1272 - The Journal of Neuroscience, February 11, 2004 - 24(6):1272-1279

Cellular/Molecular

Rapid Arrival and Integration of Ascending Sensory
Information in Layer 1 Nonpyramidal Neurons and Tuft
Dendrites of Layer 5 Pyramidal Neurons of the Neocortex
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Harbor, New York 11724, and *Department of Cell Physiology, Max Planck Institute for Medical Research, Heidelberg D-69120, Germany

Ascending sensory inputs arriving in layer 1 of the neocortex carry crucial signals for detecting salient information; buthow the inputs are
processed in layer 1 is unknown. Using a whole-cell in vivo recording technique targeting nonpyramidal neurons in layer 1 and tuft
dendrites of layer 5 pyramidal neurons in layers 1-2, we examined the processing of these ascending sensory inputs in the barrel cortex.
Here, we show that local circuit and deeper-layer-projecting neurons in layer 1, as well as tuft dendrites and somata of layer 5 pyramidal
neurons, respond to multiple whiskers (6 -15) with robust EPSPs. Remarkably, the latency for primary whisker-evoked responses is as
short as ~5-7 msec in layer 1 neurons and tuft dendrites of layer 5 pyramidal neurons. In addition, the latency for primary whisker-
evoked responses in tuft dendrites of layer 5 pyramidal neurons is ~1 msec shorter than that in somata. These results indicate that
ascending sensory inputs arrive in layers 1 and 4 concurrently, which provides a neural mechanism for rapid integration and coincident

detection of salient sensory information.
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Introduction

Layer 1 of the neocortex, a unique layer containing mainly non-
pyramidal GABAergic neurons and apical dendrites of pyramidal
neurons located in layers 2—6 (Li and Schwark, 1994; Prieto et al.,
1994), receives considerable sensory inputs conveying presum-
ably attention-related signals (Cauller and Kulics, 1991; Robin-
son and Petersen, 1992; Casagrande, 1994; Jones, 2001). It is
proposed that layer 1 inputs can interact with sensory inputs
arriving in layer 4 to elicit dendritic calcium-dependent action
potentials (Larkum et al., 1999; Larkum and Zhu, 2002), which
promote burst firing, crucial for relaying preferred information
into higher-level cortical areas (Lisman, 1997). However, this
dendritic coincident detection mechanism requires the concur-
rent arrival of sensory inputs in layers 1 and 4 (Larkum et al.,
1999; Llinas et al., 2002), which is contradictory to the customary
view that sensory inputs to layer 1 are relayed primarily by the
secondary sensory ascending system, in which neurons respond
to tactile stimuli and convey information sluggishly (Herken-
ham, 1979; Diamond et al., 1992; Ahissar et al., 2000). To deter-
mine exactly when the sensory signals arrive in layer 1, it is nec-
essary to examine the sensory-stimulus-evoked responses in layer

Received Oct. 24, 2003; revised Dec. 11, 2003; accepted Dec. 11, 2003.

This work is supported in part by a University of Virginia Research and Development Award. J.J.Z. is an Alfred P.
Sloan Fellow. We thank Drs. Z. Chu, F.-S. Lo, R. Malinow, E. Stern, R. Stornetta, and members of the Zhu laboratory
for helpful comments and discussions and Dr. B. Sakmann for his support during the preliminary investigation.

Correspondence should be addressed to Dr. Julius Zhu, Department of Pharmacology, University of Virginia
School of Medicine, 1300 Jefferson Park Avenue, Charlottesville, VA 22908. E-mail: jjizhu@virginia.edu.

DOI:10.1523/JNEUR0SCI.4805-03.2004
Copyright © 2004 Society for Neuroscience  0270-6474/04/241272-08%15.00/0

1 neurons. However, in part because of the technical difficulty,
such an approach has so far succeeded in only one layer 1 neuron
(Martin et al., 1989).

The same technical obstacle has delayed the characterization
of receptive field properties of layer 1 neurons, although the
properties have been well characterized in neurons located in
other cortical layers using whole-cell in vivo recording techniques
(Moore and Nelson, 1998; Zhu and Connors, 1999; Stern et al.,
2001; Brecht and Sakmann, 2002). These studies have demon-
strated that cortical neurons respond best to a brief deflection of
one primary whisker, but typically ~10 surrounding whiskers
also generate significant synaptic responses. In addition, the re-
ceptive fields of layer 2—6 neurons display the same acuity; the
average responses in these neurons to the deflection of first- and
second-order surrounding whiskers are ~50% of those to the
deflection of the primary and first-order surrounding whiskers,
respectively. It remains to be determined whether layer 1 neurons
have the same receptive field properties as neurons located in
layers 2—6.

