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The spatiotemporal dynamics of the sensory response in layer 2/3 of primary somatosensory cortex evoked by a single brief whisker
deflection was investigated by simultaneous voltage-sensitive dye (VSD) imaging and whole-cell (WC) voltage recordings in the anesthe-
tized rat combined with reconstructions of dendritic and axonal arbors of L2/3 pyramids. Single and dual WC recordings from pyramidal
cells indicated a strong correlation between the local VSD population response and the simultaneously measured subthreshold postsyn-
aptic potential changes in both amplitude and time course. The earliest VSD response was detected 10 –12 msec after whisker deflection
centered above the barrel isomorphic to the stimulated principal whisker. It was restricted horizontally to the size of a single barrel-
column coextensive with the dendritic arbor of barrel-column-related pyramids in L2/3. The horizontal spread of excitation remained
confined to a single barrel-column with weak whisker deflection. With intermediate deflections, excitation spread into adjacent barrel-
columns, propagating twofold more rapidly along the rows of the barrel field than across the arcs, consistent with the preferred axonal
arborizations in L2/3 of reconstructed pyramidal neurons. Finally, larger whisker deflections evoked excitation spreading over the entire
barrel field within �50 msec before subsiding over the next �250 msec. Thus the subthreshold cortical map representing a whisker
deflection is dynamic on the millisecond time scale and strongly depends on stimulus strength. The sequential spatiotemporal activation
of the excitatory neuronal network in L2/3 by a simple sensory stimulus can thus be accounted for primarily by the columnar restriction
of L4 to L2/3 excitatory connections and the axonal field of barrel-related pyramids.
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Introduction
Determining the spatiotemporal structure of sensory responses
in the neocortex is essential to understand how sensory informa-
tion is processed in the cortical network and how it eventually
drives a motor response or contributes to behavior and cognitive
function. The rodent somatosensory barrel cortex is particularly
well suited to this endeavor because each whisker on the snout of
a rat is represented in the somatotopic map by a layer 4 barrel
(Woolsey and Van der Loos, 1970), which can be visualized in
living brain slices (Agmon and Connors, 1991; Petersen and Sak-
mann, 2000, 2001). Electrical stimulation of a layer 4 barrel in
vitro evokes a time-dependent excitation that is limited laterally
to the stimulated barrel-column (Petersen and Sakmann, 2001).
Excitation could propagate within layer 2/3 when inhibition was
blocked, suggesting that the balance between excitation and in-
hibition is a crucial determinant in governing the spatial extent of

signals in barrel cortex. However, the neocortex in vivo is likely to
be in a different state than in vitro because of the presence of
neuromodulators and long-range synaptic connections. We were
therefore motivated to identify the anatomical and functional
factors that govern sensory stimulus representation in barrel cor-
tex at a cellular level in vivo. Toward this goal, we recorded sub-
threshold and suprathreshold whisker-evoked responses from
morphologically identified neurons in the context of the ensem-
ble spatiotemporal dynamics.

Although high temporal resolution is obtained with extracel-
lular or intracellular electrical recording, the spatial resolution is
necessarily limited by the number of recording electrodes (Pe-
tersen and Diamond, 2000). High spatial resolution of the extent
of whisker-evoked barrel cortex activity was first investigated by
measuring 2-deoxyglucose uptake (Durham and Woolsey, 1977).
Spatial information about single whisker-evoked barrel cortex
activity in vivo has also been derived from optical imaging of
intrinsic reflectance changes (Grinvald et al., 1986; Masino and
Frostig, 1996) and functional magnetic resonance imaging (Yang
et al., 1996). These techniques have provided compelling evi-
dence for responses centered on barrels in the somatosensory
cortex. However, the disadvantage of these techniques is that the
time course of the responses is substantially slower than the
changes in the electrical activity pattern of the neurons.
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Voltage-sensitive dye (VSD) imaging of sensory-evoked re-
sponses in vivo (Grinvald et al., 1984) has provided a technique
offering both high spatial and high temporal resolution of neo-
cortical responses in the barrel cortex (Orbach et al., 1985; Grin-
vald et al., 1986; London et al., 1989; Kleinfeld and Delaney, 1996;
Takashima et al., 2001). Recently new “blue” voltage-sensitive
dyes with fluorescence that is excited at wavelengths remote from
the hemoglobin spectrum have been developed, thus allowing
higher resolution imaging of cortical responses that are not con-
taminated by heart beat pulsation and hemodynamic changes
(Shoham et al., 1999). Here we correlate the ensemble sensory-
evoked electrical activity imaged using the blue dye with direct
measurement of membrane potential changes in individual layer
2/3 pyramidal neurons, which we subsequently anatomically re-
constructed. We investigate how a simple stimulus is represented
on the cortical surface in time and space. The results suggest that
the subthreshold synaptic input to L2/3 on deflection of a single
whisker is changing rapidly in the millisecond time scale across
the cortical surface. Synaptic activity can last from tens to hun-
dreds of milliseconds and can vary in extent from a single column
to multiple columns across the entire barrel field. We identify the
dendritic and axonal arbors of L2/3 pyramids as morphological
determinants of this dynamic behavior.

Materials and Methods
Surgical procedures and dye staining. Wistar rats aged postnatal day 21–28
were anesthetized with urethane (1–2 gm/kg) or halothane (1.5% during
surgery, reduced to 0.5–1% during recording). Paw withdrawal, whisker
movement, and eye blink reflexes were mostly absent. Reflexes were
tested regularly during the surgical procedures, and additional urethane
(20% original dose) was administered in cases in which reflexes began to
recover. Rats were placed in a stereotaxic apparatus with a heating blan-
ket to maintain the rectally measured body temperature at 37°C. Silver
electrodes to monitor EEG were inserted between the bone and the dura
over the right primary somatosensory barrel field (relative to bregma:
posterior 3 mm and lateral 5 mm) with a reference electrode over the
cerebellum. After a metal chamber was attached with dental cement, a
3 � 3 mm craniotomy was performed on the left hemisphere over pri-
mary somatosensory barrel cortex centered relative to bregma at poste-
rior 2.5 mm and lateral 5.5 mm. Extreme care was taken at all times not to
damage the cortex, especially during the removal of the dura. Voltage-
sensitive dye RH1691 (Shoham et al., 1999; Derdikmann et al., 2000) was
dissolved at 0.1 mg/ml in Ringer’s solution containing (in mM): 135
NaCl, 5 KCl, 5 HEPES, 1.8 CaCl2, 1 MgCl2. To obtain an even staining of
the medial portion of the posterior barrel cortex, this dye solution was
topically applied to the exposed cortex and allowed to diffuse into the
cortex over a 2 hr period. The cortex was subsequently washed for 15 min
to remove unbound dye and then covered with 1% agar dissolved in
Ringer’s solution, and a glass coverslip was placed on top. The coverslip
was shaped to extend a little wider than the craniotomy, allowing access
for whole-cell (WC) recording electrodes from both left and right. The
animal was subsequently transferred to the experimental setup where
electrocardiogram (ECG) electrodes were inserted under the skin of the
forearms. In some experiments requiring the application of drugs to the
cortical surface, no agar was placed on top of the cortex, and instead a
sealed chamber with perfusion lines was attached.

