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Layer- and cell-type-specific suprathreshold stimulus
representation in rat primary somatosensory cortex

C. P.J. de Kock, R. M. Bruno, H. Spors and B. Sakmann

Department of Cell Physiology, Max-Planck Institute for Medical Research, Jahnstrasse 29, D-69120 Heidelberg, Germany

Sensory stimuli are encoded differently across cortical layers and it is unknown how response
characteristics relate to the morphological identity of responding cells. We therefore juxtasomally
recorded action potential (AP) patterns from excitatory cells in layer (L) 2/3, L4, L5 and L6 of rat
barrel cortex in response to a standard stimulus (e.g. repeated deflection of single whiskers in the
caudal direction). Subsequent single-cell filling with biocytin allowed for post hoc identification
of recorded cells. We report three major conclusions. First, sensory-evoked responses were layer-
and cell-type-specific but always < 1 AP per stimulus, indicating low AP rates for the entire
cortical column. Second, response latencies from L4, L5B and L6 were comparable and thus a
whisker deflection is initially represented simultaneously in these layers. Finally, L5 thick-tufted
cells dominated the cortical AP output following sensory stimulation, suggesting that these cells

could direct sensory guided behaviours.
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Sensory cortices have a laminar architecture (Mountcastle,
1997), but the specific functions of each layer
in information processing are largely unknown. To
understand mechanistically the stream of electrical signals
that sweeps through sensory cortices following a peri-
pheral stimulus, both the subthreshold postsynaptic
potential (PSP) and suprathreshold action potential (AP)
response must be known. This is true for each layer but
also for individual cells, since neuronal populations in a
layer are not homogeneous. It is also essential to know the
layer- and cell-type-specific AP response if one wants to
understand the animal’s behavioural response, since cells
in the different layers project to specific target areas. The
primary somatosensory barrel cortex of rodents provides
a convenient system to elucidate sensory processing by
neocortical areas because the individual facial whiskers
are anatomically and functionally represented by discrete
columns (Woolsey & Van der Loos, 1970; Simons, 1978).
Rodents when challenged with a behavioural task make
responses on the basis of only a few whisker deflections
(Carvell & Simons, 1995). We thus wanted to estimate
the average AP response to a whisker deflection of the
cells within a column and the relative contribution of
the anatomically defined cell types at different times after
stimulus onset. One view of cortical signalling is that
the stream of sensory excitation begins with excitatory
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postsynaptic potentials in layer (L) 4, the principal
recipient layer for thalamocortical afferents followed by
AP activity in L4, which then spreads radially through the
column to recruit L2/3, L5 and L6 (Carvell & Simons,
1988; Agmon & Connors, 1992; Armstrong-James et al.
1992; Moore & Nelson, 1998; Ahissar et al. 2000; Douglas
& Martin, 2004). Layer 2/3 and L5 are considered the
output layers and in turn excite other cortical areas, such
as motor cortex, the brainstem nuclei that contribute to
motor co-ordination and the subcortical nuclei involved
in attention such as the striatum (Alloway et al. 1999;
Jenkinson & Glickstein, 2000; Leergaard et al. 2000;
Hoover et al. 2003; Hoffer et al. 2005). In addition,
L5B and L6 project back to thalamus and could regulate
thalamocortical interactions (Zhang & Deschenes, 1997;
Killackey & Sherman, 2003).

Anatomical data suggest that layers other than 14 also
receive direct thalamocortical input (Chmielowska et al.
1989; Lu & Lin, 1993). This is especially true for L5A (input
from medial division of posterior nucleus; Koralek et al.
1988) and for L5B and L6 (input from ventroposterior
medial nucleus of the thalamus; Chmielowska et al.
1989; Agmon et al. 1993). Thus, rather than a sequential
activation of different layers, anatomical and physio-
logical evidence suggests that parallel sensory processing
in multiple layers could be possible (see also Mountcastle,
1957; Johnson & Alloway, 1995; Ahissar et al. 2001).

We previously determined the layer-specific sub-
threshold representation (PSP) of the same standardized
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stimulus (i.e. deflection of single whiskers) by in
vivo whole-cell recordings of identified cells (Brecht &
Sakmann, 2002b; Brecht et al. 2003; Manns et al. 2004).
Here we characterize in a larger sample of identified cells
the suprathreshold AP representation of single whisker
deflections in different layers using juxtasomal recordings.
We report that the AP output of a column is dominated by
L5B thick-tufted pyramids.

Methods
Animal preparation

Urethane (1.6-1.7 gkg™')-anaesthetized Wistar rats
(55animals of both sexes, postnatal day25-30,
83.8+ 11.1g) were used. Depth of anaesthesia was
checked by both foot and eyelid reflex and vibrissae
movements. The animal’s temperature was monitored
with a rectal probe and maintained at 37°C by a
thermostatically controlled heating pad. All experimental
procedures were carried out according to the animal
welfare guidelines of the Max-Planck Society. Experiments
were performed on the primary somatosensory cortex
(2.5 mm posterior and 5.5mm lateral to Bregma) and
ventroposterior medial nucleus of the thalamus (3.5 mm
posterior and 3 mm lateral to Bregma), both in the left
hemisphere. Whiskers contralateral to the recording
site were trimmed to ~5mm. Single whiskers were
subsequently deflected in random order at 3.3 deg in the
caudal direction (ramp and hold, 8 ms rise time, onset—
offset interval 200 ms, by a glass capillary attached to
a piezoelectric bimorph (interstimulus time interval
2000 ms). We ruled out any substantial ringing of the
bimorph by checking stimulator movement with a light
circuit. Only onset responses were analysed.

Juxtasomal recordings

The column of interest was localized using intrinsic optical
imaging (see Supplementary Fig.1). We preferentially
recorded from the D2 column (63 out of 77 recordings). A
craniotomy of 0.5 mm x 0.5 mm was made covering the
area of interest with the dura intact. In vivo juxtasomal
recordings were made with 6-8 M2 patch pipettes pulled
from borosilicate filamented glass on a DMZ universal
puller (Zeitz Instruments, Munich, Germany). Pipettes
were filled with (mm): 135NaCl, 5.4 KCl, 1.8 CaCl,,
1 MgCl, and 5 Hepes, pH adjusted to 7.2 with NaOH, and
20 mg ml™" biocytin was added. Bath solution contained
0.9% NaCl.