Approximately 100 years ago, Ramon y Cajal made the first
series of observations on layer 1 neurons (Ramon y Cajal et al.,
1988). Later studies have extended his work and identified two
general classes of nonpyramidal neurons in layer 1: local circuit
neurons (LCNs), which have a locally restricted axon, and
deeper-layer-projecting neurons (DLPNs), which have a de-
scending axon innervating deeper layers (Bradford et al., 1977;
Marin-Padilla, 1990; Zhou and Hablitz, 1996b; Christophe et al.,
2002; Chu et al., 2003; Gonchar and Burkhalter, 2003). Using a
whole-cell in vivo recording technique that targets neurons in



Zhu and Zhu « Sensory Integration in Neocortical Layer 1

layer 1 and tuft dendrites of layer 5 pyramidal neurons in layers
1-2, we studied the whisker-evoked synaptic responses in these
neurons. We found that LCNs and DLPN, as well as tuft den-
drites of layer 5 pyramidal neurons, responded to a brief deflec-
tion of one primary whisker with a latency of ~5-7 msec and to
5-14 surrounding whiskers with longer latencies. In comparison
with LCNs, DLPNs had a smaller receptive field with higher acu-
ity and a shorter latency in response to the deflection of the pri-
mary whisker. In addition, the latency for primary whisker-
evoked responses in tufts of layer 5 pyramidal neurons is shorter
than that in their somata.

Materials and Methods

Animal preparation. As described previously (Zhu and Connors, 1999;
Larkum and Zhu, 2002), adult rats (180-280 gm; n = 107) were initially
anesthetized by an intraperitoneal injection of pentobarbital sodium (60
mg/kg). Supplemental doses (10 mg/kg) of pentobarbital were given as
needed to keep animals free from pain reflexes and in a state of slow-wave
general anesthesia, as determined by monitoring the cortical electroen-
cephalogram. All pressure points and incised tissues were infiltrated with
lidocaine. Body temperature (rectal) was monitored and maintained
within the normal range (37.2 # 0.3°C). During the physiological inves-
tigation, the animals were placed in a stereotaxic frame. A hole ~3 X 4
mm was opened above the right somatosensory cortex according to ste-
reotaxic coordinates. The dura was opened before the electrode penetra-
tions. To record more layer 1 neurons and tuft dendrites of layer 5 pyra-
midal neurons, patch electrodes were arranged to penetrate the barrel
cortex at a sharp angle (~15-30°) against the surface plane. The patch
electrodes were advanced ~500-700 wm into the cortex. If no cell was
encountered during one penetration, the electrode was withdrawn and
moved to a different location to search cells again. In comparison with
the traditional whole-cell in vivo recording method (Zhu and Connors,
1999; Larkum and Zhu, 2002), this approach increased the chance of
encountering layer 1 neurons and tuft dendrites of layer 5 pyramidal
neurons by ~100%. Typically, we were able to obtain stable recordings
from one layer 1 neuron or the tuft dendrite of a layer 5 neuron after
performing experiments on approximately four animals.

Electrophysiology. Whole-cell recordings were made blindly as de-
scribed previously (Zhu and Connors, 1999; Larkum and Zhu, 2002).
Long-taper patch electrodes were made from borosilicate tubing, and
their resistances were 5-14 M() when filled with standard intracellular
solution containing the following (in mm): 115 potassium gluconate, 10
HEPES, 2 MgCl,,2 MgATP, 2 Na,ATP, 0.3 GTP, and 20 KCl and biocytin
0.25%, pH 7.3. The liquid junction potential was not corrected. To ob-
tain whole-cell recordings, electrodes were advanced into the brain while
pulsing with 0.1 nA current steps of 200 msec duration. Positive pressure
(75-150 mbar) was constantly applied to the pipette while it was being
advanced. A short pulse of high pressure (300—450 mbar) was applied
intermittently to inject biocytin and stain cell debris along the penetra-
tion pathway. When a sudden increase in electrode resistance was evi-
dent, gentle suction was applied to obtain a seal resistance of =1 G{). The
patch of membranes was broken by applying more negative pressure to
obtain a whole-cell configuration. All in vivo data were collected when
the access resistance of the recording was <50 M(). An Axoclamp-2B
amplifier (Axon Instruments, Foster City, CA) was used for intracellular
recordings. The electrode capacitance compensation was made in dis-
continuous current-clamp mode with the head-stage output continu-
ously monitored on a second oscilloscope.

