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Supralinear Ca®" Influx into Dendritic Tufts of Layer 2/3
Neocortical Pyramidal Neurons In Vitro and In Vivo

Jack Waters, Matthew Larkum, Bert Sakmann, and Fritjof Helmchen
Abteilung Zellphysiologie, Max-Planck-Institut fiir medizinische Forschung, 69120 Heidelberg, Germany

Pyramidal neurons in layer 2/3 of the neocortex are central to cortical circuitry, but the intrinsic properties of their dendrites are poorly
understood. Here we study layer 2/3 apical dendrites in parallel experiments in acute brain slices and in anesthetized rats using whole-cell
recordings and Ca®" imaging. We find that backpropagation of action potentials into the dendritic arbor is actively supported by Na ™
channels both in vitro and in vivo. Single action potentials evoke substantial Ca>" influx in the apical trunk but little or none in the
dendritic tuft. Supralinear Ca®” influx is produced in the tuft, however, when an action potential is paired with synaptic input. This
dendritic supralinearity enables layer 2/3 neurons to integrate ascending sensory input from layer 4 and associative input to layer 1.
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Introduction
Pyramidal neurons, identified by Golgi (1886), are the most
abundant cell type in the mammalian cerebral cortex, constitut-
ing >70% of rat visual cortical neurons (Zilles, 1990). Many,
perhaps most, are in layer 2/3 (L2/3). L2/3 neurons receive sen-
sory input via excitatory synapses onto their basal dendrites from
L4 spiny stellate neurons (Liibke et al., 2000; Feldmeyer et al.,
2002). In addition, L2/3 neurons extend their apical dendrites
into L1. This is the principal input layer for projections from
nonspecific thalamic nuclei and higher order sensory areas,
which modulate the processing of sensory input in somatosen-
sory and visual cortices (Cauller and Kulics, 1991; Mignard and
Malpeli, 1991; Ahissar et al., 2000). Because only L2/3 and L5
pyramidal neurons typically respond to L1 input (Cauller and
Connors, 1994), these neurons are probably pivotal elements
through which superficial afferents affect neocortical circuitry.

If apical dendrites of L2/3 neurons were passive, EPSPs from
synapses in L1 would be substantially attenuated en route to the
soma. In neocortical L5 and hippocampal CAl pyramidal neu-
rons, the effectiveness of distal input is enhanced by dendritic
voltage-dependent conductances, which support active back-
propagation of axo-somatically initiated action potentials (APs),
dendritic Ca?™ influx, and dendritic initiation of APs (Yuste and
Tank, 1996; Hausser et al., 2000; Reyes, 2001). However, den-
dritic properties typically are studied in brain slices (in vitro). Itis
unclear whether active properties are as influential under in vivo
conditions, in which background synaptic and neuromodulatory
activity might alter their effectiveness.

L2/3 neurons have received little attention, even in vitro,
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perhaps because their thin dendrites make dendritic record-
ings particularly challenging; however, their superficial loca-
tion has encouraged investigation in anesthetized animals using
intracellular recording and two-photon Ca** imaging (Svoboda
etal,, 1997, 1999). AP amplitudes measured in dendritic impale-
ments showed a pronounced decline with distance from the soma
(Svoboda et al., 1999) that has been cited as evidence that active
backpropagation is suppressed in cortical pyramidal neurons in
vivo (Steriade, 2001a,b). Suppression might be consistent with
the high rates of spontaneous activity commonly observed in
vivo, because GABAergic input can inhibit backpropagation
in vitro (Tsubokawa and Ross, 1996). However, the dendritic
properties of L2/3 neurons have not been carefully characterized
in vitro, making comparison with the in vivo situation difficult.
Comparison with other cell types (including L5 pyramidal cells)
is also difficult, because active phenomena depend on morphol-
ogy and specific ion channel composition (Vetter et al., 2001;
Migliore and Shepherd, 2002).