Imaging voltage-sensitive dye signals. The detailed procedures for VSD
imaging, related problems, and their solutions have been described pre-
viously in detail (Grinvald et al., 1999; Shoham et al., 1999). Voltage-
sensitive dye signals are small and require specialized camera equipment
with the major signal artifacts arising from heart beat pulsation. To im-
prove signal-to-noise ratios, all imaging data were acquired triggered to
the ECG signal, and alternate sweeps were either with or without stimu-
lation. This allows an unstimulated average sweep containing only heart
beat artifacts to be subtracted from stimulated sweeps (Grinvald et al.,
1984; Orbach et al., 1985). The subtracted signals had two obvious com-

ponents, a heart beat-related signal and a bleaching component, both of
which were considerably smaller than the typical amplitude of the VSD
responses. Voltage-sensitive dye signals were imaged from a focal plane
�300 �m below the pia by a Fuji Deltaron HR 1700 [Fuji, Tokyo, Japan;
modified for in vivo VSD imaging following Shoham et al. (1999)] with a
differential amplification camera gain setting of 64, and frames were
collected every 2.4 msec. To collect epifluorescent light efficiently from a
large area (3.3 � 3.3 mm), a tandem lens setup was used as described by
Ratzlaff and Grinvald (1991) with a 50 mm f stop � 0.95 specimen lens
and a 135 mm f � 2 camera lens. The Fuji Deltaron has a detector array
of 128 � 128 pixels, and thus each pixel receives light from a 26 � 26 �m
region. Excitation light from a 100 W halogen lamp was filtered with a
630 � 15 nm bandpass filter, reflected onto the cortex by a 650 nm
dichroic filter, and the epifluorescent image was collected after a 665 nm
long-pass filter. Individual whiskers were deflected for a 2 msec duration
by a computer-controlled piezoelectric wafer attached to the whisker at a
distance 10 mm from the rat snout. The amplitude of the deflection was
under computer control, and sensory responses were evoked with deflec-
tions ranging from 0.6 to 6°. Between 10 and 20 sweeps were collected
and averaged to reduce sweep-to-sweep variability of evoked responses
and to average out the spontaneous ongoing activity (Arieli et al., 1995),
which under our conditions is often as large as the evoked activity. The
spatiotemporal dynamics of the whisker-evoked responses could be an-
alyzed during an experiment using custom-written routines in IgorPro
(Wavemetrics, Lake Oswego, OR) and aligned with the blood vessel pat-
tern, allowing targeted whole-cell recordings from specific regions of the
barrel cortex.

Whole-cell recordings. Whole-cell pipettes were advanced through the
agar and into the neocortex with a positive-pressure 200 mmHg until the
electrode tip was close to the location targeted for whole-cell recording.
The positive pressure was subsequently reduced to 30 mmHg, and the
pipette was advanced in steps of 2 �m until the resistance of the pipette
increased suddenly, indicating contact with a cell. Suction was subse-
quently applied until a gigaseal was formed, and then the whole-cell
configuration was established by slowly ramping the pressure to increas-
ingly negative values. Whole-cell pipettes had resistances of 5 M� filled
with a solution containing (in mM): 135 potassium gluconate, 4 KCl, 10
HEPES, 10 phosphocreatine, 4 MgATP, and 0.3 Na3GTP (adjusted to pH
7.2 with KOH). Biocytin (2 mg/ml) was included in the intracellular
solution to allow the morphology of the neurons to be analyzed. Whole-
cell electrophysiological measurements were made with Axopatch 200
amplifiers (Axon Instruments, Foster City, CA). The membrane poten-
tial was filtered at 2 kHz and digitized at 10 kHz in a sweep-based manner
by ITC-16 (Instrutech Corporation, Long Island, NY) under the control
of HEKA Pulse software running on an Apple Macintosh computer.
Off-line analysis of electrophysiological data and alignment with imaging
data were performed using custom-written routines in IgorPro.

Morphological reconstruction of biocytin-stained neurons. At the end of
the experiment, during which a neuron had been filled with biocytin
through the whole-cell recording, the rat was transcardially perfused
with PBS followed by 4% paraformaldehyde. After overnight fixation,
100-�m-thick brain slices were cut in a plane tangential to the pia. The
slices were washed with PBS (100 mM sodium phosphate, pH 7.2) five
times over a period of 2 hr. The slices containing layer 4 were subse-
quently incubated at 35°C until clear staining of barrels was observed
(0.5–5 hr) in PBS containing (in mg/ml): 0.3 cytochrome c, 0.3 catalase,
and 0.5 diaminobenzidine (DAB). Slices were again washed five times
with PBS over a period of 2 hr. Endogenous peroxidases were then
quenched by a 5 min incubation with 1% H2O2. The slices were subse-
quently rinsed in PBS five times over a period of 2 hr. Slices were conju-
gated with avidin-biotinylated horseradish peroxidase following the
manufacturer’s instructions (ABC-Elite, Vector stains). Slices were then
washed five times over a period of 2 hr with PBS, and subsequently
biocytin-stained neurons were visualized under a reaction with 0.5
mg/ml DAB and 0.01% H2O2. When the neuronal processes were clearly
visible, the reaction was stopped by washing with PBS. Finally the slices
were mounted on slides using moviol. Dendritic and axonal processes
were subsequently reconstructed in three dimensions using Neurolucida
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software (Microbrightfield, Colchester, VT). Further morphological
analysis was performed by custom-written routines in IgorPro.

Results
Voltage-sensitive dye imaging reflects the membrane
potential of layer 2/3 pyramidal neurons
The spatiotemporal dynamics of whisker-driven sensory re-
sponses were analyzed using a combination of voltage-sensitive
dye imaging and whole-cell recordings from layer 2/3 of rat barrel
cortex (Fig. 1). Urethane or halothane an-
esthesia was maintained throughout the
experiments. EEG and ECG recordings
monitored the condition of the animal
(Fig. 1B). The neocortical surface, when
illuminated with green light (535 nm),
shows the blood vessel patterns (Fig. 1D),
which are subsequently used as landmarks
to target whole-cell recordings to specific
locations in the functional barrel cortex
map identified during the experiment.
Sensory signals were evoked by brief de-
flection of a mystacial whisker attached to
a computer-controlled piezoelectric wafer
(Fig. 1C). Fluorescence from the voltage-
sensitive dye RH1691 was imaged at 2.4
msec with each of the 128 � 128 detector
pixels receiving light from a 26 � 26 �m
area. The image data were subsequently
normalized off-line to the nonuniform
fluorescence intensity of the imaged cor-
tex and displayed as �F/F0. Single frames
of image data of sensory-evoked re-
sponses (Fig. 1E, gray scale) were found to
contain spatial noise, including horizon-
tal streaks associated with the known im-
perfections of the Fuji Deltatron camera.
Therefore, for display purposes all VSD
images were Gaussian filtered with a 75
�m radius (Fig. 1F). This smoothing was
applied solely for display purposes, and all
numerical analysis was performed on the
original data set. Finally, single or dual
whole-cell recordings from identified
layer 2/3 pyramidal neurons were targeted
to specific regions of interest within the
imaged region to allow a quantitative
comparison of membrane potential and
the simultaneously measured local
voltage-sensitive dye signal (Fig. 1 I).

