generation of excitatory responses to stimulating the penumbra, with arguments for both
intracortical (Armstrong-James et al., 1991; Fox, 1994; Fox et al.,
2003) and thalamocortical (Simons and Carvell, 1989; Goldreich
et al., 1999) mechanisms being advanced. A similar controversy
surrounds the source of inputs that determine orientation selectivity in visual cortical neurons (for review, see Ferster and Koch,
1987), with some arguing for a purely thalamocortical mechanism (Hubel and Wiesel, 1962; Dalva et al., 1997), whereas others
argue for a predominant intracortical mechanism (Wolf et al.,
1986; Douglas et al., 1995). Others still have argued for an “eclectic” model in which weak thalamocortical inputs are modified by
an intracortical mechanism (Worgotter and Koch, 1991).
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The rodent primary somatosensory cortex (SI) provides an
ideal system to study receptive field formation. Layer IV of the
rodent SI contains cellular aggregates called barrels, which are
anatomical correlates of the mystacial vibrissas (whiskers)
(Woolsey and Van der Loos, 1970). Cells in each barrel respond
preferentially to one principal whisker (PW) (Simons, 1985) and,
more weakly, to one to four adjacent whiskers (AWs)
(Armstrong-James and Fox, 1987). It is agreed that PW responses
are established by direct thalamocortical inputs to layer IV neurons (Simons and Carvell, 1989; Armstrong-James et al., 1991).
There is less agreement on the source of AW responses. Some
propose that the whisker-trigeminal system is a labeled-line pathway, in which subcortical structures relay to the cortex only PW
inputs and that AW responses are therefore synthesized by intracortical interactions (Armstrong-James and Callahan, 1991;
Armstrong-James et al., 1991; Fox et al., 2003). Others argue that
AW responses in layer IV are independent of intracortical interactions, reflecting direct thalamic inputs that relay both PW and
AW inputs (Simons and Carvell, 1989; Goldreich et al., 1999).
One approach to address this controversy is to manipulate the
receptive field of thalamic neurons while leaving intracortical
mechanisms intact. After lesions of the trigeminal nucleus interpolaris (SpVi), thalamocortical neurons in the ventral posterior
medial (VPM) nucleus respond almost exclusively to their PW
(Friedberg et al., 2004; Timofeeva et al., 2004). As a result, layer
IV neurons in barrel cortex receive, from thalamic afferents, inputs from only PWs. We reasoned that if AW responses were
generated intracortically, they would be mostly resistant to this
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manipulation. In contrast, if AW responses were generated subcortically, barrel neurons responses to AW stimuli would be suppressed by this manipulation. Our results are consistent with the
second alternative, supporting the hypothesis that direct thalamic inputs are responsible for both the PW and AW responses
of barrel neurons. Some of these findings appeared previously in
abstract form (Kwegyir-Afful et al., 2004).