Here we study the active properties of L2/3 neuron apical
dendrites in parallel experiments in vitro and in vivo, using
whole-cell recording and Ca*" imaging. We take advantage of
experimental techniques that are feasible only in brain slices, per-
mitting a more detailed explanation of our in vivo data. We find
that active conductances are present throughout the apical den-
drite both in vitro and in vivo. These conductances support AP
backpropagation and give rise to a large dendritic Ca** signal
when a backpropagating AP is paired with distal synaptic input.

Materials and Methods

In vitro electrophysiology and imaging. In vitro recordings were obtained
from primary somatosensory neocortex in parasagittal slices from post-
natal day (P) 27-31 Wistar rats. In a few experiments, older animals (up
to P46) were used. Because no differences were observed between data
gathered at P28 and older ages, all data were pooled. Animals were deeply
anesthetized with halothane. After decapitation, the brain was rapidly
removed into ice-cold, oxygenated solution containing (in mm): 125
NaCl, 25 NaHCO;, 2.5 KCl, 1.25 NaH,PO,, 1 MgCl,, 25 glucose, and 2
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muM CaCl,, pH 7.4. Slices (300 wm thick) were cut with a vibrating mi-
croslicer and maintained at 37°C in the above solution for 15-120 min
before use. Slices were perfused continuously with the above solution at
35 = 2°C throughout the experiments. In some experiments (see Figs. 6b,
7), GABAergic inputs were partially blocked by adding 2.5 um bicucul-
line and 1 pum (2S)-3-[[(1S)-1-(3,4-dichlorophenyl)ethyl]Jamino-2-
hydroxypropyl] (phenylmethyl)phosphinic acid to the perfusate.

L2/3 pyramidal neurons were identified by their position in the slice
and by their pyramidal somata. Both L1 and L4 were readily distin-
guished under bright-field illumination. Whole-cell recordings from so-
mata and from dendrites were obtained with the aid of infrared differen-
tial interference contrast optics. Somatic (4—6 M()) and dendritic
(10-20 MQ) recording pipettes were filled with an intracellular solution
containing (in mm): 135 K gluconate, 4 KCI, 10 HEPES, 10 Na,-
phosphocreatine, 4 Mg-ATP, 0.3 Na-GTP, 0.2% biocytin, pH 7.2; 291—
293 mOsm. For dendritic recordings, 10 um Alexa 568 (Molecular
Probes, Eugene, OR) was included in the somatic pipette so that the
apical dendrite could be located with the aid of a camera after a whole-cell
recording was established at the soma.

Electrical recordings were obtained using Axoclamp-2B amplifiers
(Axon Instruments, Union City, CA). AP amplitudes were measured
from resting membrane potential to peak. Half-widths were measured at
half-height, meaning half the voltage difference between the start of the
AP upstroke (threshold) and its peak. Latencies between responses at
somatic and dendritic pipettes were measured as the temporal difference
between the half-amplitudes of responses at the two locations.

For Ca’' imaging experiments in vitro, 100 um Oregon green
BAPTA-1 was added to the intracellular solution unless noted otherwise.
Neurons were typically allowed to fill with dye for 20-30 min before
imaging. In vitro Ca®" imaging was performed using a 40X water im-
mersion objective [numerical aperture (NA) 0.8; Zeiss] and a frame-
transfer charge-coupled device camera (PXL or MicroMax, Roper Scien-
tific, Tucson, AZ). The specimen was illuminated during data collection
with 490 nm light from a monochromator (TILL Photonics, Munich,
Germany). Emitted fluorescence was detected through a 496 nm long-
pass dichroic mirror and a 515 nm long-pass emission filter.