Whisker stimulation. Single whiskers on the contralateral face were
deflected briefly for a short distance (40—200 wm) with a piezoelectric
stimulator, placed adjacent to the whisker, and activated by single, brief
voltage pulses [0.3—0.5 msec; 2—-10 V; 0.25 Hz (cf. Dykes et al., 1977;
Simons, 1983)]. To assess the receptive field size of layer 1 and layer 5
neurons, we examined their responses to a brief deflection of each of 27
mystacial vibrissas, from A, to E, in the contralateral face [whiskers A
and B were very small and were not stimulated, whereas whisker E is
absent in the rat (Chapin and Lin, 1984)]. The receptive fields were
examined at the resting membrane potential or at a slightly hyperpolar-
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ized potential, which was usually near the reversal potential of the IPSP;
this minimized the effect of IPSPs on the initial EPSP. Because most
cortical cells displayed high rates of spontaneous activity, 8—16 trials of
whisker deflection were averaged. Unless stated otherwise, the latency for
whisker-evoked EPSPs was measured at the onset of the averaged re-
sponses, whereas the latency and duration for the evoked action poten-
tials were measured at their thresholds.

Histology. After recordings, a small block of tissue, including the re-
corded cell, was removed from the brain and immersion-fixed with 4%
paraformaldehyde in 0.1 M phosphate buffer. The tissue blocks were later
sectioned 250 wm thick with a microslicer. Tissue sections were pro-
cessed with the avidin—biotin—peroxidase method to reveal cell mor-
phology. Cells were then drawn with the aid of a microscope equipped
with a computerized reconstruction system (Neurolucida, Williston,
VT). Only the data from the morphologically identified layer 1 and layer
5 neurons were included in this report. All results are reported as
means = SEM. Statistical differences of the means were determined using
the ¢ test, unless stated otherwise. The level of significance was set at p <
0.05.

Results

Identification of layer 1 neurons recorded in vivo

Layer 1 of the neocortex contains relatively sparse neurons and
dendritic tuft branches of pyramidal neurons (Li and Schwark,
1994; Prieto et al., 1994). To increase the chance of encountering
layer 1 neurons and tuft dendrites of pyramidal neurons, we ar-
ranged recording pipettes to penetrate the barrel cortex at a sharp
angle (~15-30°) against the surface plane and searched cells only
in layers 1 and 2. Stable recordings, long enough to examine the
full receptive field, were made from 22 putative layer 1 neurons.
Among them, 15 neurons had relatively well recovered morphol-
ogy; these neurons were classified as either LCNs (n = 9) or
DLPNs (n = 6) and included in the analysis reported in this study
(Figs. 1, 2).

All LCNs were multipolar, aspiny neurons, which were similar
to neurogliaform neurons described previously (Kawaguchi,
1995; Hestrin and Armstrong, 1996; Gupta et al., 2000). These
neurons had an axon ramifying densely within layer 1. DLPNs
had a heterogeneous morphological appearance but all had ax-
onal projections to deeper layers (Zhou and Hablitz, 1996b;
Christophe et al., 2002; Chu et al., 2003). LCNs and DLPNs had
the same resting membrane potential (—69.5 * 1.8 vs —65.3 =
1.6 mV; ¢ test; p = 0.13), input resistance (42.2 = 6.3 vs 60.0 =
12.5 m{); p = 0.18) and generally fired relatively short duration
action potentials (1.6 = 0.1 vs 1.9 = 0.3 msec; p = 0.30). In
comparison with young and juvenile layer 1 neurons (Hestrin
and Armstrong, 1996; Zhou and Hablitz, 1996a), adult layer 1
neurons recorded in this study had a lower input resistance and a
more hyperpolarized membrane potential, and they fired action
potentials with shorter duration, which is consistent with the
previous finding that postnatal maturation of intrinsic mem-
brane properties of CNS neurons requires ~4—6 weeks (Zhu,
2000; Perreault et al., 2003). The intrinsic firing properties were
also investigated in these two types of layer 1 neurons. In response
to a prolonged near-threshold current pulse, LCNs displayed a
delayed spiking pattern, whereas DLPNs started to fire action
potentials at the onset of the pulse (Figs. 1A,B, 2A,B), the same
hallmark firing patterns of these neurons as shown previously in
vitro (Chu et al., 2003).

Whisker-evoked responses in layer 1 neurons

We examined whisker-evoked responses in layer 1 neurons and
found that both LCNs and DLPNs responded to a brief deflection
of single whiskers on the contralateral face with robust synaptic
potentials (Fig. 1C,D). The whisker-evoked responses consisted
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Figure 1.
struction of an LCN and a DLPN in layer 1. Recording traces show responses of the LCN and DLPN
to hyperpolarizing and depolarizing current step injections. G, D, Whisker-evoked responses of
the LCN and DLPN at different membrane potentials. Insets show the evoked action potentials
atan expanded time scale (gray traces). The recording traces were single trials evoked by a brief
deflection of primary whiskers.