Single units were searched for using two methods.
Initially we advanced the tip of the recording electrode
in 2um steps every 2.5s (0.4 Hz) while monitoring
the occurrence of spontaneous APs (29 cells). In some
experiments, the principal whisker was simultaneously
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deflected to increase AP activity. Action potentials would
be recorded initially as negative-orientated waveforms but
upon additional advance of electrode (generally 3-5 steps
at 0.1 Hz) units were recorded as positive-orientated wave-
forms of 1-3mV. In later experiments, the electrode
resistance of the recording electrode was monitored
while advancing in 2 um steps (conventional method for
whole-cell recordings). Using this method, unit isolation
was independent of spiking frequency of cortical cells
to ensure completely unbiased sampling (48 cells). Upon
increase of electrode resistance, APs would generally
already appear as negative-orientated waveforms. The
electrode was then advanced stepwise at 0.1 Hz until
positive AP waveforms were recorded with amplitudes
of 1-3 mV (also additional 35 steps). Spiking properties
(spontaneous and evoked APs) of cells isolated with
either method were highly comparable (spontaneous
activity, Mann—Whitney U test P = 0.68; evoked activity,
Mann-Whitney U test P = 0.61), so data were pooled.

Recordings were made using an Axoclamp 2B amplifier
(Axon instruments, Union City, CA, USA) in combination
with a Lynx8 amplifier, band filter settings 300 and
9000 Hz. Data were acquired using the Ntrode Virtual
Instrument (R. Bruno, Heidelberg, Germany) for Labview
(National Instruments, Austin, TX, USA). Typically,
signal-to-noise ratios were of the order of 10:1 and
recordings consisted of only a single positive-going unit.
Spike data were sorted off-line using Mclust (A. David
Redish, University of Minnesota, Minneapolis, MN, USA),
primarily to check the quality of single-unit isolation. After
physiological properties were measured, cells were filled
with biocytin using current pulses (Pinault, 1996).

Histological procedures and reconstruction

Animals were transcardially perfused with 0.1 m phosphate
buffered saline (pH7.2), then 4% paraformaldehyde
(PFA), and their brains were removed. Post fixation with
4% PFA was usually for 24 h. Tangential sections of 100 ©m
were made with a vibrotome. Cytochrome oxidase staining
(Wong-Riley, 1979) was performed on slice 7-12 from
PIA to visualize the barrel pattern characteristic of L4.
The recorded cells were revealed with the chromogen
3,3'-diaminobenzidine tetrahydrochloride (DAB) using
the avidin-biotin—peroxidase method (Horikawa &
Armstrong, 1988). Slices were mounted on slides and
embedded in mowiol (Clariant GmbH, Frankfurt am
Main, Germany). Cells were reconstructed using Neuro-
lucida software (Microbrightfield, Williston, VT, USA),
using a x 100 oil objective.

Thalamic recordings

Cells located in ventroposterior medial nucleus of
the thalamus (VPM) were identified physiologically by
characteristic single (principal) whisker responses (tested
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for eight directions; only caudal direction is shown here)
and by their location relative to neighbouring thalamic
nuclei, which have different response properties. Several
thalamic recordings were made on the same electrode
track, but not all cells were filled with biocytin. The
thalamus was cut in coronal sections and stained for
cytochrome oxidase and biocytin. The identity of cells in
VPM was confirmed post hoc by comparing VPM staining,
electrode tracks, filled cell locations and recording
depth.

Data analysis

Spontaneous activity was calculated during the 100 ms
prestimulus windows averaged for all trials and all whiskers
tested. The evoked response was quantified in the 0—100 ms
after the stimulus, and average spontaneous activity
was subtracted. To determine the latency to response
onset, we compared spontaneous AP firing during the
prestimulus period with APs in the 0-100 ms after the
stimulus. Spontaneous AP firing was modelled as a Poisson
distribution, and latency was defined as the first 1 ms bin
for which AP counts significantly exceeded prestimulus
levels (P < 0.01). In the absence of prestimulus APs, the
first AP in the post-stimulus period was used to determine
onset latency. The coefficient of variation was calculated
by counting all APs in 0-100 ms after the stimulus on
a trial-to-trial basis without correction of spontaneous
activity. All values are presented as means+s.p. In
boxplots, the grey box represents the 25th—75th percentile,
the long vertical lines the 10th—-90th percentiles, and the
dark horizontal line the median.

Statistical analysis

Graphpad Instat 3 (San Diego, CA, USA) was used for
statistical analysis. Generally, data were not normally
distributed. Therefore, we used the non-parametric
ANOVA (Kruskal-Wallis test) for comparison of all cell
types, followed by Dunn’s post hoc test for comparison
of two individual cell classifications. For comparison
of receptive field size (Fig.7), we used repeated
measures ANOVA with the Bonferroni correction. The
(non-parametric) Mann—-Whitney U test was used for
comparison of correlation coefficient between and across
cell types (Fig.5D inset). Significance level was set at
P <0.05.

Results
Morphological classification of recorded neurones

The cortical column consists of multiple cell layers which
in addition contain specific cell types (Mountcastle,
1997). We recorded from cells preferentially located
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in the D2 column (see Supplementary Fig.1; 63 D2,
2D1, 10D3 and 2 D4 cells). Action potential responses
were recorded in the juxtasomal configuration, and cells
were subsequently filled with biocytin for morphological
identification (Pinault, 1996). Recovered neurones were
classified according to their location with respect to
the cytochrome oxidase dense area, characteristic of
layer 4 (L4). Septa-related cells were excluded from the
analyses because they are part of different anatomical and
functional networks (Kim & Ebner, 1999). Interneurones
were excluded owing to the small sample size.