Voltage-sensitive dye signals originate
primarily from layer 2/3
As a first step to understanding the lami-
nar sources of the VSD signals imaged in
vivo, we measured the depth of penetra-
tion of the voltage-sensitive dye using
similar approaches as described previ-
ously by Kleinfeld and Delaney (1996).
Standard coronal brain slices were pre-
pared from three animals after sensory-
evoked responses were recorded in vivo
(Fig. 1G). The fluorescence profile indi-

cated that 3% of total dye was present in layer 1, 95% in layer 2/3,
and 2% in layer 4. The fluorescence maximum was located 295
�m below the pia. The decrease in fluorescence toward the pia
over the top 300 �m suggests either that RH1691 preferentially
stains deeper tissue or that the dye washes out more readily from
the superficial tissue. Evidence that this latter possibility occurs is
the slight blue color of the agar overlying the imaged area at the
end of an experiment. When imaged under 40� water-
immersion infrared differential interference contrast optics, neu-

Figure 1. Simultaneous whole-cell and voltage-sensitive dye recording in vivo. A, The medial portion of the posterior somato-
sensory barrel cortex was stained with voltage-sensitive dye RH1691. The VSD signal was imaged with a Fuji Deltaron camera
simultaneously with single or dual whole-cell recordings. B, The animal was continually monitored by ECG and EEG measurements.
ECG measurements are of importance because the largest imaging artifacts are caused by heart beat-related pulsation. By trigger-
ing image acquisition relative to a known phase of the ECG, such artifacts can be subtracted. C, Whiskers were deflected by a piezo
under computer control. High-speed filming allowed the quantification of whisker deflections evoked at three different stimula-
tion strengths used in this study. D, The blood vessel pattern is imaged in the experimental setup (just before VSD imaging) under
green illumination (535 nm) with the Fuji Deltaron camera. The pattern of these blood vessels is subsequently used for targeting
whole-cell recordings within the functional map of barrel cortex derived from the voltage-sensitive dye imaging. Scale bar, 500
�m. E, A single frame of the imaged VSD signal collected 14.4 msec after a 2 msec single whisker deflection. The raw data from the
camera have been normalized to the prestimulus fluorescence (�F/F0 ). The gray scale ranges from a �0.1% (black) to 0.1%
(white) fractional change, with no response giving a gray pixel. F, The same VSD image as before but now shown on the yellow-hot
color scale after Gaussian filtering (radius of 75 �m). Image smoothing was used exclusively for clarity of image presentation. All
quantitative analyses of the VSD signals were performed on the original data set. G, Depth penetration of RH1691 measured in
coronal brain slices. H, Photodynamic damage appeared negligible under our experimental conditions. The response amplitude
and kinetics were unchanged within the noise limits in this averaged series of 100 sweeps for each condition with excitation light
alternately on or off. I, Average of 10 sweeps showing the change in membrane potential of a layer 2/3 pyramidal neuron (WC)
evoked by the whisker deflection compared with the simultaneously recorded voltage-sensitive dye signal (VSD) quantified from
a 200 � 200 �m region of interest around the neuron.
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rons appeared as healthy under the craniotomy as they did in
remote regions of neocortex. The surgery, staining procedures,
and imaging thus do not appear to harm the underlying brain
tissue.

The effects of light scattering by living brain tissue and the
focal depth of the imaging system were assessed by imaging the
tip of a glass electrode filled with a solution of the voltage-
sensitive dye. The electrode was inserted at different depths into
the cortex with the camera focused 300 �m below the pial surface
as for voltage-sensitive dye experiments. The collected fluores-
cence from the electrode image was quantified and yielded an
approximately Gaussian curve with a full width at half-maximum
(FWHM) of 310 �m. Convolving this with the distribution of the
voltage-sensitive dye found in the coronal slices suggests that
under our experimental conditions �2% of the fluorescence
originates from layer 1 and 98% from layer 2/3, with little contri-
bution from layer 4 or the infragranular region. Changes in this
fluorescence form the VSD signal recorded by the camera. The
VSD signal will thus originate predominantly from changes in
electrical potential across membranes located in layer 2/3, includ-
ing neurons in layer 2/3 and neurons in deeper layers with den-
drites that extend into layer 2/3. From the anatomy of recon-
structed pyramidal neurons of L4 – 6, we estimate that their
contribution to total neuronal membrane area in layer 2/3 is
�10%. Thus the VSD signals that we image are likely to reflect
primarily the electrical activity of neurons in layer 2/3.

Lack of pharmacological side effects and photo-toxicity of
VSD imaging assessed by whole-cell recordings
Whole-cell recordings from layer 2/3 pyramidal neurons were
made to evaluate potential alterations to cortical function and
toxicity caused by voltage-sensitive dye imaging. We found that
the resting membrane potential [without VSD �64 � 4 mV (n �
15); with VSD �65 � 3 mV (n � 29)] and spontaneous action
potential (AP) frequency [without VSD 0.18 � 0.07 Hz (n � 15);
with VSD 0.17 � 0.09 Hz (n � 29)] were not different compared
with neurons from preparations that had not been stained with
voltage-sensitive dye. Equally, when the epifluorescent illumina-
tion was turned on even for periods of several minutes, there was
no effect on the neurons from which we recorded with respect to
membrane potential [the membrane potential change between
light on and off was 0.8 � 1.2 mV (n � 9)] or whisker-evoked
responses [the difference between peak amplitude of sensory re-
sponse during light on and off was 1.1 � 1.4 mV (n � 9)] (Fig. 1H
shows averages of 100 sweeps alternately with or without light).
The voltage-sensitive dye-imaging technique as applied in this
study does not appear to modify neocortical function via phar-
macological side effects or photodynamic damage. Equally, de-
flection of single whiskers evoked VSD responses that were sim-
ilar to those imaged without simultaneous whole-cell recording,
and thus the process of obtaining a whole-cell recording and the
presence of the whole-cell recording pipette also did not appear
to disturb neocortical function. It thus appears meaningful to
compare voltage-sensitive dye signals and membrane potential
changes that are evoked by whisker deflection and recorded
simultaneously.