Materials and Methods
Surgical procedures. Twenty-three female Sprague Dawley rats weighing
220 –280 g were used in this study. All procedures strictly adhered to
institutional and federal guidelines. The surgical procedures used here
have been described previously (Simons and Carvell, 1989; KwegyirAfful and Keller, 2004). Briefly, surgical procedures were done under
halothane anesthesia (3%) and infusion of local anesthetics at surgical
sites. A craniotomy was performed over the right primary somatosensory
cortex and the contralateral SpVi. In five of the rats, a craniotomy was
made over the right VPM instead of SI. In all cases, the dura was removed
before recording. Following stereotaxic coordinates specified by Timofeeva et al. (2004), lesions were made in SpVi of six rats, and midline
brainstem lesions were made in three other rats. Lesions were made with
160-m-tip-diameter tungsten electrodes with 500 m of the tip exposed. For each type of lesion, the electrode was advanced to the base of
the brain and retracted for 500 m, and four lesions were made at 500
m intervals. For SpVi nuclear lesions, a 3 mA DC current pulse was
passed for 4 s in all four locations. Midline brainstem lesions were made
by passing 2 mA DC currents for 3 s at the four depths described above.
After the lesions, rats were removed from the stereotaxic and headmounted by means of a post affixed to the skull, as described previously
(Kwegyir-Afful and Keller, 2004).
After completion of surgical procedures, halothane anesthesia was terminated, and the rats were infused intravenously with fentanyl (10
g 䡠 kg ⫺1 䡠 h ⫺1) and pancuronium bromide (1.5 mg 䡠 kg ⫺1 䡠 h ⫺1) for
the duration of the experiment. Blood pressure, heart rate, and electrocorticograms were monitored throughout the experiment to ensure that
the animal was in no pain or distress. Body temperature was maintained
at 37°C with a servo-controlled heating blanket.
Recording and stimulation. Extracellular unit recordings were obtained
with quartz-insulated platinum electrodes (2– 4 M⍀) 2 h after brainstem
lesions were made. Electrodes were advanced perpendicular to the cortical surface using a hydraulic manipulator (Narishige, Tokyo, Japan).
Whiskers on the contralateral face were continually stimulated during
electrode penetrations to detect units with low or no spontaneous activity. Waveforms recorded from well isolated units were digitized through
a Plexon (Dallas, TX) data acquisition system at 40 kHz. Units were
isolated off-line with a Plexon Offline Sorter, and autocorrelograms were
generated with Neuroexplorer (Littleton, MA) software to confirm that
recordings were obtained from single units.
Selected recording sites were marked with electrolytic lesions (5 A for
10 s). After the experiment, animals were anesthetized deeply with sodium pentobarbital (60 mg/kg) and perfused transcardially with buffered
saline followed by 4% buffered paraformaldehyde. Recording and lesion
sites were identified in cytochrome oxidase- or Nissl-stained tangential
sections (Fig. 1).
Whisker stimulation. Receptive fields were initially determined by
manually deflecting individual whiskers. Whiskers evoking detectable
responses were then individually attached, 10 mm from their base, to a
computer-controlled piezoelectric stimulator that can be deflected in
eight different directions. Ramp-and-hold stimuli, 200 ms in duration
and having an onset and offset velocity of 102 mm/s, were applied at 1 Hz.
To reduce mechanical ringing, the trapezoid ramp-and-hold waveforms
were filtered with a Bessel filter. The peak onset and offset velocity were
measured as the slope of the linear portion of the deflection ramp. The
stimulator was calibrated with a photodiode device. Individual whiskers
were deflected in one of eight directions (in 45° increments), delivered
randomly for a total of 15 stimuli per deflection angle.
Data analysis. Time stamps of well isolated units and of stimulus triggers were exported to Matlab (MathWorks, Natick, MA) for analyses

Figure 1. A photomicrograph of a Nissl-stained horizontal section through the brainstem
showing a lesion in SpVi (A) and a cytochrome oxidase-stained section showing a midline lesion
(B). Asterisks mark lesion sites. V, Trigeminal tract.
using custom-written software. Peristimulus time histograms (PSTHs; 1
ms bins) were constructed from these time stamps. PSTHs were constructed from responses to stimulation of a whisker at all eight angles.
Significant stimulus-evoked responses were defined as PSTH bins with a
response magnitude that significantly exceeded (99% confidence interval) spontaneous activity levels, computed from a 200 ms period preceding the stimuli.
Statistical analyses were performed in SPSS (Chicago, IL) and Microsoft (Seattle, WA) Excel. Where appropriate, results are displayed
using a boxplot to depict the median and distribution of the data.
Between-group statistical comparisons were assessed with the nonparametric Mann–Whitney U test. Within-group (individual neuron) comparisons made use of one-tailed Student’s t tests. Categorized data were
analyzed using a  2 test. To describe data distributions fully, both
means ⫾ SD and medians are presented.