Whisker-evoked synaptic responses in layer 1 neurons. A, B, Neurolucida recon-

of an initial EPSP with short latency followed by several PSPs
during the next ~800 msec. When the EPSPs were large enough,
they triggered action potentials. The whisker-evoked responses
included both EPSP and IPSP components. The IPSPs typically
had very small amplitudes near resting potential but were signif-
icantly larger when the cells were depolarized.

Both LCNs and DLPNs responded best to one primary whis-
ker that elicited the largest initial EPSP with the shortest latency.
In addition, 5-14 surrounding whiskers also generated smaller
initial EPSPs with longer latencies (Fig. 2C—F). On average,
DLPNs had smaller receptive fields (defined as the number of
whiskers that evoked an initial EPSP) than LCNs (8.2 = 0.7,n =
6vs12.9 * 0.8, n = 9; p < 0.005). In addition, the receptive field
of DLPNs exhibited acuity higher than that of LCNs (Fig. 3A,B).
Namely, DLPNs had the same (or slightly larger) responses to the
deflection of the primary whiskers but significantly smaller re-
sponses to the deflection of first- and second-order surrounding
whiskers.

Remarkably, both LCNs and DLPNs responded to the pri-
mary whisker with a short latency (Figs. 2, 3); the primary
whisker-evoked EPSPs started as early as ~5-7 msec after stimuli
(n = 15). Interestingly, the latency was significantly shorter in
DLPNs than in LCNs (Fig. 3C). Consistent with this, the peak
latency of the primary-whisker-evoked initial EPSPs was shorter
in DLPNs than in LCN (10.8 = 0.8 msec, n = 6 vs 14.9 * 0.7
msec, # = 9; p < 0.005) and primary whisker-evoked action
potentials fired earlier in DLPNs than in LCNs (Figs. 1C,D, 3D).
Opverall, the latencies for primary whisker-evoked EPSPs in layer
1 neurons were too short for the response to be relayed by layer 4
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Figure 2.  Receptive fields of whisker-evoked synaptic responses of layer 1 neurons. 4, B,
Neurolucida reconstruction of an LCN and a DLPN in layer 1. G, D, Average responses of the LCN
and DLPN to a brief deflection of the primary whisker, a first-order surrounding whisker, and a
second-order surrounding whisker. Note that the primary whiskers of the LCN and DPLN were B,
and G respectively. £, £, Amplitudes and latency of the initial, short-latency EPSPs evoked by
brief deflections of single whiskers from Aj—E; in the same LCN and DLPN.

neurons, in which the latencies for primary whisker-evoked
EPSPs were reported to be ~5-8 msec (Moore and Nelson, 1998;
Zhu and Connors, 1999; Brecht and Sakmann, 2002). These re-
sults indicate that sensory inputs arrive in layer 1 concomitantly
with those arriving in layer 4 and they must be relayed at least in
part by fast, direct ascending pathways.

Whisker-evoked responses in the soma and tuft dendrite of
layer 5 pyramidal neurons

Layer 5 pyramidal neurons receive and integrate sensory inputs
from both layer 1 and layer 4 (Reyes, 2001; Hausser and Mel,
2003). The tuft dendrites of these neurons, in which layer 1 inputs
are first received, are electrotonically isolated from the soma,
where layer 4 inputs received directly and/or indirectly are inte-
grated (Zhu, 2000; Larkum et al., 2001; Larkum and Zhu, 2002).
To compare directly the timing of sensory inputs arriving in lay-
ers 1 and 4 in the same neurons, we recorded the whisker-evoked
responses in the soma (n = 7) and dendritic tuft (n = 7) of layer



Zhu and Zhu « Sensory Integration in Neocortical Layer 1

>

ELCN BDLPN B ®LCN ODLPN
15 =125
E
12 o 100
5 73]
E 9 & 75
G s 8 50 *
& g :
3 £ 25
0 2 of
pw  1Stsw 2ndsw pw  1Slsw 2ndsw
C ELCN MDLPN D == LCN s DLPN
15
2
- 13 T 5
E 4 2
= B
2 g o
£ * =]
8 5 '—| é
5
Pw  1Slsw 2ndsw
Latency (ms)
Figure 3.  Receptive fields of whisker-evoked synaptic responses of layer 1 neurons. A, His-