We categorized cells as L2/3 cells when their cell body
was located in supragranular layers (Fig. 1A, n= 15; see
also Supplementary Fig.2). The descending axon was
traced into L4 to confirm that the cell was part of the
barrel-related column and not the septum.

Cells that were located in the cytochrome oxidase dense
volume were categorized as L4 cells. L4 cells can be further
subdivided into spiny stellates and (star) pyramids based
on the absence (stellate) or presence (pyramid) of an apical
dendrite and on symmetry of basal dendrites (Staiger
et al. 2004). Out of the 15 cells recorded, five cells clearly
lacked an apical dendrite and were therefore classified
as spiny stellates. An apical dendrite could be easily
identified in seven cells recorded, which were classified
as pyramidal neurones (of which 3 were star pyramids).
We also recorded from cells with morphology that could
be part of either class (n = 3). No obvious differences in
response properties were found between spiny stellates
and (star) pyramids (number of APs per stimulus and
latency to first AP, unpaired Students ¢ test, P = 0.9 and
P = 0.4, respectively) and therefore data were pooled (see
also Brecht & Sakmann, 2002b).

In L5, several cellular classifications exist, depending
on experimental design (Markram, 1997; Schubert et al.
2001, 2006; Manns et al. 2004). We used morphological
parameters to classify L5 cells. First, we measured
the diameter of the apical dendrite and the maximal
horizontal diameter of the cell body (Fig.1B). This
relationship suggested two distinct populations, most
probably representing medium-sized pyramidal neurones
inL5A and large pyramidal neurones in L5B (Wise & Jones,
1977). The initial clustering was confirmed by measuring
the length of apical tuft and oblique dendrites compared
with the total length of the basal dendrites (Fig. 1C). In
the first cluster, the total length of basal dendrites always
exceeded the total length of the apical dendrite, suggesting
a simple apical tuft. In contrast, the total length of the
apical tuft in the second cluster always exceeded the total
length of basal dendrites, suggesting extensive branching
of the apical tuft. Accordingly, cells were categorized
either as L5 slender-tufted cells or L5 thick-tufted cells
(n=16 for both cell types). Statistical analysis of the
individual morphological properties (unpaired Student’s
t test) revealed that the diameter of the cell body, diameter
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of apical dendrite and total length of apical dendrite
were significantly different for L5 slender-tufted and L5
thick-tufted cells (P < 0.01). The difference in total length
of basal dendrites was at trend level (P = 0.08) but the
ratio between total length of apical and basal dendrites
(Fig. 1C) was again highly significant (Mann—Whitney
U test, P < 0.01).

We subsequently analysed the vertical distance between
the cytochrome oxidase dense volume and the cell bodies
of L5 slender-tufted cells to determine whether they were
located in L5A or L5B. In 13 out of 16 cells, the cell body
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was found within three slices distance from L4 (i.e. within
~300 pm). Since the thickness of L5A in our animals
is about 300 um (Manns et al. 2004), this suggests that
we predominantly recorded from L5 slender-tufted cells
located in L5A.

Layer 6 cells were identified based on their short apical
dendrite that never extended beyond the granular layer
(n = 15). Next, we subclassified L6 cells as corticothalamic,
corticocortical or local circuit cells. Corticothalamic cells
can be identified with respect to their basal dendrites that
are arranged in a skirt-like order typical of pyramidal
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A, reconstructions of representative examples in coronal (top) and tangential view (bottom). The grey shape shows
the contour of the D2 column, representing the cytochrome oxidase dense area in L4. B, diameter of apical
dendrites of L5 cells compared with cell body diameter suggests two populations of L5 cells (slender-tufted,
average diameter of soma 17.4 + 1.0 um and diameter of apical dendrite 2.5 & 0.4 um); thick-tufted, diameter of
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cells, and corticocortical cells on their star-like appearance
owing to more radiating basal dendrites, whereas local
circuit cells have characteristic smooth-beaded dendrites
(Zhang & Deschenes, 1997). As a result, we identified eight
cells as corticothalamic and five cells as corticocortical
cells (n =2 with intermediate morphology). No obvious
differences in responses were found among possible
subclassifications of L6 cells (see below).

Action potentials in response to whisker deflection

Itis established that in barrel cortex neurones are direction
selective and AP responses to whisker deflections can
be higher in a preferred direction (Bruno et al. 2003).
In contrast, rodents respond to the sensory input from
only one or two whisker deflections when challenged
with a behavioural task (Carvell & Simons, 1995) and
single whiskers are sufficient for many sensory-guided
behaviours (Hutson & Masterton, 1986). Here we studied
how a single standard sensory stimulus, that is a single
whisker deflection in the caudal direction, is represented
throughout the cortical column by different cell types
and layers. In addition, we present data from ventro-
posterior medial nucleus (VPM) recordings to directly
compare sensory representation in thalamus and the
cortical column (Figs 3C-E and 4).
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We quantified spontaneous AP rates and the averaged
evoked AP responses following repeated deflection of the
principal whisker (PW, 20 or 50 trials, caudal 3.3 deg
deflection) using only identified cells (as illustrated by
the representative examples of cortical recordings in
Fig.2; VPM data not shown). Most trials exhibited a
change in the local field potential but not necessarily
APs (Fig.2A and B). Layer 2/3 cells responded with an
AP only in rare cases, whereas L4 cells showed a more
consistent AP response. Layer 5 slender-tufted cells were
characterized by low evoked AP responses and longer
latency to response onset, whereas L5 thick-tufted cells
mostly responded with short latencies and higher AP
responses. In L6, evoked responses were variable, with cells
characterized by high AP responses with short latencies
in addition to cells with low evoked AP responses and
longlatencies. Spontaneous spiking rates were significantly
different depending on the cell type (Fig.3A-C): L2/3
0.324+0.49Hz; L4 0.58+0.36 Hz; L5 slender-tufted
1.08 £0.38 Hz; L5 thick-tufted 3.65+1.32Hz; L6
0.47 =+ 0.46 Hz; Kruskal-Wallis test, P < 0.0001).