Results
Included in the following analysis are 205 well isolated units of
which 118 were from control animals and 87 from animals with
brainstem lesions (Table 1). Of this total, 132 were identified (see
Materials and Methods) to be in layer IV of the barrel cortex (53
in lesioned animals and 79 in control animals) and 28 in layer V.
Layer IV neurons were recorded from microdrive depths of 750 –
1000 m, whereas layer V cells were obtained from depths of
1100 –1400 m. We only report data for layer IV neurons recorded in barrel centers. An additional 19 cells were recorded
from VPM of two animals with brainstem lesions and 22 cells
from VPM of three control rats. This was done to ascertain that
under our recording conditions the reduction in the receptive
field sizes of VPM neurons after SpVi lesions is comparable with
that reported by Timofeeva et al. (2004).
Using criteria described by Bruno and Simons (2002), we classified cells recorded from SI as regular spike units (RSUs; presumed excitatory cells) and fast spike units (FSUs; presumed inhibitory cells) based on the following criteria: RSUs were defined
as units with waveforms that had an initial negativity (N1) lasting
⬎180 s, followed by a positivity (P1) lasting ⬎400 s. FSUs had
an N1 component ⱕ175 s and a P1 component ⱕ350 s.
Some control FSU data were included in our previously published study (Bruno and Simons, 2002). There were no statistically significant differences between these data and the control
FSU data collected specifically for the current study.
We were concerned that as a result of the proximity of the
trigeminal tract to SpVi, lesions of the latter may inadvertently
affect the trigeminal tract. This could result in changes in response properties that can be attributed to nonspecific effects
caused by damage to the trigeminal tract. To address this, in some
animals we made midline brainstem lesions that sever crossedascending axons from SpVi (see Materials and Methods). Such
parasagittal brainstem transections have been shown to reduce
significantly receptive field sizes of neurons in SpVi, principal
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trigeminal nucleus (PrV), and VPM
(Timofeeva et al., 2004). In all cases, we
compared the results from cells recorded
from animals with midline lesions (n ⫽
13) and animals with trigeminal tract lesions (n ⫽ 38). Results were combined
from these two types of lesions when there
was no significant difference between the
parameters tested. Of the cells recorded
from layer IV, 39 RSUs and 14 FSUs were
obtained from rats with brainstem lesions,
and of the 79 cells recorded from control
rats, 35 were RSUs, whereas 44 were FSUs.
We first present receptive field data for
VPM neurons and then describe in detail
results pertaining to layer IV barrel neurons. Data on layer V cells are presented in
a separate paragraph.
VPM neurons
Receptive field size
Included in the analysis for receptive field
size are cells for which both the principal
whisker and all four surround whiskers
were tested. A cell was considered to have
responded to whisker deflections when we
observed a significant response (⬎99%
confidence level) within a 20 ms time window after whisker deflection.
Figure 2 A shows sample PSTHs of a
control VPM neuron to deflections of the
principal whisker (center) and the four
adjacent whiskers. This neuron responded
to the PW and all four AWs. Figure 2 B
shows sample PSTHs of a VPM neuron
obtained from a rat with a brainstem lesion. The neuron responded robustly to
the PW and minimally to one AW (D3).
To compare the changes in receptive field
size, we constructed a distribution histogram (Fig. 2C) from 22 neurons recorded
from the VPM of control rats and 19 neurons recorded from rats with brainstem
lesions. In control animals, 63.6% of VPM
neurons had receptive field sizes between
three and five with 36.4% having receptive
field sizes between one and two. In contrast, only 21.1% of neurons in lesioned
animals responded to three to five whiskers with 78.9% having receptive field
sizes between one and two. This decrease
in receptive field sizes is consistent with
results described by Timofeeva et al.
(2004).
To compare these changes quantitatively, we computed, for each cell, the
mean response magnitude (in spikes per
stimulus) of all four AWs and normalized
it to the mean response magnitude of the
PW to obtain an AW/PW ratio (Minnery
and Simons, 2003). Mean AW/PW ratio
for VPM neurons from control rats was
0.13 ⫾ 0.17 (median, 0.05), which was sig-

Table 1. Effects of brainstem lesions on response properties of barrel neurons
Cell type/condition
RSUs
Control
Lesion
Midline
Nuclear
FSUs
Control
Lesion
Midline
Nuclear
Infragranular RSUs
Control
Lesion

AW/PW

Response magnitude
(spikes per stimulus)

OFF/ON

ON response
duration (ms)

0.21 ⫾ 0.18*
0.11 ⫾ 0.12
0.17 ⫾ 0.15
0.11 ⫾ 0.11

0.74 ⫾ 0.62
0.61 ⫾ 0.55
0.95 ⫾ 0.69
0.50 ⫾ 0.48

0.76 ⫾ 0.32*
1.43 ⫾ 1.83
1.35 ⫾ 0.51
1.49 ⫾ 2.12

34.46 ⫾ 25.50*
21.94 ⫾ 10.96
17.57 ⫾ 4.65
23.12 ⫾ 11.91

0.35 ⫾ 0.22*
0.12 ⫾ 0.11
0.19 ⫾ 0.12
0.07 ⫾ 0.08

2.68 ⫾ 1.60*
1.17 ⫾ 0.69
1.31 ⫾ 0.38
1.08 ⫾ 0.85

0.71 ⫾ 0.29**
0.99 ⫾ 0.41
1.0 ⫾ 0.49
0.98 ⫾ 0.39

20.82 ⫾ 8.85
17.77 ⫾ 8.15
16.80 ⫾ 5.54
18.38 ⫾ 9.75

0.31 ⫾ 0.22
0.31 ⫾ 0.19

0.83 ⫾ 0.63
2.00 ⫾ 1.68

0.55 ⫾ 0.30
0.67 ⫾ 0.28

46.36 ⫾ 30.17
28.00 ⫾ 12.62

Values are reported as mean ⫾ SD.
*p ⬍ 0.01 and **p ⬍ 0.05, statistically significant differences between control and lesion values.