tograms show average amplitudes of the initial, short-latency EPSPs in LCNs and DLPNs (9.3 =
1.0vs11.5 = 1.5mV,p = 0.21for PW; 4.7 == 0.3vs 3.3 == 0.4 mV, p < 0.05 for first SW; 2.6 =
0.2vs 1.2 = 0.3mV, p << 0.005 for second SW). B, Plots of average acuities of receptive fields of
LCNs and DLPNs (50.5 = 3.7 vs 29.9 = 3.2%, p << 0.005 for first SW; 27.5 = 2.3vs 10.3 =
2.3%, p < 0.005 for second SW). EPSP amplitudes and SEs were normalized to average values
from primary whiskers in plots. (, Histograms of average latencies of the initial, short-latency
EPSPs of LCNs and DLPNs (6.8 == 0.3 vs 5.9 = 0.2 msec, p << 0.05 for PW;9.2 + 0.2vs 9.4 =
0.3 msec, p = 0.58 for first SW; 12.5 = 0.2 vs 12.5 = 0.7 msec, p = 0.97 for second SW). D,
Distributions of latencies for primary whisker-evoked action potentialsin LCNs (n = 72 from six
neurons) and DLPNs (n = 92 from five neurons). The shortest latencies for primary-whisker-
evoked action potentials were significantly different between LCNs and DLPNs (13.1 = 1.5
msec,n = 6vs9.7 = 1.0 msec, n = 5;p < 0.01).

5 pyramidal neurons (Figs. 4, 5). As reported in previous in vitro
and in vivo studies (Zhu, 2000; Larkum and Zhu, 2002), the den-
dritic tuft of layer 5 pyramidal neurons had a more depolarized
resting membrane potential than the soma (—55.4 = 2.9 vs
—66.4 £ 1.3 mV; ¢ test; p < 0.001), although they had the same
input resistance (22.0 * 1.9 vs 28.0 = 1.1 m{); p = 0.08).

A brief deflection of single whiskers evoked a short-latency
EPSP followed by a fast IPSP and several delayed PSPs in the soma
and tuft of layer 5 pyramidal neurons (Figs. 4B, 5B). When the
EPSPs were large enough, they triggered fast sodium-dependent
action potentials in the soma, and slow or complex calcium-
dependent action potentials in the tuft (cf. Larkum and Zhu,
2002). Interestingly, the complex action potentials in the tuft
often appeared to rise from the decay phase of the initial EPSPs
(Fig. 5B, inset), suggesting that these complex action potentials
were generated by the interaction of the axonal and dendritic
action potential initiation zones (Larkum et al., 1999; Larkum
and Zhu, 2002). The soma and tuft of layer 5 pyramidal neurons
had the same size receptive fields including 9-14 whiskers
(111 *0.6,n="7vs11.4 = 0.6,n=7; p = 0.75) (Figs. 4D, 5D).
The whisker-evoked responses were larger in the soma than those
in the tuft, but the acuity of their receptive fields was the same
(Fig. 6A,B).

Notably, the latency of the initial EPSP for the primary whis-
ker in the tuft of layer 5 pyramidal neurons was ~5-7 msec (n =
7), shorter than that in the soma (~6.5-8.5 msec; n = 7) (Figs.
4B, 5B, 6C). In correspondence, the peak latency of the primary-
whisker evoked initial EPSPs was shorter in the tuft than in the
soma (12.1 =0.9msec,n=7vs16.1 = 1.1 msec,n="7;p <0.05).
In addition, the slow action potentials generated in the tuft had a
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Figure 4. Receptive field of whisker-evoked synaptic responses of a layer 5 pyramidal neu-
ron recorded at the soma. A, Neurolucida reconstruction of a layer 5 pyramidal neuron shows
that the recording was made at the soma. Recording traces show the responses of the neuron to
hyperpolarizing and depolarizing current step injections. 8, Whisker-evoked responses of the
neuron at different membrane potentials. The inset shows the evoked fast action potential atan
expanded time scale (gray trace). The recording traces were single trials evoked by a brief
deflection of the primary whisker, E;. C, Average responses of the neuron to a brief deflection of
the primary whisker, a first-order surrounding whisker and a second-order surrounding whis-
ker. D, Amplitudes and latency of the initial, short latency EPSPs evoked by brief deflections of
single whiskers from Aj—E; in the same neuron.

shorter latency than the fast action potentials initiated in the
soma (Fig. 6 D). The complex action potentials in the dendritic
tuft had the longest latency (Fig. 6 D), congruous with the notion
that they were initiated in the soma (Larkum and Zhu, 2002).
These results indicate that sensory inputs arrive earlier in the tuft
of layer 5 pyramidal neurons via layer 1 than the soma via layer 4
and reinforce the idea that sensory information arrives in layer 1
via fast ascending pathways.