The average evoked AP response after correction
for spontaneous activity (see Methods) for L2/3 cells
was 0.11+0.14 APs during the 100 ms post-stimulus
window (Fig.3A, B and D), with a trend towards
higher response amplitudes for cells located deeper in
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Figure 2. Cortical APs in response to principal whisker deflection

A, 3 consecutive (unfiltered) single trial examples of juxtasomal recordings in different layers of the D2 column of
barrel cortex. The asterisks illustrate the onset and offset of whisker movement, whereas the dashed box represents
the first 100 ms after stimulus onset used to quantify evoked APs. B, raster plots showing all trials for single example
cells shown in A. Note that AP responses are layer-specific and that the slender-tufted cell has the longest latency

to spiking.

© 2007 The Authors. Journal compilation © 2007 The Physiological Society



144

L2/3 (Supplementary Fig.3). Layer4 cells showed a
threefold higher evoked AP response (0.41 & 0.41 APs per
stimulus). Evidently, the number of APs per stimulus was
well below one, indicating that many failures occurred
(Fig. 3B). The response of L5 slender-tufted cells was
characterized by a low number of APs per deflection
(0.15+0.35 APs per stimulus), whereas L5 thick-tufted
cells showed the most pronounced increase in spiking
activity (0.64 +0.47 APs per stimulus). Layer 6 cells
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had intermediate evoked responses (0.31 4= 0.35 APs per
stimulus). Cells with relatively high response amplitudes
were primarily located in the upper region of L6, where
thalamic fibres arborize extensively (Agmon et al. 1993),
whereas non-responding cells were mainly found in lower
parts of L6 (Supplementary Fig. 3).

As mentioned above, we recorded from eight cortico-
thalamic and five corticocortical cells (n =2 with inter-
mediate morphology) but found no significant differences
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Figure 3. Layer- and cell-type-specific AP responses after principal whisker deflection

A, average peristimulus time histograms (PSTHs) to illustrate the response in time after deflection of the principal
whisker (1 ms bins, n = 15 cells for L2/3, L4 and L6; n = 16 for both L5 slender- and thick-tufted cells). B, individual
PSTHs for all experiments from different cell types. Asterisks indicate experiments shown in Fig. 2. Dashed lines
indicate onset of principal whisker stimulation. C, spontaneous activity for different cell types. Recordings were
also made from the ventroposterior medial nucleus of the thalamus (VPM, n = 15, 0.21 &+ 0.33 Hz). D, number of
evoked APs after a whisker deflection (0—100 ms after stimulus, after subtraction of spontaneous activity). Negative
values indicate evoked AP responses below spontaneous values. Evoked activity in VPM was 0.35 + 0.53 APs per
stimulus. E, onset latency for individual experiments that showed an evoked response.
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between evoked response amplitudes and latency for these
subclassifications (Mann—Whitney U test, P =0.13 and
P =0.11, respectively). We hypothesize that rather than
dendritic morphology, the soma location and possibly
direct thalamic input in upper L6 may determine the
response characteristics (also see Supplementary Fig. 3).

It has been shown that in particular, L5 thick-tufted
cells are capable of firing in bursts (Chagnac-Amitai ef al.
1990; Mason & Larkman, 1990; Schubert et al. 2001).
We therefore analysed whether in these cells, the fraction
of high-frequency bursts (> 100 Hz) was increased as a
possible explanation for the relatively high spontaneous
and evoked activity. We found that the occurrence of
spontaneous high-frequency bursts in general was very
limited (~11%) and was not different for L5 thick-tufted
cells compared with other layers (Kruskal-Wallis with
Dunn’s post hoc test, n.s., data not shown). For the
evoked activity, the fraction of high-frequency bursts
again was very limited (~10%) and only significantly
higher for L5 thick-tufted cells compared with L2/3 cells
(Kruskal-Wallis with Dunn’s post hoc test, n.s., data not
shown) but not for other layers (n.s., data not shown).
We conclude that spontaneous firing rates and sensory
responses in barrel cortex are dominated by single APs.

On the basis of the AP responses of the cell types
present in each layer, one can infer an upper percentage
limit of active cells per stimulus (e.g. L2/3 cells, 11%)
assuming homogeneous populations. In all layers, a subset
of cells lacked a sensory-evoked response when the PW
was deflected. This could result from stimulation in the
non-preferred direction (Bruno et al. 2003) and/or a
characteristic of a columnar network in which only a small
percentage of cells is activated upon a sensory stimulus.

With respect to simultaneous or sequential AP
representation of a sensory stimulus in cortical layers,
controversial results have been reported. This is most
likely caused by a lack of knowledge about the identity
of responding cells. To determine the laminar pattern of
electrical activity after a sensory stimulus, we measured
the latency to the first AP for individual identified cells
(Methods). In L2/3 and L5 slender-tufted cells, evoked
AP responses were very low, and latency estimates would
be based on single APs, making their interpretation
ambiguous. In contrast, in L4 spiny cells, L5 thick-tufted
cells and L6 cells, the responses were sufficient to derive
latency distributions.

We found very short onset latencies (9-13 ms) in a
subset of L4 cells, in L5 thick-tufted cells and in L6 cells
(Fig. 3E and, at higher time resolution, in Fig.4C). The
median onset latencies of L4 cells, L5 thick-tufted cells,
and L6 cells (16, 14 and 16.5 ms, respectively) were not
significantly different (Kruskal-Wallis test, P =0.8147,
n = 10-13 per group). This does not necessarily imply that
average AP latencies are the same, but at this point we
conclude that latency distributions overlap. The absence
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of a significant difference might be result from our small
sample size. To estimate the power of statistical testing
for difference in latency, we calculated the power of
unpaired Students f test using different effect sizes (in
ms). To achieve normally distributed data a log transform
was applied. As a result, the data were close to normally
distributed. For all comparisons between cell types, the
probability of a typell error was lower than 0.01 for
an effect size > 3 ms, which indicates that average onset
latencies of stimulus representation are very similar for
L4 cells, L5 thick-tufted cells and L6 cells. This is also
clear from the population peristimulus time histograms
(PSTHs) for these cell types when shown at higher time
resolution (Fig. 4A), which shows that the average firing
rates increased in L4, L6 and L5 thick-tufted cells almost
simultaneously (see also Fig. 4C).