Figure 2. Representative PSTHs showing responses of a control VPM neuron (A) and a VPM neuron from an animal that
sustained a brainstem lesion (B) to deflection of the principal whisker (center) and four adjacent whiskers. The horizontal dotted
line represents the 99% confidence interval. Stimulus onset is at t ⫽ 0, and stimulus offset at t ⫽ 200 ms. The cell depicted in A
had a receptive field size of five, whereas that in B was two. C, A histogram showing the distribution of receptive field (RF) sizes of
VPM neurons in control animals and in animals that sustained a brainstem lesion. The distribution shifts to smaller receptive field
sizes after the lesion. D, Boxplots showing the distribution of AW/PW response magnitude ratios of VPM neurons in control animals
and in animals with brainstem lesions (Lesion). There is a significant ( p ⫽ 0.03; Mann–Whitney U test) reduction in AW/PW ratios
after the lesions. “Whiskers” on boxplots represent data that lay within 1.5 times the interquartile range from the first quartile to
the third quartile.
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Figure 3. Representative PSTHs showing responses of a control RSU (A) and an RSU from an animal that sustained a brainstem
lesion (B) to deflection of the principal whisker (center) and four adjacent whiskers. The cell depicted in A had a receptive field size
of three, whereas that in B was two. C, The distribution of receptive field (RF) sizes of RSUs shifts to smaller numbers after the
lesion. D, Boxplots showing the distribution of AW/PW response magnitude ratios of RSUs in control animals and animals with
brainstem lesions. There is a significant ( p ⫽ 0.008; Mann–Whitney U test) reduction in AW/PW ratios after the lesions. “Whiskers” are as described in the legend to Figure 2.

nificantly reduced to 0.06 ⫾ 0.11 (median, 0.002) (Fig. 2 B) after
brainstem lesions ( p ⫽ 0.03; Mann–Whitney U test).
Response kinetics
Mean PW response magnitudes were similar in control and lesion animals (1.28 ⫾ 0.81 spikes per stimulus, median, 1.06 vs
1.07 ⫾ 0.69 spikes per stimulus, median, 0.89; p ⫽ 0.42) (see Fig.
5A). This finding is in contrast to that of Friedberg et al. (2004),
who reported a significant increase in response magnitude of
VPM neurons in the absence of SpVi. This discrepancy may be
attributable to methodological differences, because Friedberg et
al. (2004) performed their recordings 4 –7 d after brainstem lesions, a time period sufficiently long for plasticity to occur in
VPM (Rhoades et al., 1987).
Brainstem lesions also significantly reduced the spontaneous firing rates of VPM neurons ( p ⫽ 0.001): 5.4 ⫾ 6.6 Hz
(median, 3.3) in control animals and 1.7 ⫾ 2.7 Hz (median,
0.6) in lesioned animals.
Layer IV barrel neurons
Receptive field size: RSUs
Figure 3A depicts sample PSTHs of a layer IV control RSU showing responses to the deflection of the principal whisker and four
adjacent whiskers. This cell responded to the PW and showed
minimal responses to two AWs. Figure 3B shows sample PSTHs

of a layer IV RSU from a lesioned rat. This
cell responded to the PW and one AW. To
assess the effects of brainstem lesions on
receptive field size, we compared results
from 37 RSUs from control animals and
39 RSUs from lesioned rats (Fig. 3C). In
control animals, 37.8% of layer IV RSUs
had receptive field sizes between four and
five with 27.0% having receptive field sizes
between one and two. In contrast, only
17.1% of layer IV RSUs in lesioned animals responded to four or five whiskers
with 58.5% having receptive field sizes between one and two.
These changes were quantitatively
compared by computing AW/PW ratios
(as described above) for each cell. We first
compared results from animals with midline lesions and those with lesions in SpVi.
RSUs from animals with midline lesions
had a mean AW/PW ratio that was indistinguishable ( p ⫽ 0.31; Mann–Whitney U
test) from the ratio of RSUs recorded from
animals with lesions in SpVi (Table 1). We
therefore combined these results and
compared them to AW/PW ratios from
control animals. Figure 3D depicts box
plots of the AW/PW ratios from control
rats and from SpVi-lesioned rats. The
mean AW/PW ratio for RSUs in control
rats was 0.21 ⫾ 0.18 (median, 0.17; n ⫽
37), which was reduced significantly to
0.11 ⫾ 0.12 (median, 0.09; n ⫽ 39) after
the lesion ( p ⫽ 0.008).