Voltage-sensitive dye signals are dependent on glutamatergic
synaptic transmission
Ionotropic glutamatergic synaptic transmission was blocked by
applying 20 �M NBQX and 200 �M D-APV to the surface of the
cortex and allowing the solutions to diffuse into the neocortex for
20 min. The peak amplitudes of whisker-evoked sensory re-

sponses were reduced to 3 � 6% (n � 4) of the pretreated signal.
This result suggests that the entire net excitation reflected by the
voltage-sensitive dye signal is mediated by glutamatergic synaptic
transmission.

Changes in membrane potential of single layer 2/3 pyramidal
neurons correlate closely with the local voltage-sensitive
dye signal
To understand quantitatively how the voltage-sensitive dye signal
relates to neuronal membrane potential changes in the rat barrel
cortex, we made whole-cell voltage recordings from superficial
layer 2/3 pyramidal neurons relating the somatic location to the
functional map of whisker-evoked voltage-sensitive dye signals
that were recorded simultaneously. Although the voltage-
sensitive dye signal presumably results from large ensembles, we
found a remarkably close correlation with the evoked membrane
potential changes in single pyramidal neurons in layer 2/3 (Fig.
2). In the experiment illustrated in Figure 2, the membrane po-
tential of the L2/3 pyramidal neuron responds strongly but
briefly to deflection of the C3 whisker (Fig. 2B, top red trace). The
soma of the neuron is located close to the C3 barrel-column (Fig.
2A,C). The local VSD response quantified in a 200 � 200 �m
region around the soma shows an almost identical time course
(Fig. 2B, bottom red trace). The membrane potential of this neu-
ron also responds to deflection of the D2 whisker, but the re-
sponse occurs after a longer latency, the amplitude is reduced,
and the time course is very different for these 20 averaged sweeps
(Fig. 2B, top blue trace). All of these differences in the membrane
potential response are also reflected in the local VSD signal (Fig.
2B, bottom blue trace). Thus the response latencies and kinetics of
membrane potential changes are very similar to the local VSD
responses. This is true of every neuron (n � 29) from which we
recorded. Plotting the VSD signal amplitude as a function of
membrane potential also revealed a close to linear relationship
for this individual neuron with respect to the sensory responses
from both of the tested whiskers (Fig. 2D). The normalized data
from all neurons recorded at 1–1.5 gm/kg urethane ( green data
points), 1.5–2 gm/kg urethane (black data points), or 0.5–1%
halothane (cyan data points) show close correlations (Fig. 2E).
The local voltage-sensitive dye signal can thus be calibrated
against the membrane potential of a single neuron generating the
expected fluorescence change for a given membrane potential
change. The reverse calculation reveals that the subthreshold
membrane potential of a neuron can be predicted with an rms
error of 2.0 mV once the local voltage-sensitive dye signal has
been calibrated. However, it should be stressed that action poten-
tials observed in the WC recording were not reflected in the VSD
signal (no action potentials were observed in the experiment in
Fig. 2, but see Fig. 3). This result indicates that synchronous
action potentials are unlikely to occur in a large fraction of nearby
neurons. The threshold for AP initiation may thus convert rela-
tively homogeneous postsynaptic potential (PSP) patterns of
nearby neurons into a specific cortical representation of a whisker
stimulus encoded in the inhomogeneous pattern of APs.

The calibration ratio (gradient of the linear fit of the VSD
signal plotted as a function of membrane potential) was similar
for different stimuli in a given experiment (Fig. 2D) but varied
almost 10-fold from one experiment to another, ranging from
15 � 10�6/mV to 140 � 10�6/mV (fractional fluorescence
change per millivolt) with a mean � SD of 72 � 39 � 10�6/mV.
The close correlation of the subthreshold response of a single
neuron to the local voltage-sensitive dye signal suggests that neu-
rons under our recording conditions in a small region of neocor-
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tex respond in a quantitatively similar manner at the level of
subthreshold membrane potential changes.

To directly test this view, dual whole-cell recordings from
identified layer 2/3 pyramidal neurons were obtained in seven
additional experiments while simultaneously imaging the spatio-
temporal dynamics of the ensemble cortical activity with voltage-
sensitive dye (Fig. 3). This allows the changes in membrane po-
tential of neurons located in two different cortical columns to be
compared with the respective local voltage-sensitive dye signals
recorded simultaneously. The example experiment in Figure 3
shows the reconstructed dendritic trees of the two layer 2/3 pyra-
midal neurons from which we recorded superimposed on images

Figure 2. Subthreshold membrane potential changes in layer 2/3 pyramidal neurons are closely
correlated with the local voltage-sensitive dye signal. A, The voltage-sensitive dye image of the corti-
cal evoked response recorded 15 msec after deflection of the C3 whisker (top panel ) and the D2
whisker (bottom panel ). Superimposed are the reconstructed dendrites of the layer 2/3 pyramidal
neuron from which a whole-cell recording was made simultaneously with the voltage-sensitive dye
imaging. The neuron is located between the C3 and C4 barrels (barrel field with arcs oriented vertically
and rows oriented horizontally. The barrels on the left edge belong to arc 1). B, The membrane poten-
tial changes evoked by stimulation of the C3 (red) and D2 (blue) whisker recorded in the layer 2/3
pyramidal neuron (top traces). The voltage-sensitive dye signal from a 200�200�m region around
the soma of the neuron is quantified (bottom traces). The membrane potential changes of a single
neuronappeartobecloselycorrelatedwiththevoltage-sensitivedyesignal intimecourseandrelative
amplitude, which presumably results from many neurons. C, Three different projections of the three-
dimensional reconstruction of the dendritic arbor of the layer 2/3 pyramidal neuron shown in A. D, For
the same neuron the VSD signal is plotted as a function of change in membrane potential during the
first 200 msec of the whisker response. The two measurements are correlated linearly for the response
to both the C3 whisker deflection (red) and the D2 deflection (blue) with a similar calibration constant.
The depolarization in membrane potential of a single neuron appears to be closely correlated with the
VSD signal in time course and relative amplitude, which obviously originate from many neurons. E,
The normalized local VSD signal amplitude plotted as a function of the change in membrane potential
across all neurons in the experimental data set. The black data points indicate data collected under
1.5–2 gm/kg urethane anesthesia (n � 24), the green data points are from experiments using ani-
mals that were more lightly anesthetized with 1–1.5 gm/kg urethane (n � 5), and the cyan data
points are from experiments conducted under halothane (0.5–1%) anesthesia (n � 3). Under all of
these conditions of different levels of anesthesia there is a close correlation between membrane po-
tential changes and VSD signal.