Discussion

Our in vivo experiments demonstrate that adult neurons in layer
1 of the barrel cortex display two general classes of intrinsic phys-
iology that are similar to those of juvenile layer 1 neurons re-
corded in vitro from the rat neocortex. Both LCNs and DLPNs in
layer 1 respond best to one primary whisker with a short latency
of ~5-7 msec, but typically 5-14 surrounding whiskers also show
significant synaptic responses with a longer latency of 8—12 msec.
On average, DLPNs have a smaller receptive field with higher
acuity compared with LCNs. In addition, our results show that
both the dendritic tuft and soma of layer 5 pyramidal neurons
respond to multiple whiskers. They have a receptive field with
similar properties, although the latency for primary whisker-
evoked initial EPSPs in the tuft of layer 5 pyramidal neurons is
~5-7 msec, ~1 msec shorter than that in the soma. Thus, as-
cending sensory inputs arrive in layer 1 at approximately the
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Figure 5.  Receptive field of whisker-evoked synaptic responses of a layer 5 pyramidal neu-
ron recorded at the dendritic tuft. A, Neurolucida reconstruction of a layer 5 pyramidal neuron
shows that the recording was made at the dendritic tuft. Recording traces show the responses of
the tuft to hyperpolarizing and depolarizing current step injections. B, Whisker-evoked re-
sponses of the tuft at different membrane potentials. Insets show the evoked slow and complex
action potentials at an expanded time scale (gray traces). The recording traces were single trials
evoked by a brief deflection of the primary whisker, D. C, Average responses of the tuft to a brief
deflection of the primary whisker, a first-order surrounding whisker, and a second-order sur-
rounding whisker. D, Amplitudes and latency of the initial, short-latency EPSPs evoked by brief
deflections of single whiskers from Aj—E; in the same tuft.

same time as those that arrive in layer 4, which provides a neural
basis for the coincident detection of salient sensory information
by layer 5 pyramidal neurons.

Intrinsic properties of layer 1 neurons

As with previous in vitro studies (Hestrin and Armstrong, 1996;
Chu et al., 2003), LCNs and DLPNs recorded in vivo display
distinct intrinsic firing patterns. In particular, LCNs fire delayed
action potentials in response to a near-threshold current pulse,
which may contribute to the relatively slow initiation of whisker-
evoked action potentials in these neurons (Fig. 3D). Because
LCNs form GABAergic synapses on DLPNs (Chu etal., 2003), the
relatively slow arrival of sensory inputs (Fig. 3C) and delayed
firing in LCNs gives an adequate amount of time for DLPNs to
integrate fast ascending sensory inputs and initiate their action
potentials.

Receptive field of layer 1 neurons

The receptive field structure of cortical neurons is somewhat con-
troversial because some early extracellular single-unit recording
studies have reported small, often single-whisker receptive fields,
whereas others have shown multiple-whisker receptive fields (Si-
mons, 1983; Armstrong-James and Fox, 1987; Ghazanfar and
Nicolelis, 1999; Fox et al., 2003). Intracellular recordings with
sharp electrodes, and more recently whole-cell recordings with
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Figure6. Receptive fields of whisker-evoked synapticresponses of the tuft and soma of layer

5 pyramidal neurons. A, Histograms show average amplitudes of the initial, short-latency EPSPs
inthe somaand tuft of layer 5 pyramidal neurons (10.4 = 1.2vs 7.2 = 1.2mV,p = 0.08 for PW;
5.8 £ 0.6vs4.0 £ 0.4 mV, p << 0.05 for first SW; 3.7 £ 0.6 vs 2.1 = 0.4 mV, p << 0.05 for
second SW). B, Plots of average acuities of receptive fields of the soma and tuft of layer 5
pyramidal neurons (55.6 = 5.4 vs 55.8 == 5.9%, p = 0.99 for first SW; 35.7 = 6.2vs 29.1 =
5.1%, p = 0.42 for second SW). EPSP amplitudes and SEs were normalized to average values
from primary whiskers in plots. (, Histograms of average latencies of the initial, short-latency
EPSPs of the soma and tuft of layer 5 pyramidal neurons (7.2 = 0.4vs 6.0 = 0.3 msec, p < 0.05
forPW; 8.8 == 0.4vs9.2 == 0.5 msec, p = 0.48 forfirst SW; 10.4 == 0.7vs 12.1 == 0.7 mse¢,p =
0.27 for second SW). D, Distributions of latencies for primary whisker-evoked action potentials
in the soma (n = 162 fast action potentials from seven neurons) and tuft (n = 24 slow action
potentials from four neurons and n = 113 complex action potentials from six neurons) of layer
5 pyramidal neurons. The shortest latencies for primary-whisker-evoked fast action potentials
in the soma were 13.9 == 0.8 msec (n = 7), whereas for slow and complex action potentials in
the tuft, the latencies were 11.2 = 1.3 (n = 4) and 16.4 = 0.7 msec (n = 6), respectively. The
differences between the latencies for slow and complex action potentials (n = 4; paired t test;
p < 0.05) and between those for fast action potentials and complex action potentials ( p <
0.05) were significant.