Receptive field size: FSUs
Receptive fields of most layer IV FSUs are
typically larger than those of RSUs (Simons and Carvell, 1989; Bruno and Simons, 2002). The PSTHs in Figure 4 A
show responses of a control FSU to deflection of the PW and four
AWs, demonstrating that this cell had a receptive field size of five.
The set of PSTHs in Figure 4 B show responses typical of an FSU
after SpVi lesions: responses to AWs are greatly reduced, with this
cell having a receptive field size of three. The histogram in Figure
4C was computed from data from 28 cells from control rats and
13 cells from rats with lesions. Note the shift in the distribution
from relatively large receptive fields to smaller receptive field sizes
after the lesion. Under control conditions, 60.0% of FSUs had
receptive field sizes between four and five with only 20.0% having
receptive field sizes between one and two. In contrast, after the
lesions only 30.8% had receptive field sizes between four and five
with 46.2% having receptive field sizes between one and two. We
quantified these changes by computing AW/PW ratios, as described above. In control animals, FSUs had a mean ratio of
0.35 ⫾ 0.22 (median, 0.29; n ⫽ 28). The AW/PW ratio was significantly smaller ( p ⫽ 0.001) in FSUs from lesioned rats (0.12 ⫾
0.11; median, 0.07; n ⫽ 13) (Fig. 4D). [We combined data from both
types of lesions because they produced statistically indistinguishable
AW/PW ratios (Table 1).]
Response kinetics
Brainstem lesions offer an opportunity to assess the role of direct
thalamocortical inputs in determining other properties of corti-
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cal responses to whisker stimuli. Figure 5A
depicts boxcar plots showing the distribution of response magnitudes for RSUs and
FSUs recorded from control and lesioned
animals to deflection of the PW. Response
magnitude was computed as the mean
number of significant spikes per stimulus
within a 20 ms window after whisker deflection (averaged across all eight deflection angles). We first determined that response magnitudes were statistically
indistinguishable after midline or nuclear
lesions (Table 1) and therefore combined
the data obtained using the two lesion paradigms. Control RSUs had a response
magnitude of 0.74 ⫾ 0.62 spikes per stimulus (median, 0.53) that was similar to response magnitude of RSUs obtained from
animals that sustained brainstem lesions
(0.61 ⫾ 0.55; median, 0.38; p ⫽ 0.23). In
contrast, FSU response magnitudes were
smaller in lesion animals (2.68 ⫾ 1.60
spikes per stimulus, median, 2.64 vs
1.17 ⫾ 0.68 spikes per stimulus, median,
1.33; p ⫽ 0.009). The effects of brainstem
lesions on response magnitudes, and other
responses kinetics are depicted also in the
population PSTH (Fig. 5C).
We defined the onset of ON responses
as two consecutive, statistically significant
PSTH bins and the end of each ON response as three consecutive bins with no Figure 4. Representative PSTHs showing responses of a control FSU (A) and an FSU from an animal that sustained a brainstem
significant activity. We combined data lesion (B) to deflection of the principal whisker (center) and four adjacent whiskers. Conventions are identical to those in Figure 2.
from animals with midline and nuclear le- The cell depicted in A had a receptive field size of five, whereas that in B was three. C, The distribution of receptive field (RF) sizes
sions, because these were statistically in- of FSUs shifts to smaller numbers after brainstem lesion. D, Boxplots showing the distribution of AW/PW response magnitude
distinguishable (Table 1). RSUs from con- ratios of FSUs in control animals and animals with brainstem lesions. There is a significant ( p ⫽ 0.001; Mann–Whitney U test)
trol animals had response duration (PW- reduction in AW/PW ratios after brainstem lesions. “Whiskers” are as described in the legend to Figure 2.
evoked response) of 34.46 ⫾ 25.50 ms
Angular selectivity
(median, 31 ms), whereas those from lesioned animals had mean
Barrel cortex neurons are selective for the angle of whisker
response duration of 21.94 ⫾ 10.96 ms (median, 19 ms). This
deflection, eliciting larger magnitude responses to preferred
difference was statistically significant ( p ⫽ 0.004). FSU response
angle deflections (Simons, 1985). Figure 6, A and B, shows
duration did not change ( p⫽0.22) after brainstem lesions. FSUs
PSTHs for two cells of different angular tuning, Figure 6 A
in control animals had a mean response duration of 20.82 ⫾ 8.85
depicting a poorly tuned cell and Figure 6 B a well tuned neums (median, 18), whereas that obtained from animals that susron. Angular tuning was computed for PW-evoked response
tained brainstem lesion was 17.77 ⫾ 8.15 (median, 17).
only. The PSTHs were constructed from responses of the cell
to deflections in the angles indicated, with 0° representing
OFF/ON ratios
deflection in the caudal direction and 90° deflection in the
Next we tested for changes in OFF/ON ratios of both RSUs and
dorsal direction. Polar plots were constructed by plotting the
FSUs. These ratios compare the magnitude of the stereotypical
normalized (to the maximally activating angle) ON response
phasic responses to the onset and offset of the stimulus ramp
magnitude in each direction against the direction of deflecevoked in response to PW deflection (Fig. 2 A) (Simons, 1985).
tion. To quantify angular preferences, we determined, for each
The boxcar plots in Figure 5B depict the distribution in OFF/ON
neuron, the number of deflection angles evoking an ON reresponse ratios in both RSUs and FSUs. Ratios for RSUs in consponse magnitude that was statistically different from retrols were 0.76 ⫾ 0.32 (median, 0.73), whereas RSUs from
sponses to the maximally activating angle (compared using a
brainstem-lesioned animals had a ratio of 1.43 ⫾ 1.83 (median,
one-tailed Student’s t test; p ⬍ 0.05). We then categorized cells
0.96); this difference was statistically significant ( p ⫽ 0.003).
into eight groups (0 –7) representing the number of angles
Similarly, OFF/ON ratios for FSUs were significantly ( p ⫽ 0.03)
with responses that are statistically smaller than responses to
affected by the lesions; control FSUs had a ratio of 0.71 ⫾ 0.29
the maximally activating angle. Category 0 represents the
(median, 0.77) that increased to 0.99 ⫾ 0.41 (median, 0.96). By
least-tuned cells (cells that respond equally to all deflection
comparison, OFF/ON ratios in VPM were not affected signifiangles) (Fig. 6 A), and category 7 represents the best-tuned
cantly by brainstem lesions (0.42 ⫾ 0.45, median, 0.29 in control
cells (cells that respond preferentially to one deflection angle).
animals vs 0.72 ⫾ 0.70, median, 0.63 in animals that sustained
brainstem lesion; p ⫽ 0.17) (Fig. 5B).
For example, the cell depicted in Figure 6 B had an angular
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2.7 ⫾ 1.8 spikes/s (median, 2.6) in animals
with brainstem lesions.
Infragranular neurons
We investigated also the effects of brainstem lesions on neurons recorded in layer
V. We compared results from 11 RSUs
from control animals to 15 RSUs from animals with lesions, focusing on the same
parameters examined for layer IV neurons
(see above). The receptive field size, assessed with the AW/PW ratio, did not
change after the lesions. Although there
were small increases in response magnitude and OFF/ON ratios after lesions,
these did not reach statistical significance
(Table 1). Response duration was decreased somewhat after the lesion, but the
large variation in response duration of
cells from control animals resulted in there
being no significant difference between the
two populations. Thus, in contrast to their
layer IV counterparts, we found no significant differences in the response properties
of infragranular neurons after brainstem
lesions.