Figure 3. Dual whole-cell recordings from neurons in different cortical columns correlate
closely with their respective local voltage-sensitive dye signal. A, The early VSD dye signal is
localized close to one of the layer 2/3 pyramidal neurons (dendrites colored blue). At longer
latencies the VSD signal indicates depolarization of a larger cortical region, including the loca-
tion of the other whole-cell recording (dendrites in black). B, Normal view of the cortex along a
row to indicate the separation of the dendritic arbors of the two layer 2/3 pyramidal neurons
that were recorded. C, The local VSD signal ( gray for the black neuron and cyan for the blue
neuron) around each neuron follows closely the subthreshold membrane potential of the re-
spective neurons. The latency, amplitude, and kinetics of the VSD signal and the membrane
potential changes are well matched for both neurons. The early deviation in the WC recording
from the blue neuron is caused by action potentials, which in general are not well correlated
with a VSD signal (single sweep of the membrane potentials shown in D). The VSD signal is
scaled identically for the two locations, indicating that the VSD image can be calibrated linearly
and used to predict the membrane potential changes across the field of view under these
experimental conditions.
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of evoked VSD signal at two different time points (Fig. 3A,B).
The neuron with blue color-coded dendrites is located in the D2
barrel-column, whereas the neuron with black color-coded den-
drites is located almost 1 mm away at the far edge of the D3
barrel-column. A stereotypical spatiotemporal pattern of activity
described in detail later in this paper is observed after a brief D2
whisker stimulation. The initial response occurs locally in the D2
barrel-column (Fig. 3A, left image at 15 msec after stimulus), and
over the subsequent 25 msec spreads across the barrel cortex (Fig.
3A, right image at 40 msec after stimulus). The membrane poten-
tial of the blue neuron responds with a larger amplitude and
shorter latency than the black neuron, after a time course that is
very similar to the local VSD signal colored light blue and gray,
respectively (Fig. 3C). Importantly, the scaling factor comparing
membrane potential and VSD signal is the same for the two sets of
traces, and a good match is observed. On some sweeps the whis-
ker stimulus-evoked response in the blue neuron reached thresh-
old (Fig. 3D), which explains the early brief signal in the averaged
WC traces (Fig. 3C). This AP is not reflected in the VSD signal.
The subthreshold membrane potential changes of two simulta-
neously recorded layer 2/3 pyramidal neurons both correlate well
with a single calibration constant to scale signals in VSD images
into membrane potential changes. This was true in all experi-
ments; the scale factor for each doublet of neurons was within 8 �
3% (n � 7), but again the value of the scale factor varied strongly
from experiment to experiment. This variability from experi-
ment to experiment thus likely reflects variability in the staining
of the cortex, perhaps attributable to different amounts of dye
binding or different amounts of dye remaining unbound in the
extracellular space or different amounts of dye that might have
flipped onto the inner leaflet of the plasma membrane, thus
countering the signal from molecules located on the outer leaflet
of the plasma membrane.

Dendritic and axonal organization of the excitatory neuronal
network in layer 2/3 barrel cortex
The voltage-sensitive dye signals are thus likely to result primarily
from membrane potential changes in layer 2/3 pyramidal neu-
rons. The anatomical organization of these neurons is thus of key
importance in understanding the spatiotemporal dynamics of the
VSD signal. Therefore three-dimensional anatomical reconstruc-
tions were made of the dendrites and axon of simultaneously
recorded neurons filled with biocytin during the whole-cell patch
recording (Fig. 4). These anatomical reconstructions were
aligned with the barrel map visualized by cytochrome c stain and
the functional map imaged by the voltage-sensitive dye.

Dendritic arbors
The dendritic arbor (red) of an individual layer 2/3 pyramidal
neuron is shown in Figure 4 from three different perspectives
(tangential, viewed from above as in the voltage-sensitive dye
imaging experiments, and from the side along the two orthogonal
elements of barrel cortex structure, the row and the arc). In this
neuron and in the other nine layer 2/3 pyramidal neurons that we
reconstructed, the basal dendrites were oriented with radial sym-
metry around the soma, showing no preference for extending
along rows or arcs of barrel cortex. The apical dendrite in general
projected laterally across a somewhat wider area and showed a
slight preference for orientation along the rows of barrel cortex.
Altogether the ratio of maximal dendritic extent along row versus
arc had a value of 1.15 � 0.07 (n � 10). By far the greatest
proportion of lateral length of dendrite of layer 2/3 pyramidal
neurons arbors was within a 100 �m radius of the soma (density

of dendrite decreases to 50% by 94 �m and to 10% by 189 �m).
The lateral extent of dendrites is thus unlikely to substantially
broaden the spatial profile of whisker-evoked sensory responses.
The voltage-sensitive dye imaging technique applied here should
thus be suitable for investigating the minimum spatial extent of
cortical PSP responses in layer 2/3 for weak stimuli that result in
only subthreshold activation of postsynaptic neurons.

Axonal arbors
In contrast the axonal arbors of L2/3 pyramidal cells have much
larger projections that extend into adjacent barrels. The axonal
arbor (blue) of the pyramidal neuron illustrated in Figure 4 shows
axon collaterals projecting to all neighboring barrel-columns and
even to some non-neighboring barrel-columns oriented along
the row. The axonal arbor of this neuron thus extends farthest
along the row of barrels. This asymmetry in the extent of the
axonal arbor was observed in all the neurons that we recon-

Figure 4. Three-dimensional reconstruction of the dendritic and axonal arbors of a layer 2/3
pyramidal neuron. During in vivo whole-cell recordings of layer 2/3 pyramidal neurons simul-
taneous with VSD imaging, the neuron is filled with biocytin. Subsequent staining of fixed
tangential slices reveals the axonal and dendritic structure, which can be traced in three dimen-
sions with the aid of a computer. The barrel field is visualized by cytochrome c staining. The axon
extends into all neighboring barrel-columns, whereas the dendrites remain close to the soma.
The axon extends farther along the row than along the arc.
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structed. The lateral extent of the axonal arbors was greatest along
the row compared with the arc with a ratio of 1.81 � 0.30 (n � 5).
Axonal density decreased to 50% at 172 �m along the row and
118 �m along the arc and to 10% at 535 �m along the row and
250 �m along the arc.

There is thus a clear preference for axonal arbors of individual
layer 2/3 pyramidal neurons to extend along the rows of barrel
cortex. This is seen particularly clearly when the axonal arboriza-
tions of many neurons are superimposed and their length density
is quantified (Fig. 5). Previous studies using bulk labeling tech-
niques (Bernardo et al., 1990; Keller and Carlson; 1999) were
found to preferentially label neurons in the same row of barrels,
although the precise nature of the types of neurons labeled is
uncertain. The specific labeling and reconstruction of individual
neurons performed in this study allow the unambiguous identi-
fication of the axon of layer 2/3 pyramidal neurons as providing a
substrate for the clear anatomical preference for communication
along the rows of barrel cortex.