To detect possible differences in shape of the
population PSTHs, cumulative histogram distributions
were calculated. At each post-stimulus time point, the sum
of all APs was calculated in that particular post-stimulus
time window and represented as a percentage of the total
number of APs in the total (e.g. 0-20 ms) post-stimulus
window (Fig.4B). This also shows that after whisker
deflection, L6 cells are activated first, closely followed
by L4 and L5 thick-tufted cells, and that the shapes of
the population PSTHs are cell-type-specific. It is unlikely
that initial activity in L5 thick-tufted cells and L6 depend
on intracortical spread of activity originating from L4.
Rather, parallel activation of L4, L5 thick-tufted cells and
L6 could result from simultaneous input by the same
thalamic inputs (Chmielowska et al. 1989; Agmon et al.
1993; Ahissar et al. 2001).

To find out whether there is a relationship between
spontaneous activity, evoked response and latency of
cortical cells, we correlated these parameters for all cells
recorded. We did not find a correlation between evoked
activity and latency within individual cell classification
(P values > 0.16). On the population level, however,
latency was inversely correlated with spontaneous activity
(P=0.02, data not shown). This suggests that cells
with high spontaneous activity might have membrane
potentials close to AP threshold, which result in shorter
response latencies after a sensory stimulus. In support of
this argument, we also found a positive correlation on the
population level between spontaneous activity and evoked
activity (P < 0.01, data not shown).

Laminar comparison of trial-to-trial variability
of evoked AP responses

Cortical networks are known for their variability of
evoked sensory responses both from trial to trial and
from cell to cell (Arieli et al. 1996; Amarasingham et al.
2006). However, it is unknown how response variability
relates to particular cell types. Here we first examined
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the trial-to-trial variability, which is thought to represent
the capability of neurones to reliably transmit signals,
by calculating the coefficient of variation (c.v.; standard
deviation/mean). The analysis was also made with records
of cells from the VPM to compare the reliability of thalamic
and cortical sensory-evoked responses. The c.v. analysis
was first made for data uncorrected for spontaneous APs.
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The range of c.v. was comparable between VPM and
all cortical layers (Fig.5A) and declined with increased
mean responses (Fig. 5B). Values of c.v. in VPM, L4, L5
thick-tufted and L6 cells tended towards lower values,
indicating more consistent stimulus representation during
repeated stimulation (Fig. 5A). To verify that spontaneous
APs did not influence the c.v. estimates, we calculated
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Figure 4. Near-simultaneous stimulus representation in multiple cell types

A, average PSTHs illustrating the response in time after deflection of the principal whisker. Note that the upper
panel represents data from VPM recordings. Data from cortical recordings are analogous to Fig. 3A but at higher
time resolution (only 0-20 ms post-stimulus time window is shown). The vertical line indicates the onset of VPM
activity at 8.1 ms post-stimulus (Brecht & Sakmann, 2002a). B, cumulative distribution of APs occurring within
the first 20 ms after the onset of the principal whisker deflection (data from A). The steepest part of the curves
indicates the time window when the majority of the APs occurred within the first 20 ms. The x-axis is the time
in milliseconds relative to the onset of the principal whisker deflection; y-axis is the proportion of APs up to the
corresponding time point after the stimulus (e.g. 100% at 20 ms). Distribution and amplitude of AP responses
were significantly different for L4, L5 thick-tufted cells and L6 cells (Kolmogorov-Smirnov test, P < 0.01 for all
comparisons). C, onset latency for individual experiments that showed an evoked response. Data are analogous
to Fig. 3E but only the 0-20 ms onset latency values are shown.
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c.v. values both on data in which spontaneous activity
was subtracted and on total AP responses with a shorter
time window (50 ms; contribution of spontaneous APs
is limited). In both additional analyses, VPM, L4, L5
thick-tufted cells and L6 still had lower c.v. values
compared with L2/3 and L5 slender-tufted cells (data not
shown). We conclude that those cortical cells that receive
direct VPM input have reliable whisker-evoked responses
relative to cells that are activated via other or additional
pathways [intracortical and medical division of posterior
nucleus (POm) inputs for L2/3 and L5 slender-tufted cells].
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To quantify the similarity of evoked responses between
individual cells (0-100ms post-stimulus window),
we calculated Pearson correlation coefficients for all
cell-to-cell combinations using PSTHs from individual
cells at 1 ms resolution (Fig.5C). A correlation (or
similarity value) of one means that two PSTHs have the
same shape (i.e. they could be identical or they could
simply be shifted with respect to baseline frequency.
Here the mean of each PSTH is being subtracted and
so spontaneous activity is corrected for. A correlation
value of zero means no apparent correlation between the
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Figure 5. Laminar comparison of AP response variability

A, distribution of trial-to-trial response consistency for individual experiments. Higher values indicate higher
variability of principal whisker-evoked responses. B, coefficient of variation as a function of mean response
amplitude across cell types. C, correlation of evoked responses (e.g. PSTHs) between cells. The x- and y-axes
both represent individual experiments. Each pixel corresponds to the correlation value between evoked response
patterns during the 0-100 ms post-stimulus time. The correlation coefficient is colour coded. Note that highest
correlation values are obtained when comparing L5 thick-tufted cells with other L5 thick-tufted cells, indicating
that cell-to-cell variability is lowest. D, correlation values from C were plotted in a cumulative histogram for all
cell types. Note that L5 thick-tufted cells have the highest correlation values. Inset shows cumulative histogram
for correlation values from comparison within each cell type (black line) or across cell types (red line). Correlation
values for within comparison were significantly higher compared with correlation values across (Mann-Whitney
U test, P < 0.01), indicating that within cell types, variability is lower compared with variability between cell types.
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two PSTHs and a correlation coefficient of minus one
indicates ‘anticorrelation, meaning that the cells discharge
at complementarily different times. We found highest
similarity values if we compared whisker-evoked responses
from L5 thick-tufted cells with other L5 thick-tufted
cells. Other cell types had lower values, indicating
higher cell-to-cell variability. The cumulative histogram
obtained from the similarity analysis also indicated that
L5 thick-tufted cells had the highest values (Fig. 5D). In
summary, L5 thick-tufted cells have the lowest trial-to-trial
variability and cell-to-cell variability.