Discussion

Figure 5. A, Boxplots showing the distribution of response magnitude of RSUs, FSUs, and VPM neurons in control and in
animals with lesions. Brainstem lesions resulted in a significant decrease in the response magnitude of FSUs but not of RSUs or
VPM neurons. B, The OFF/ON ratios of RSUs increased significantly after the lesions. There was a similar increase in OFF/ON ratios
of FSUs after brainstem lesions. In contrast, the increase in OFF/ON ratios of VPM neurons was not statistically significant.
“Whiskers” are as described in the legend to Figure 2. C, Population PSTHs showing the response of RSUs (top row) and FSUs
(bottom row) to PW and AW deflection in control animals and animals that sustained brainstem lesions (Lesion). The number of
neurons (n) used to construct each PSTH is indicated. The horizontal line represents the 99% confidence interval.

tuning category of 5. We then pooled data on angular tuning
categories from 39 RSUs in control animals and 39 RSUs in
lesioned animals to construct the distribution histogram
shown in Figure 6C. Of the control cells, 30.7% were well
tuned (having tuning ratios between 5 and 7), whereas 28.2%
neurons from lesioned animals were well tuned. This difference was not statistically significant ( 2 ⫽ 3.28; df ⫽ 7; p ⱕ 1).
We conclude that brainstem lesions do not significantly affect
the angular tuning of layer IV barrel neurons.
Spontaneous activity
Spontaneous firing rates of RSUs decreased significantly ( p ⫽
0.03) from 3.1 ⫾ 3.5 Hz (median, 2.3) in control animals to 1.9 ⫾
2.4 Hz (median, 0.8) in animals with brainstem lesions. Similarly,
the spontaneous activity of FSUs decreased significantly ( p ⬍
0.001) from 14.3 ⫾ 9.3 Hz (median, 13.7) in control animals to

Our aim was to assess the role of thalamic
inputs in establishing the response properties of barrel cortex neurons. We reasoned
that if AW responses are determined by
thalamic inputs, brainstem lesions that
suppress AW responses of thalamic neurons would also suppress these responses
in barrel neurons. In contrast, if AW responses were created via intracortical interactions, the lesions would not affect receptive field sizes. Our results support the
conclusion that AW responses in layer IV
barrels are established, in large part, by direct thalamic inputs.