Spatiotemporal dynamics of single whisker representation in
layer 2/3 barrel cortex
Having defined layer 2/3 pyramidal neurons as the origin of the
VSD signal and having defined the anatomical wiring of the layer
2/3 pyramidal neurons, we are now in a position to analyze the
spatiotemporal dynamics of PSPs in layer 2/3 with millisecond
time resolution. Our data demonstrate a highly dynamic view of
cortical function. Neocortical sensory responses were evoked in
barrel cortex by a backward 6° deflection of the D2 whisker for 2
msec (for stimulus kinetics see Fig. 1C; for an example VSD re-
sponse see Fig. 6). There was no immediate response or stimula-
tion artifact observable in the voltage-sensitive dye signal. The
earliest response was detected 10 –12 msec after stimulation and
was confined to a small region of neocortex (Fig. 6B). During the
subsequent milliseconds, the response amplitude increased at
this epicenter, and the response spread to cover a large region of
neocortex. Localized injections of DiI were subsequently made
into upper layer 2/3 of the functionally identified epicenter of the
sensory response in five experiments (Fig. 6A). The brains were
subsequently fixed overnight in paraformaldehyde and then
transferred into PBS at 35°C for 2 weeks to allow DiI to diffuse
into the membranes. Tangential brain sections were subse-
quently cut, and these indicated that the DiI had diffused
throughout the depth of the neocortex and that DiI fluorescence
was limited laterally in layer 4 to the D2 barrel (Fig. 6C,D). Evi-
dently the epicenter of the initial voltage-sensitive dye response

thus maps onto the neocortical column defined by the layer 4
barrel isomorphic to the stimulated whisker. The spatial extent of
the voltage-sensitive dye signal at later times can thus be com-
pared with the anatomical map showing that 50 msec after stim-
ulation the entire posterior medial barrel field was also activated.
The VSD signal subsequently decays back to prestimulus levels
over the next hundreds of milliseconds (Fig. 6B,E). The early
brief localized VSD signal can also be quantified by plotting the
amplitude of the VSD signal in the D2 barrel-column as a ratio of
the amplitude recorded in its neighbors (Fig. 6F).

The earliest response is confined to a single barrel-column
Earlier work (Orbach et al., 1985; Grinvald et al., 1986; Kleinfeld
and Delaney, 1996; Takashima et al., 2001) showed that deflec-
tion of a single whisker resulted in a “pagoda”-like activation
extending far beyond the anatomic border of a single barrel-
column. Through the improved spatiotemporal resolution of the
present study and in view of the picture from the anatomy, we
decided to revisit this issue by focusing our attention on the ex-
tent of the spatial cortical response at its earliest time. The first
detectable VSD response after a single-whisker stimulation oc-
curred in the image frames collected 9.6 or 12 msec after stimu-
lation. These early responses had small amplitudes [24 � 4%
(n � 20) of the maximal response amplitude] and were confined
laterally to a single barrel-column (Fig. 7). To quantify the spatial
extent of these early responses, Gaussian curves were fitted to the
intensity cross-section profile oriented along either a row or an
arc of barrel cortex. Gaussian fits had a full width at half-
maximum along a row of 477 � 27 �m and along an arc of 451 �
25 �m (n � 20). The profiles along a row and along an arc were
not significantly different for the early responses. To further
define the functional extent of the early response, the overlap
of these signals evoked by nearest-neighbor whisker deflec-
tions were analyzed. Deflection of a nearest-neighbor whisker
evoked a sensory response, which in the early VSD images was
clearly spatially separable, having an epicenter located �500
�m away in the appropriate orientation for the whisker stim-
ulated (Fig. 7).

The earliest detectable VSD signal evoked by whisker stimu-
lation thus results from excitation of layer 2/3 immediately above
and laterally confined to the width of the barrel in layer 4. This is
in good agreement with in vitro measurements of the spread of
excitation during stimulation of a single layer 4 barrel, where
responses in layer 2/3 were confined primarily to the stimulated
barrel-column (Petersen and Sakmann, 2001).

Figure 5. Axonal arbors of layer 2/3 pyramidal neurons are preferentially oriented along rows. A, The superimposed reconstructions of 5 axons (blue) and 10 dendrites (red) from layer 2/3
pyramidal neurons in a tangential projection plotted on an idealized barrel field composed of 400 � 400 �m barrels separated by 100 �m of septa (left panel ). The density of neuronal processes
was calculated and Gaussian smoothed (50 �m smoothing). Contours of 10 and 50% density of axon (blue) and dendrite (red) plotted on the idealized barrel field (right panel ). Dendritic field span
is rather limited compared with the axon. The extent of the axon is clearly longer along the row as compared with the arc. B, The laminar extent of the reconstructed dendrites and axons along the
rows of the barrel field. Axonal arbors were reconstructed only within layer 2/3. C, The laminar extent of the reconstructed dendrites and axons along the arcs of the barrel field.
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Excitation propagates preferentially along the rows of the
barrel cortex map
The spread of excitation from the epicenter of the early response
is not uniform, propagating preferentially along the rows of the
barrel cortex map (Figs. 6, 8, 9). Previous voltage-sensitive dye
imaging data at lower time resolution (Kleinfeld and Delaney,
1996) observed a similarly oriented extent of a time-averaged
response. Equally, analysis of extracellularly recorded action po-
tential activity evoked by sequentially stimulating many whiskers
inferred a similar structure to the spread of activity in L2/3 (Si-
mons, 1978). In this study, with the improved spatiotemporal
resolution, we can directly visualize the time-dependent spread of
the activity in L2/3 evoked by a single whisker deflection rather
than the extent of a time-averaged signal or one inferred from
multiple stimuli of different whiskers. This allows quantification
of the direction and the velocity of excitation.

The spread of excitation was quantified by fitting Gaussian
curves to the cross-section profile through the epicenter along
either rows or arcs obtained in 20 experiments (Fig. 8). As the

4

whisker thus occurs in the isomorphic cortical column defined by the D2 barrel. E, The time
course of the VSD signal in the D2 barrel-column is plotted. F, The ratio of the response ampli-
tude observed in the D2 barrel-column [principal whisker ( PW )] compared with the response in
surrounding barrel-columns [surround whisker (SuW)] is plotted. The sharp peak indicates that
for a short period of a few milliseconds the evoked response is localized to the D2 barrel-column
and that the response rapidly becomes rather homogeneous at the spatial level of neighboring
barrel-columns.

Figure 6. Spatiotemporal dynamics of the layer 2/3 neocortical voltage-sensitive dye re-
sponse to a single brief whisker stimulus compared with the barrel map of layer 4. A, The blood
vessels at the cortical surface are shown (top left) with a red dot indicating the location of a
superficial DiI injection. The DiI was injected into the cortical location of the epicenter of the
voltage-sensitive dye response evoked by a brief deflection of the D2 whisker. B, The spatio-
temporal dynamics of the sensory response indicate a localized initial response at 10 msec after
the stimulus, which rapidly spreads to excite the entire posterior medial barrel cortex at 50
msec, before decaying over the next 100 msec. C, The brain was fixed and kept at 35°C for 2
weeks to allow DiI diffusion in membranes. Subsequently the brain was sliced tangentially
allowing the layer 4 barrels to be visualized under bright-field illumination. The barrels are
outlined in cyan. D, DiI fluorescence was analyzed in the same slice. The fluorescence is limited
primarily to the D2 barrel. The epicenter of the electrical sensory response to deflection of the D2