Dynamic receptive fields throughout cortical column
after whisker deflection

In previous studies, it was shown that in L2/3, L4 and
L5B the subthreshold receptive field (PSP-RF) structure
emerged at early time points (~15 ms) and then collapsed
in a layer-specific way ranging from 80 to 160 ms after
whisker deflection (Brecht & Sakmann, 2002b; Brecht
et al. 2003; Manns et al. 2004). Only L5A cells had later
onset latency (~40 ms), but also collapsed in the following

10-20 ms 40-50 ms

lender|tufted

ol [100% Norm. AP response
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80 ms. To compare previous PSP-RFs data with the present
AP responses, we constructed population receptive fields
(AP-RFs) for each layer using comparable time windows
(Fig. 6). We found that the peak of the RF was highest
for L2/3, L4, L5 thick-tufted and L6 cells already 10-20 ms
after whisker stimulation and collapsed after 50 ms. The L5
slender-tufted cells exhibited their peak response at longer
latencies, but also the RF was collapsed after another 50 ms.
In addition, AP-RFs are almost completely restricted to
PW responses in L2/3, L4, L5 slender-tufted and L6 cells.
Clear surround whisker (SuW) responses were, however,
observed for L5 thick-tufted cells. Thus the dynamics of
the AP-RFs match PSP-RFs for L4 and L5A slender-tufted
pyramids, but the AP-RFs develop and collapse faster in
L2/3 and L5B thick-tufted pyramids.

The RF for the 100 ms post-stimulus time window was
constructed by measuring AP responses after deflection
of SuWs. For all cell types measured, on average the
principal whisker evoked the largest response (Figs 6 and
7A and B). The RFs of L2/3 cells were relatively sharply
tuned, with only small responses after first order SuW
deflection (0.04 £ 0.02 APs per stimulus, 32.6 £ 20.6%

50-100 ms

Figure 6. Layer-specific dynamics of
suprathreshold RF structure

The grid of white lines indicates the barrel field, with
the intersection representing the centre of the barrel
with the principal whisker aligned in the middle.
Surround whisker responses were normalized to the
principal whisker response. The black lines delineate the
areas equal to 80 (inner contour) and 50% (outer
contour) of the maximal principal whisker response.
Responses were normalized to the peak response within
each layer. The numbers indicate average evoked
response (APs per cell per stimulus) for the time window
in which maximal firing was observed.
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of PW response, Fig. 7B). The L4 cells responded pre-
dominantly to PW deflection, with a SUW response of
only0.06 &= 0.06 APs per stimulus (15.6 & 14.2%). Average
RF size of L5 slender-tufted cells was comparable to
L2/3 cells (31.3 25.3%, 0.05 £ 0.03 APs per stimulus).
In contrast, L5 thick-tufted cells showed significantly
higher responses after SUW deflection (0.39 £0.12 APs
per stimulus, repeated measures ANOVA with Bonferroni
correction, P < 0.05 for all cell types). After normalization
to PW response, L5 thick-tufted cells still showed a
significantly broader RF (60.1 £ 19.0%, repeated measures
ANOVA with Bonferroni correction, P < 0.05 for all cell
types). The RF of L6 was characterized by a dominant PW
response (0.31 4= 0.35 APs per stimulus) and weak SuW
responses (0.08 &= 0.06 APs per stimulus, 26.9 £ 20.4%).
Sensory-guided behaviour most probably depends not
only on activity in the cortical column that corresponds to
the PW but also on activity in surrounding barrel columns.
We therefore estimated the average output of every cell by
summing the number of APs per stimulus for the PW
and all first order SuWs. Then, L5 thick-tufted cells have
significantly higher output compared with all other cell
types (Fig. 7C, one-way ANOVA, Bonferroni correction,
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P < 0.001 for all cell types). To conclude, L5 thick-tufted
cells have the broadest RF compared with other cell types,
responding with APs to deflection of whiskers surrounding
the PW.

Action potentials generated in a column

The total number of APs emitted from the cortical column
can now be estimated when we account for the number of
cells present in each layer. In our tangential slices, the area
of the D2 column was measured as ~120 000 um?. The
thickness of the cortical layers was taken from previous
reports (Brecht & Sakmann, 2002b; Brecht et al. 2003;
Manns et al. 2004). Calculated volumes were subsequently
multiplied by known cell densities for the individual
layers, corrected for inhibitory cells (Beaulieu, 1993). We
thus estimated 3200 L2/3, 2050 L4, 1100 L5A, 1050 L5B
and 1200 L6 excitatory cells (Supplementary Table 1). For
VPM, we used 200 cells (Varga et al. 2002). Since there
does not seem to be an overall bias of angular preferences
in primary somatosensory (barrel) cortex (Bruno et al.
2003; Bruno & Sakmann, 2006), the average response
amplitude of our sample will correctly estimate the average
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Figure 7. The output of a cortical column is dominated by L5 thick-tufted cells

A, receptive fields (RFs) for the different cell types illustrate evoked AP activity after deflection of principal and
surround whiskers in the 0-100 ms post-stimulus period, centred on their principal whisker according to the
anatomical location (63 D2, 2 D1, 10 D3 and 2 D4 cells). B, responses of surround whiskers were normalized to
principal whisker response for each layer. Note that the RF of L5 thick-tufted cells is significantly broader than
the RF of all other cell types. C, total number of evoked APs summed for the principal whisker and all first order
surround whiskers in the 0-100 ms post-stimulus time window. Only experiments in which all 8 surround whiskers

were measured were included.
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response across all cells, despite their individual tuning
preferences. Therefore, the cell numbers were multiplied
by the average number of APs in response to a deflection
to generate the total number of APs per cell layer during
specific time windows after sensory stimulation (Fig. 84
and B, grey values normalized to maximum; note that
the last two intervals were corrected for a larger time
window). Under these conditions, clearly the number of
APs emitted at any time, spontaneously (Fig. 84) and after
whisker deflection (Fig. 8B), is very different depending
on layer and cell type and by far exceeds the number
of APs that are fired in VPM (see also Supplementary
Fig. 5). Most strikingly, the majority of APs are emitted
during the 10-20 ms after the stimulus, and most of these
were emitted by L5 thick-tufted cells. In summary, a
single deflection of the PW, which is anatomically and
functionally represented by ~8500 excitatory cells in the
PW cortical column, generates ~4000 APs.