Receptive field sizes
Brainstem lesions resulted in significant
reductions in the receptive field size of
both RSUs and FSUs. After the lesions, the
mean AW/PW response magnitude ratio
of RSUs decreased by 47.6%. FSUs, which normally have significantly larger receptive fields than RSUs (Simons and Carvell,
1989), were even more affected by the lesions: their AW/PW
ratios decreased by 65.7%. That lesion-induced reductions in
thalamic receptive fields had a greater effect on FSUs is consistent
with the hypothesis that FSU responses more linearly reflect the
response properties of their presynaptic thalamocortical units
(Simons and Carvell, 1989; Miller et al., 2001; Bruno and Simons,
2002).
Although the reductions in AW responses were significant,
some neurons retained their AW responses after the lesions. The
source of this residual AW response could be the subpopulation
of VPM neurons that are resistant to these lesions (Fig. 2 A)
(Timofeeva et al., 2004). These residual responses may be the
result of incomplete lesions of SpVi (Fig. 1) or of the internuclear
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pathway between SpVi and PrV. It is possible, therefore, that
more extensive lesions would have abolished all AW responses.
Interestingly, the residual adjacent whisker responses were qualitatively similar to AW responses from control animals (Fig. 5C).
An additional source for these residual AW responses may be the
small population of thalamocortical axons that diverge to and
terminate in two adjacent barrels (Land et al., 1995; Keller and
Carlson, 1999; Arnold et al., 2001).
RSU receptive fields are normally constrained by feedforward
inhibition from FSUs (Pinto et al., 2000, 2003), such that pharmacological suppression of this intracortical inhibition can unmask AW responses (Kyriazi et al., 1996). Here, the magnitude of
feedforward inhibition was presumably reduced after brainstem
lesions (Fig. 5A) (see below), as evidenced by lower response
magnitudes of inhibitory neurons. AW/PW ratios did not, however, increase correspondingly. This suggests that AW responses
are not relayed to the barrels in lesioned animals and supports the
hypothesis that AW responses are normally conveyed by
thalamocortical inputs.
Alternatively, AW responses resistant to the lesions may be
generated through interbarrel interactions. However, anatomical
data show sparse intracortical connections between barrels
(Woolsey et al., 1975; Simons and Woolsey, 1979; Hoeflinger et
al., 1995; Feldmeyer et al., 1999; Keller and Carlson, 1999) and
that many of these link neurons in barrel septa (Kim and Ebner,
1999). Sparse intercolumnar connections also target the supragranular branches of apical dendrites belonging to layer IV star
pyramids (Schubert et al., 2003), and these mediate weak synaptic
interactions (Feldmeyer et al., 1999; Petersen and Sakmann,
2000; Schubert et al., 2003). In addition, analyses of voltagesensitive dye signals fail to demonstrate direct interbarrel pathways (Laaris et al., 2000; Laaris and Keller, 2002; Petersen et al.,
2003). Finally, under the light narcosis used here, AW responses
are unaffected by lesions of adjacent barrels (Goldreich et al.,
1999). Thus, the preponderance of converging evidence suggests
that intracortical interactions have a minor role in generating
AW responses in barrel neurons.
In contrast to the findings by Goldreich et al. (1999),
Armstrong-James et al. (1991) reported that AW responses are
suppressed by lesions of adjacent barrels (Fox, 1994). We have
argued previously that these results may reflect the use of the
anesthetic urethane (Simons et al., 1992). Fox et al. (2003) reported that under either urethane or pentobarbital, pharmacological suppression of intracortical circuits reduces AW responses in layer IV barrels. Both thalamocortical and
intercolumnar transmission could be enhanced during periods of
reduced thalamic background activity that accompanies general
anesthesia (Wan et al., 2003), provided that the level of anesthesia
is not so deep as to substantially reduce cortical excitability. Reduced VPM spontaneous activity likely leads to a diminution of
cortical feedforward inhibition (Bruno and Simons, 2002) and
less short-term depression at thalamocortical synapses (CastroAlamancos and Oldford, 2002). Both effects would disproportionately increase weaker responses (Kyriazi et al., 1996) and thus
Figure 6. PSTHs of responses of a poorly tuned (category 0; A) and a well tuned (category 5;
B) neuron to deflection of a single whisker in eight different directions. Polar plots (below the
histograms) were constructed by plotting the normalized response magnitude against the direction of whisker deflection. 0° represents deflection in the caudal direction, and 90° is deflection in the dorsal direction. The horizontal dotted line represents the 99% confidence interval.
Stimulus onset is at t ⫽ 0, and stimulus offset at t ⫽ 200 ms. deg, Degrees. C, A histogram
showing the distribution of angular selectivity of control RSU and RSUs obtained from animals
with brainstem lesions (Lesion).