Figure 7. The earliest detectable response in layer 2/3 has tangential dimensions similar to
a barrel-column. A, Brief deflection of the D2 whisker evoked a cortical response imaged 9.6
msec later that had lateral dimensions quantified along the row and arc were similar to a
barrel-column. B, The spatial extent of this early VSD signal was quantified by fitting Gaussian
curves to the VSD signal profile along the row (red trace; FWHM � 435 �m) or along the arc
(blue trace; FWHM � 390 �m). C, Deflection of the D3 whisker evoked a response in a different
cortical location imaged at 9.6 msec. Again the lateral extent of this early signal had dimensions
comparable with that of a layer 4 barrel (row FWHM � 400 �m; arc FWHM � 320 �m) D, The
VSD profile from these early images quantified along the row for the D2 response (blue trace)
and the D3 response (red trace). The peaks of the two curves are clearly distinct and are sepa-
rated by 420 �m.
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response develops during the first 50 msec, the amplitude of the
signals increase both at the epicenter and over large areas of neo-
cortex. The Gaussian profile thus becomes increasingly broad as
the response amplitude over the barrel field becomes close to
uniform spatially at later times during the response. The Gauss-
ian profiles provide a way to quantify the spread of the excitation
beginning with narrow Gaussians of �500 �m for both row and
arc. The spread of the Gaussian wave front of excitation occurs
almost twice as rapidly along the row (60 �m/msec) as compared
with along the arc (33 �m/msec). Higher velocities calculated

from amplitude thresholds (rather than Gaussian wave fronts)
also show more rapid spread along the rows. This preferred ori-
entation of the spread of excitation from a single whisker is in
accord with the preferred orientation of the axons in layer 2/3
(Figs. 4, 5), suggesting that action potentials within the excitatory
neuronal network of layer 2/3 are likely to be responsible for wave
propagation.

Excitation evoked by a weak whisker stimulus remains
confined to a single barrel-column
Smaller whisker deflections evoked VSD signals that had lower
amplitude, lasted for shorter duration, and spread over smaller
regions of cortex. A particularly clear example of the relationship
of the spatiotemporal dynamics to stimulus intensity is illustrated
in Figure 9. At the standard stimulus intensity used in this study
(6° deflection, large velocity and acceleration), the voltage-
sensitive dye response in this experiment follows the pattern de-
scribed above: the signal is initially localized to a small barrel-
column-sized area, and then over the next milliseconds the
amplitude of the response increases and excitation spreads pref-
erentially along a row to cover a large area of neocortex. Reducing
the stimulus strength (2° deflection, lower velocity and accelera-
tion) decreases the amplitude of the initial localized response,
which occurs in the same barrel-column area. Subsequently the
signal increases in amplitude and spreads laterally, but at the
smaller stimulation strength the response is weaker (peak ampli-
tude is 51% of that evoked by the 6° stimulus) and the row-like
nature of the spread is particularly obvious. At a yet smaller whis-
ker deflection strength (0.6° deflection and further reduced ve-
locity and acceleration), the voltage-sensitive dye signal is again
initiated at the same area as before, but the amplitude is reduced
further. In the next milliseconds the response amplitude does not
increase (peak amplitude is 29% of that evoked by the 6° stimu-
lus), and the signal remains confined to the excited region. The
entire response to this very weak stimulus lasts �50 msec, similar
to the time course of unitary EPSPs and to the duration of
voltage-sensitive dye responses evoked by layer 4 barrel stimula-
tion in vitro (Petersen and Sakmann, 2001). Furthermore, the
spatial confinement of this signal to a single barrel-column is also
what is observed in vitro for stimuli that generate primarily sub-
threshold responses in layer 2/3 pyramidal neurons (Petersen and
Sakmann, 2001). The response to the weak stimulus thus defines
the localized activation of a neocortical column at the level of
subthreshold membrane potential changes in vivo.

Discussion
Sensory stimulus-evoked membrane potential changes
The fluorescence of voltage-sensitive dye RH1691 under our ex-
perimental conditions correlates strongly with membrane poten-
tial changes in layer 2/3 pyramidal neurons. Dendrites of layer 2/3
pyramidal neurons contribute by far the largest percentage area
of membrane within the stained region of neocortex, and the
entire VSD response can be blocked by antagonists of AMPA and
NMDA receptors. Therefore it is perhaps not surprising that we
found a close correlation between the average WC membrane
potential changes of pyramidal neurons in L2/3 and the local
VSD response. What is remarkable, however, is that the evoked
membrane potential changes of each individual layer 2/3 pyrami-
dal neuron from which we recorded were locked tightly to the
local VSD signal. Under these experimental conditions, layer 2/3
pyramidal neurons within several hundred micrometers of each
other in the barrel field appear to respond in a similar manner at
the level of subthreshold membrane potential changes. This re-

Figure 8. Excitation spreads preferentially along rows compared with arcs. The left column
shows a series of voltage-sensitive dye images demonstrating the time-dependent spread of
excitation, along with a schematic drawing of the orientation of the barrel field (top). The
earliest response (10 msec) has no preferred orientation, with a small signal amplitude that is
confined horizontally to a single barrel-column. Subsequently (images at 20 and 50 msec),
excitation extends into neighboring barrel-columns with a preferential spread along the rows of
barrel cortex. The right column provides quantification of the spread of excitation. Gaussian
functions are fitted to line sections of the voltage-sensitive dye response oriented along the row
(red curves) or arc (blue curves) through the epicenter. The broader Gaussian curves calculated
along the row indicated the preferred orientation of the delayed spread of excitation. The
propagation velocity of the Gaussian wave front is twice as fast along the row compared with
along the arc (top).
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sult is consistent with dual recordings from nearby (within 500
�m distance) neurons in the anesthetized cat visual cortex that
showed highly correlated changes in membrane potential (Lampl
et al., 1999), although the morphological identity of these neu-
rons as well as the cortical layers were unknown. By scaling the
local VSD signal to the membrane potential in a layer 2/3 pyra-
midal neuron, we could predict the time-dependent subthresh-
old membrane potential changes recorded in another layer 2/3
pyramidal neuron at a different cortical location. It would thus
appear that the VSD images can be converted into reasonable
estimates of subthreshold PSPs expected in the dendrites of layer
2/3 pyramidal neurons, at least under our experimental condi-
tions of anesthesia and simple sensory stimuli.

Because APs observed in the WC recording were not correlated
with a VSD signal, it appears that APs do not occur synchronously in
a large fraction of L2/3 neurons. Diverse receptive field properties
(e.g., single whisker or multiwhisker units) of layer 2/3 neurons (Si-
mons, 1978) are thus consistent with our PSP data. Thus the infor-
mation specificity of whisker stimuli as represented by AP patterns in
L2/3 pyramids thus is likely to arise from the nonlinear threshold for
AP initiation in each particular neuron.