Discussion

The results suggest that the major AP output of a cortical
column, both during spontaneous activity and in response
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to a simple whisker deflection, is generated by thick-tufted
cells located in L5. More specifically, after a sensory
stimulus 60% of all evoked APs in the main output layers
(L2/3 and L5) are generated by L5 thick-tufted cells. The
APs emitted by layer 2/3 cells and L5 slender-tufted cells
account for only a small fraction of the total columnar
AP output (25 and 15%, respectively). Thus stimulus
representation in the barrel cortex is layer-specific but in
L5 also highly cell-type-specific, since L5 slender-tufted
and L5 thick-tufted cells differ in almost all properties we
investigated. For all cortical layers from which we recorded
APs (L2/3,14, L5 and L6), the average response amplitude
per cell was low (< 1AP per stimulus). Additionally,
a whisker deflection activated only a small fraction of
the cells constituting a column. This is referred to as
‘sparse coding’ and has been suggested as a general coding
mechanism for visual, auditory and motor cortex (Vinje
& Gallant, 2000; DeWeese et al. 2003; Brecht et al. 2004;
Olshausen & Field, 2004).

Spontaneous output

The pattern of APs that we describe in the different
layers directly reflects the input they provide to their

B Evoked activity in poststimulus time windows (ms)
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Figure 8. Schematic representation of APs emitted across different layers in barrel cortex column after

PW deflection

Number of APs per cell was multiplied by the number of cells present in the column (see Results) to calculate the
total number of APs generated by each layer. Values are represented in grey values and normalized to peak activity
(maximum number of APs per layer and time frame; here L5 thick-tufted cells at 10-20 ms). A, spontaneous APs.
B, evoked APs. Note that the bulk of evoked APs is in the 10-20 ms window post-stimulus and that most APs are

generated by L5 thick-tufted cells.
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target structures. In comparison to L2/3 cells, the stream
of APs emitted spontaneously from the thick-tufted
cells in L5B is substantial. The ensemble of thick-tufted
cells of a single column emits about 3800 APss™' to
their target structures, such as thalamus and the motor
nuclei in the brainstem connecting to the cerebellum.
The relatively high spontaneous rate of APs emitted
by L5 thick-tufted cells could generate a persisting
tonic depolarization of the target cell dendrites. For
example, the thalamocortical-paralemniscal projection
(via L5B-POm-L5A connections) could be substantially
modulated via the spontaneous output of L5 thick-tufted
cells to the POm (Hoogland et al. 1991; Diamond
et al. 1992a). In turn, spontaneous APs emitted by L5A
cells could, because of L5A-to-L1 axonal projections,
continuously depolarize the apical tuft dendrites of
cortical pyramidal cells, thereby favouring the generation
of bursts of APs (Larkum & Zhu, 2002; Larsen &
Callaway, 2006). The large difference of spontaneous APs
observed in different layers is, with respect to underlying
mechanisms, unclear. However, the low spontaneous
activity in thalamus under anaesthesia (Bruno & Sakmann,
2006) suggests a cortical rather than a thalamic origin.

Evoked output

The L5 thick-tufted cells also dominate the evoked
output of the cortical column. The peak of AP activity
is during the interval of 10-20 ms after the sensory
stimulus and returns to baseline within 150 ms (which
is true for all cell types), which corresponds to the time
window between consecutive whisking movements (e.g.
at 7-12 Hz). Furthermore, the receptive field (RF) of
L5 thick-tufted cells is not only restricted to principal
whisker (PW) responses but L5 thick-tufted cells also
collect sensory information from neighbouring whiskers
(Fig. 6; see also Ito, 1992). This is in contrast to the other
cell types and layers, where RFs are primarily restricted
to PW responses. The target areas of L5 thick-tufted
cells are thalamus and the motor nuclei in the brainstem
connecting to the cerebellum (Jenkinson & Glickstein,
2000; Leergaard et al. 2000; Killackey & Sherman, 2003).
Whisker movements activate the cerebellum in a very
precise fashion (Chadderton et al. 2004), suggesting
that cerebellar activity and consequently motor reactions
are controlled by L5 thick-tufted cells. The VPM-L5B
projection may provide a fast ‘bypass’ to direct the animals’
behaviour initially.