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increase AW/PW ratios (Kelly et al., 1999; Pinto et al., 2003;
Castro-Alamancos, 2004). Indeed, under urethane, AW responses are substantially reduced during “arousal” (and thalamic
activation) produced by electrical stimulation of the reticular formation (Castro-Alamancos, 2002). Under urethane or pentobarbital, where thalamic AW responses are small, cortical AW responses are unusually large and could well be mediated by
normally weak intercolumnar connections that are otherwise
mostly ineffective during information processing states. Indeed,
the AW/PW ratio is approximately twofold greater under urethane anesthesia than under fentanyl analgesia (Simons et al.,
1992) as a result of the unusually large AW responses. In this
regard, it is noteworthy that Fox et al. (2003) recorded only from
RSUs, which have the smallest receptive fields and were less impacted by brainstem lesions, compared with FSUs. It is therefore
possible that these RSUs included star pyramids that receive intercolumnar inputs from adjacent barrel columns, inputs that
may contribute to their AWs (Schubert et al., 2003).
Response magnitude
We were concerned that brainstem lesions might reduce the PW
response magnitude of layer IV RSUs, thereby compromising
putative intracortical excitatory connections that may contribute
to AW responses. We also considered the possibility that the
lesion-induced reduction in spontaneous activity of VPM and
cortical neurons may reflect a reduced excitability of these cells,
further compromising putative intercolumnar interactions.
However, the lesions did not affect the response magnitude of
either thalamic neurons or RSUs to their PW (Fig. 5A). Furthermore, AW responses of layer V neurons were unaffected by these
same lesions. We conclude that the reduction in AW responses
reflects a reduction in the AW responses of their presynaptic
VPM neurons and not a nonspecific effect of brainstem lesions
on cortical responsiveness.
In contrast, the response magnitude of FSUs to their PW was
significantly reduced after the lesions. These findings suggest that
FSUs may receive inputs from a specific population of thalamic
neurons, the PW responses of which are dependent on inputs
from SpVi. This possibility is supported by the finding that FSUs,
unlike RSUs, receive inputs from the most strongly responsive
VPM neurons (Bruno and Simons, 2002).
RSU responses to stimulus offset are weaker than to stimulus
onset, in part because of feedforward and local inhibition
(Kyriazi et al., 1994). Thus, OFF/ON ratios are an indirect metric
for the efficacy of intrabarrel inhibition. Here, the decrease in
inhibition was evidenced by the decrease in the response magnitude and spontaneous firing of FSUs. Furthermore, OFF/ON ratios of RSUs were significantly increased after brainstem lesions
(Fig. 5B). As discussed above, despite the apparent reduction in
intrabarrel inhibition, AW responses were not unmasked, further
supporting the hypothesis that these responses are determined by
direct thalamic inputs. The increase in the OFF response may also
reflect increased low-threshold bursting in thalamic cells (Kyriazi
et al., 1994), a result of lesion-induced reduction in spontaneous
activity in these neurons.
Angular selectivity
Pharmacological suppression of inhibition in barrels leads to a
reduction in angular tuning of RSUs (Kyriazi et al., 1996). This is
thought to occur through GABAergic effects on tonic or shunting
inhibition (Kyriazi et al., 1996), similar to the role of inhibition in
shaping orientation selectivity of visual cortex neurons (Nelson
et al., 1994). The fact that brainstem lesions had no significant
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effect on angular selectivity, despite the apparent reduction in
intrabarrel inhibition, is consistent with the hypothesis that angular tuning of barrel neurons is strongly dependent on thalamic
inputs that have an angular selectivity that remains unaffected by
brainstem lesions.
Infragranular layers
Brainstem lesions had no effect on responses of layer V neurons.
This suggests that the response properties of infragranular neurons, including their AW response, are mediated by intracortical
interactions (Simons, 1978; Armstrong-James and Fox, 1987).
The dense and widespread intracolumnar and intercolumnar
synaptic pathways are a likely substrate for these interactions
(Keller, 1989; Bernardo et al., 1990; Gottlieb and Keller, 1997;
Feldmeyer and Sakmann, 2000; Lubke et al., 2000; Laaris and
Keller, 2002).
In conclusion, the results of this study support the hypothesis
that AW response in the layer IV barrels is generated primarily by
direct thalamocortical inputs. Brainstem lesions that abolish the
AW response of thalamocortical neurons resulted in significant
suppression of AW response in both inhibitory and excitatory
barrel neurons. This effect was most prominent in inhibitory
neurons, consistent with the hypothesis that the response properties of these cells more faithfully reflect the responses of their
presynaptic thalamocortical afferents (Bruno and Simons, 2002).
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