Signal flow within and between columns
The earliest cortical sensory response evoked by a vibrissa stim-
ulus occurs in layer 4, at the level of both the subthreshold mem-
brane potential changes (Moore and Nelson, 1998; Zhu and Con-
nors, 1999; Brecht and Sakmann, 2002) and the unit activity
(Armstrong-James et al., 1992). Anatomical and functional stud-
ies demonstrate that these layer 4 neurons project in a columnar
manner into layer 2/3 (Lübke et al., 2000; Petersen and Sakmann,
2001) and make glutamatergic synapses predominantly onto the

basal dendrites of pyramidal neurons (Feldmeyer et al., 2002).
The resulting EPSPs evoked by the APs of the layer 4 spiny neu-
rons are likely to form the earliest component of the VSD signal,
which is horizontally restricted to a single barrel-column. Previ-
ous studies imaging whisker-evoked VSD signals (Orbach et al.,
1985; London et al., 1989; Kleinfeld and Delaney, 1996) may have
been unable to resolve this initial spatial confinement to a single
column because of insufficient spatial and temporal resolution.
Furthermore, the excitation remained localized during the small
and brief responses evoked by weak whisker stimuli. This local-
ized VSD response thus defines a functional cortical column in
vivo at the level of subthreshold PSPs. However, in response to
stronger stimuli, the VSD signal grows in amplitude and spatial
extent for many milliseconds. The horizontal spread of excitation
is likely to be initiated by APs, generated in a fraction of the layer
2/3 pyramidal neurons located in the principal whisker column
that then evoke EPSPs in other synaptically connected L2/3 py-
ramidal neurons (Egger et al., 1999; Reyes and Sakmann, 1999)
initially within that column and then in adjacent columns. The
axons of pyramids extend almost twice as far along a row as along
an arc, with an equal increase in the axonal density along a row.
Thus for any two layer 2/3 pyramidal neurons separated laterally
by a given distance, there is likely to be a higher rate of synaptic
connectivity if they are located in the same row. The higher ax-
onal density along a row also makes multiple synaptic contacts
between presynaptic and postsynaptic neurons more likely, and
unitary EPSPs are thus also likely to be larger. Both factors would
allow the spread of PSPs to occur more rapidly along the rows of
barrel cortex than along the arcs as observed by VSD imaging.
That both axonal length density and propagation velocity are
almost doubled along the row compared with the arc indicates a

Figure 9. The spread of excitation decreases at small whisker deflection, and at very weak stimulation intensities excitation remains confined to a single barrel-column. A, Strong whisker
deflection (6° amplitude evoked with high velocity and acceleration) evoked a response confined initially to a barrel-column that spread rapidly to comprise the entire barrel cortex. Scale bar, 200
�m. B, At reduced whisker deflection (2° amplitude evoked with lower velocity and acceleration) the response was smaller in amplitude and spread over a smaller area but preferentially along the
rows. C, Weak whisker stimulation (0.6° amplitude evoked with still lower velocity and acceleration) evoked a small amplitude response of brief duration, which remained confined to the
barrel-column. A schematic drawing of the local barrel field map is superimposed (left). D, In addition to spreading over a larger cortical area, the time course of sensory responses increased with
stimulation strength (red curve, 0.6° stimulus; blue curve, 2° stimulus; black curve, 6° stimulus). E, The spatial extent of the VSD signal evoked by the weakest stimulus (0.6°) is quantified for three
time points to show that the VSD signal does not spread (blue, 12 msec; red, 16.8 msec; black, 24 msec). Thus a functional neocortical column has been directly visualized in vivo, in response to a
sensory input, for the first time.
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close correlation between the density of layer 2/3 axonal arboriza-
tion and the preferred spread of PSPs in L2/3. Receptive fields of
neurons in L2/3 mapped by extracellular unit recordings are
elongated along the rows (Simons, 1978). The fact that receptive
fields in identified L4 barrel neurons are symmetric both at the
input (PSP) and output (AP) levels (Brecht and Sakmann, 2002)
strongly suggests that it is predominantly the pattern of axonal
arborization of barrel-related pyramids in L2/3 that is responsible
for the asymmetric receptive field shapes of L2/3 cells and for the
asymmetric spread of excitation.

The spread of excitation evoked by the strongest whisker stim-
uli is larger than the average horizontal spread of axons of indi-
vidual layer 2/3 pyramidal neurons. This difference suggests that
after strong stimuli, layer 2/3 pyramidal neurons located in
neighboring surround whisker columns also generate APs and
contribute to the propagating wave of excitation. Spiny barrel
neurons in L4 receive excitatory input from surround whiskers
(Moore and Nelson, 1998; Zhu and Connors, 1999; Brecht and
Sakmann, 2002); thus during strong stimulation, a fraction of
spiny neurons in surround whisker barrels might then be excited
suprathreshold. The propagating wave of excitation in a network
of L2/3 pyramids across the barrel field might thus be supported
by the combined near-coincident horizontal input from pyra-
mids in the principal whisker column and the vertical input from
barrel neurons located in the adjacent surround whisker
columns.

Comparison of columnar responses in vitro and in vivo
The time course and spatial extent of the VSD response in L2/3
evoked by stimulation of a layer 4 barrel in vitro (Petersen and
Sakmann, 2001) are in complete agreement with the in vivo re-
sponse to weak stimuli. However, the propagating wave of exci-
tation evoked in vivo in L2/3 by stronger whisker stimulation was
not observed in vitro because GABAergic inhibition in vitro pre-
vents the lateral spread of excitation in layer 2/3. This might arise
partly from cut axon collaterals and dendrites in vitro, but it
might also indicate that the neocortex under anesthesia may be
more excitable in vivo than in vitro. That this is the case is also
suggested by large spontaneous subthreshold membrane poten-
tial changes accompanied by spontaneous APs in layer 2/3 pyra-
midal neurons under our experimental conditions in vivo,
whereas in vitro spontaneous EPSPs with amplitudes exceeding 2
mV occur infrequently. GABAergic inhibition in vivo under an-
esthesia may thus be less effective than that observed in vitro,
allowing a propagating wave of excitation.

Functional significance
During exploratory periods the mystacial whiskers are moved
rapidly back and forth at a high frequency of �10 Hz in an active
behavior termed whisking (Welker, 1964; Carvell and Simons,
1990). This is thought to increase the resolution with which the
rodent whiskers can sample the space surrounding the snout,
thus allowing rodents to use their mystacial whiskers both to
locate objects (Brecht et al., 1997) and to perform fine texture
discrimination (Carvell and Simons, 1990). Each whisk epoch
consists of an active protraction and a retraction of the whiskers
with a movement that is oriented parallel to the rows of whiskers
on the snout. Thus during a whisk the same point in space will be
sampled by consecutive whiskers in a row over a period of a few
tens of milliseconds. The signals from different whiskers in a row
are thus likely to be processed in concert, requiring signals to
spread rapidly along the rows of barrel cortex. The preferred
spread of excitation along the rows propagating twofold as rap-

idly compared with the arcs evoked by a single whisker deflection
thus appears well suited to integrate information concerning de-
flection of whiskers within the same row.
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