Simultaneous representation in multiple layers

After a sensory stimulus, we observed APs almost
simultaneously in L4, L5 thick-tufted cells and L6 and
occasionally in L2/3 cells (Fig.4A). These observations
directly argue against the hypothesis that electrical activity
always begins in L4, from where it spreads throughout
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the column to sequentially activate the other layers
in a hierarchical order (Li et al. 1956; Simons, 1978;
Armstrong-James ef al. 1992; Moore & Nelson, 1998;
Douglas & Martin, 2004; Wilent & Contreras, 2004). It
is more likely that simultaneous AP activity in these layers
results, at least during the initial 10-20 ms after a sensory
stimulus, from excitation via VPM afferents, which is then
followed by sequential activation by intracolumnar radial
projections from L4 cells (Mountcastle, 1957; Johnson
& Alloway, 1995; Laaris et al. 2000; Ahissar ef al. 2001).
However, net excitation provided by VPM and L4 inputs
varies between different layers. Specifically, the APs evoked
in L4, L5 thick-tufted cells and L6 are likely to be activated
initially by synaptic input from VPM. This view is based
on onset latency measurements of EPSPs, which (except
for L2) varies only between 8 and 10 ms for L4, L5B and
L6 (Carvell & Simons, 1988; Moore & Nelson, 1998; Brecht
& Sakmann, 2002b; Brecht et al. 2003; Manns et al. 2004).
Thus the peak of AP activity in L5B and L6 is unlikely to
be due to polysynaptic input via L4. On average, APs in
L6 cells even seem to precede APs in L4, perhaps owing to
differences in excitability, release probability and quantal
content of VPM-L6 synapses, and/or weaker feedforward
inhibition. Thus early AP activity in this layer cannot be
explained by excitatory input from L4. The observation
that AP peaks in L2/3 and L5A are delayed with respect
to the peaks in L4, L5 thick-tufted cells and L6 could
either result from delayed activation of the paralemniscal
pathway (Diamond et al. 1992b; Ahissar et al. 2000; Sosnik
et al. 2001) or could mean that in these layers sequential
input from L4 is more important for spiking (Brecht
et al. 2003; Feldmeyer et al. 2005; Schubert et al. 2006).
Compound EPSPs evoked in L.2/3 cells in fact have several
components (Brecht et al. 2003), which could reflect input
from both VPM and L4. Since the contributions of these
components depend on stimulus intensity (M. Brecht & B.
Sakmann, unpublished observations), the relative impact
of VPM and L4 input on the AP output of a particular cell
type may well change with stimulus intensity.

Classification of cell types

In L5, we characterized two cell types, based on the
diameter of cell body, diameter of apical dendrite and
branching pattern of apical tuft. Accordingly, we separated
L5 cells into slender- and thick-tufted pyramids and found
major differences in spontaneous activity, evoked activity,
latency and receptive field size. Surprisingly, most of these
differences were not observed in whole-cell recordings
(Manns et al. 2004). One explanation could be that
whole-cell dialysis affects AP spiking, but a more likely
explanation is the use of different classifications. In our
tangential sections, it is not possible to define the L5A-L5B
border and therefore we classified cells as L5 slender-tufted
and L5 thick-tufted cells. In the previous study (Manns
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et al. 2004), cells were categorized as L5A and L5B cells
using (semi)coronal sections, in which the border is clear.
In our classification, L5 slender- and L5 thick-tufted cells
are most likely to be representative for L5A and L5B, since
L5 slender-tufted cells are activated with long latency and
L5 thick-tufted cells with shortlatency (Ahissar et al. 2000).
However, L5 slender-tufted cells can also be located in L5B
(Schubert et al. 2001) and can therefore lead to different
results, depending on the classification method.

Cell-type-specific sensory representation

We showed that in L5, representation of the sensory
stimulus is cell-type-specific. In contrast, in L4 and L6
we did not find obvious differences in response properties
between morphologically different classifications. It was
recently suggested that in L4, cell-type-specific circuits
may coexist that represent the stimulus similarly but
serve different functions (Staiger et al 2004). More
specifically, spiny stellates would relay sensory information
exclusively within the column by means of their almost
exclusively columnar axonal arbors, whereas pyramidal
neurones are involved in transcolumnar processing via
horizontal collaterals (Staiger et al. 2004). In L6, a similar
corepresentation could occur that could allow sensory
coprocessing in morphologically distinct (e.g. cortico-
thalamic and corticocortical) networks.

Response variability

In sensory cortices, repeated stimuli evoke responses that
vary from trial to trial (Arieli et al. 1996; Amarasingham
et al. 2006; Gur & Snodderly, 2006; but see DeWeese
et al. 2003, 2005). In our experiments, sensory-evoked
responses were also not stereotyped and response
variability was, in addition, cell-type- and layer-specific.
The lowest trial-to-trial variability in cortex was observed
in L4 cells, L5 thick-tufted cells and a subset of L6 cells,
and was comparable to the response variability of VPM
cells, known to innervate these three particular regions.
In contrast, L2/3 cells and L5 slender-tufted cells showed
AP responses that were much lower and had a higher
trial-to-trial variability. On-going network activity (Arieli
et al. 1996), segregated sensory input (Koralek et al.
1988) and intrinsic properties (Ito & Kato, 2002) could
underlie the observed response variability. Comparison
of averaged responses from individual cells revealed that
responses of L5 thick-tufted cells were highly comparable
with each other. In contrast, cell-to-cell comparisons for
other cell types showed much less similarity. In summary,
L5 thick-tufted cells have the lowest trial-to-trial variability
and cell-to-cell variability, which may imply that these cells
most reliably convey sensory information to other brain
areas.
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Effect of anaesthesia

We observed low response amplitudes after sensory stimuli
for all cortical layers. Although spiking frequencies could
be significantly depressed by urethane anaesthesia, L2/3
cells have comparable levels of AP discharges under
awake conditions (Crochet & Petersen, 2006). In addition,
in somatosensory cortex, urethane was shown only to
affect the response latency to deflection of SuWs. For
PW deflection, both the amplitude and the response
latency were not significantly different for awake and
urethane conditions (Simons et al. 1992). We argue
that the magnitudes of our responses obtained under
urethane anaesthesia are not necessarily different from
those obtained under awake conditions.

Output of the cortical column

In conclusion, we can now estimate the total number of
APs that are emitted in the barrel cortex after a whisker
deflection that could drive the behavioural response. The
ensemble of about 9000 L5 thick-tufted cells in the PW and
all eight first order SuW columns emit ~4000 APs after
a single whisker deflection. In contrast, the ensemble of
29000 L2/3 and 10 000 L5 slender-tufted cells emit only
~1275 and ~600 APs, respectively. Layer 5 thick-tufted
cells thus dominate the AP output of the cortical
column, which could imply that this cell type guides
sensory-evoked behaviour. Here we demonstrated the
cell-type-specific properties for excitatory cells. Equally
important is the question of whether inhibitory neurones
have layer-specific responses as well, and how inhibitory
neurones contribute to the cell- and layer-specificity we
have described. In addition, experiments on awake animals
will be necessary to elucidate the different involvement
of cortical layers in more complex behaviours (Celikel &
Sakmann, 2007) to validate whether the layer-specific AP
distributions that we observe in anaesthetized animals are
comparable in the cortex of awake animals.
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