patch pipettes, demonstrate that cortical neurons located in lay-
ers 2—6 have a large subthreshold receptive field including ~10
whiskers (Carvell and Simons, 1988; Ito, 1992; Moore and Nel-
son, 1998; Zhu and Connors, 1999; Stern et al., 2001; Brecht and
Sakmann, 2002; Brecht et al., 2003; Petersen et al., 2003). It is
unclear whether layer 1 neurons have the same large receptive
field. Whole-cell recordings from layer 1 neurons in this study
reveal that layer 1 neurons have a large receptive field consisting
of 6-15 whiskers. However, the receptive field properties are
different in the two types of layer 1 neurons. Although LCNs have
a larger receptive field than DLPNS, the acuity of the receptive
fields is higher in DLPNs. Because LCNs have a dense local axon
extending over a large horizontal area in layer 1 (Zhou and Ha-
blitz, 1996b; Christophe et al., 2002; Chu et al., 2003), they may
convert multiple whisker inputs into GABAergic outputs to the
distal dendrite of a large number of pyramidal neurons in differ-
entbarrels. DLPNs have only a few short axonal branches in layer
1 but along axon projecting into deeper layers, where it gives rise
to several collaterals in a vertical area presumably belonging to a
single barrel (Zhou and Hablitz, 1996b; Christophe et al., 2002;
Chu et al., 2003). Thus, DLPNs may transfer sensory inputs with
precise whisker location coding into a small number of neurons
in the same barrel.
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Timing of ascending sensory inputs arriving in layer 1
It is believed that ascending sensory systems contain at least two
general types of thalamocortical relay pathways: primary or spe-
cific pathways (e.g., lemniscal pathways) relaying sensory infor-
mation to cortical layer 4, and secondary or nonspecific pathways
(e.g., paralemniscal pathways) relaying presumably salient, novel
and/or attention-related information to cortical layer 1 (Robin-
son and Petersen, 1992; Casagrande, 1994; Jones, 2001). A num-
ber of studies have reported that thalamocortical neurons in sec-
ondary ascending sensory pathways project their axon to layer 1
(Herkenham, 1979, 1980; Aumann et al., 1998; Huang and
Winer, 2000; Mitchell and Cauller, 2001) and unlike those in
primary sensory ascending pathways, these neurons show poor
receptive fields, labile latencies, and strong dependence on mod-
ulatory inputs (Sur and Sherman, 1982; Norton et al., 1988; Di-
amond et al., 1992; Zhu and Lo, 1998; Ahissar et al., 2000). Sur-
prisingly, whisker stimuli evoke robust synaptic responses in
layer 1 neurons and tuft dendrites of layer 5 pyramidal neurons
recorded in vivo with a latency of ~5—7 msec. Because of the long
latency for sensory inputs to reach the cortex via the secondary
ascending pathway (Diamond et al., 1992; Ahissar et al., 2000;
Llinas et al., 2002) and for cortical layer 4 neurons to reach firing
threshold (Moore and Nelson, 1998; Zhu and Connors, 1999;
Brecht and Sakmann, 2002), the substantial proportion of the
primary whisker-evoked responses must be mediated by fast di-
rect thalamocortical pathways. Indeed, a growing body of evi-
dence suggests that a significant number of thalamocortical neu-
rons located in specific thalamic nuclei project their axons to
layer 1 (Penny et al., 1982; Landry et al., 1987; Rausell and Jones,
1991; Hendry and Yoshioka, 1994; Huang and Winer, 2000).
Because ascending sensory inputs arrive in layer 4 neurons
with a shortlatency of ~5-8 msec (Moore and Nelson, 1998; Zhu
and Connors, 1999; Brecht and Sakmann, 2002), our results in-
dicate that ascending sensory information arrives in layers 1 and
4 concomitantly. This result is of functional significance because
the threshold for initiation of dendritic calcium action potentials
is significantly lowered when layers 1 and 4 inputs arrive concur-
rently within a window of a few milliseconds (Larkum et al.,
1999). Because dendritic calcium action potentials promote burst
firing important for nonlinearly amplifying synaptic responses
(Larkum et al., 1999; Zhu, 2000) and increasing synaptic trans-
mission reliability (Lisman, 1997; Williams and Stuart, 1999),
layer 5 pyramidal neurons, the main output neurons in the cor-
tex, may use this dendritic coincident detection mechanism to
select, amplify, and relay salient sensory information to higher-
level cortical areas (Kamondi et al., 1998; Helmchen et al., 1999;
Larkum and Zhu, 2002; Berger and Luscher, 2003).

Neuronal circuitry involved in processing layer 1

sensory inputs

How ascending sensory inputs arriving in layer 4 are integrated in
the cortex has been extensively studied in the past several decades
(Mountcastle, 1957; Hubel and Wiesel, 1962). A complex cortical
circuitry involved in processing the inputs has now been dis-
sected (for recent reviews, see Ferster and Miller, 2000; Ghazanfar
and Nicolelis, 2001; Fox, 2002). In contrast, the layer 1 neuron-
related circuits have only recently become the subjects of inves-
tigation in vitro (Christophe et al., 2002; Radnikow et al., 2002;
Chu et al., 2003; Soda et al., 2003). In the intact brain, both layer
1 neurons and tuft dendrites of layer 5 pyramidal neurons receive
and integrate sensory inputs from multiple whiskers. Given these
in vivo results, as well as the available in vitro data, it appears that
layer 1 neurons and apical dendrites of pyramidal neurons form a
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neuronal circuitry ideal for regulating the initiation of dendritic
action potentials and thus selecting and amplifying salient sen-
sory inputs.

A striking feature of this circuitry is that the anatomical and
physiological properties of layer 1 neurons, including intrinsic
membrane properties, receptive field, morphology, and arrival
timing of sensory inputs, fit well with their roles. For example,
layer 1 neurons synapse directly on the dendritic tufts of pyrami-
dal neurons (Chu et al., 2003) and fire action potentials shortly
after whisker stimulation. They provide fast GABAergic inputs,
which facilitate the initiation of dendritic action potentials by
acting as a depolarizing force and by reducing the dendritic mem-
brane time constant, thus promoting coupling of dendritic re-
generative currents (Larkum and Zhu, 2002; Berger and Luscher,
2003). Layer 1 neurons receive sensory inputs from multiple
whiskers. In particular, LCNs have a large receptive field with low
acuity and an extended axonal branching field in layer 1, which
allows these neurons to be activated by multiple whiskers and to
promote the initiation of action potentials in distal dendrites of a
large number of pyramidal neurons. In addition, these neurons
are intensively interconnected by electrical coupling (Chu et al.,
2003), which may synchronize the excitation in postsynaptic tuft
dendrites (Beierlein et al., 2000; Galarreta and Hestrin, 2001;
Szabadics et al., 2001). However, the dendritic excitability of layer
5 pyramidal neurons is subject to the control of layer 2/3 inter-
neurons, whose inhibition can “veto” the initiation of dendritic
action potentials (Larkum et al., 1999). DLPNs may function to
relieve this inhibition in a selective set of pyramidal neurons, for
three reasons. First, DLPNs have an axon projecting to layer 2/3,
and excitation of layer 1 neurons inhibits selectively layer 2/3
interneurons (Cauller and Connors, 1994; Christophe et al.,
2002). Second, DLPNS receive the fastest-ascending sensory in-
puts; they should be able to suppress firing in layer 2/3 interneu-
rons before the initiation of dendritic action potentials in layer 5
pyramidal neurons without themselves being first inhibited by
LCNs. Third, DLPNs have a high-acuity receptive field. It is ex-
pected that their suprathreshold field will be much smaller
(Anderson et al., 2000; Petersen et al., 2003). Namely, only tactile
inputs from single or a very small number of whiskers will be
strong enough to trigger action potentials in these neurons.
Therefore, the activity of DLPNs will code the precise location of
tactile stimuli and disinhibit only a small selective population of
pyramidal neurons, important for generating a selective “atten-
tion window” and discriminately amplifying salient sensory in-
formation (Larkum et al., 1999; Larkum and Zhu, 2002). Thus,
layer 1 neurons and tuft dendrites of pyramidal neurons together
seem to construct an efficient neuronal circuitry for extracting
and amplifying salient sensory information arriving in the differ-
ent cortical layers. Given the functional significance (Cauller and
Kulics, 1991; Robinson and Petersen, 1992; Casagrande, 1994;
Larkum et al., 1999; Jones, 2001; Larkum and Zhu, 2002) and
rapid arrival of sensory inputs in layer 1, it is important to deter-
mine how sensory inputs arriving in layer 4 are processed when
animals are awake, during which layer 1 inputs are dramatically
enhanced (Cauller and Kulics, 1991).
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