Both dendritic and background signals were collected after centering a
5 X 7 grid of rectangular regions of interest over part of the apical den-
drite (each region ~5-10 X 5-10 wm). On-chip binning was used for
each region of interest. Data were thus obtained simultaneously from
several neighboring regions, enabling the most appropriate background
regions to be selected off-line. This minimized the effects of uneven
illumination intensity and of fluorescence signals from out-of-focus
structures. Fluorescence intensities were sampled at 40 Hz. Fluorescence
transients were measured at different distances from the soma in semi-
random order, rather than in sequence proceeding away from the soma.
In addition, recordings were often sufficiently prolonged to allow the
Ca*" measurements to be repeated at several different points in time. We
therefore were able to verify that dendritic properties were not changing
throughout the experiment. Ca** signals were expressed as fluorescence
changes after subtraction of the background trace and division by the
resting fluorescence (%AF/F) (Helmchen, 2000).

In experiments in which large parts of the dendritic tree were imaged
simultaneously, a low-magnification objective was used (20X water im-
mersion, NA 0.5; Olympus). We used 10 X 10 on-chip binning, and data
were acquired as full-frame images at 25 Hz.

Calcium profiles (see Results) were generated from both low- and
high-resolution data sets. For comparison of data from different cells,
data derived from a single neuron were normalized in both dimensions.
First, the distance along the apical dendrite was normalized to the soma—
pia distance to facilitate comparison of cells located at different depths
from the pial surface. The soma—pia distance was defined as the length of
a straight line drawn from the soma along the apical dendritic trunk to
the pial surface. The amplitudes of the calcium transients were subse-
quently normalized to the maximum amplitude observed in that neuron.
To minimize the effects of measurement noise, the data from an individ-
ual cell were fit with a skewed Gaussian function (see Fig. 2f, inset), and
the maximum amplitude was defined as the maximum value of the fit.

For tetrodotoxin (TTX) experiments involving two-electrode voltage
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clamp, one somatic electrode was initially used for voltage recording and
the other was used to inject brief current pulses to induce single APs (see
Fig. 3D). After 2 um TTX was added to the perfusing solution, the action
potential was eliminated. The neuron was then voltage clamped at the
soma using a two-electrode voltage-clamp circuit (gain 3—150 V/V). Us-
ing the AP waveform recorded before TTX application as voltage com-
mand, AP-like waveforms were imposed at the soma. The similarity of
command and acquired voltage traces indicated that voltage control at
the soma was very good.

After recording, the slice was fixed for 2 d at 4°C in 4% paraformalde-
hyde in phosphate buffer (75 mm Na,HPO, and 25 mm NaH,PO,, pH
7.2). Intracellular biocytin was visualized using the avidin—biotin horse-
radish peroxidase reaction and 3,3-diaminobenzidine as described pre-
viously (Liibke et al., 2000). Neurons were reconstructed using Neurolu-
cida software (MicroBrightField, Colchester, VT).

In vivo electrophysiology and imaging. P27-31 Wistar rats were anes-
thetized with urethane (1-2 gm/kg). Depth of anesthesia was sufficient to
eliminate pinch withdrawal, corneal reflex, and vibrissal movements. A
small (2 X 2 mm) craniotomy was opened over the barrel cortex, and the
dura was removed (coordinates for center of craniotomy: 2 mm posterior
to bregma, 5-6 mm lateral) (Chapin and Lin, 1990). The craniotomy was
covered with agar (1-1.5%, type III-A, Sigma, St. Louis, MO) in the
following solution (in mwm): 135 NaCl, 5.4 KCl, 1 MgCl,, 1.8 CaCl,, 5
HEPES. A glass coverslip was positioned over the agar. Gentle downward
pressure was applied to the coverslip throughout the experiment. This
reduced motion of the cortex during recording and imaging.

Whole-cell patch-clamp recordings were obtained using a “blind”
technique as described previously (Margrie et al., 2002). Pipettes (4—6
MQ) were filled with the same intracellular solution as used in slice
experiments. A higher dye concentration [200 um Oregon Green BAPTA
(OGB)-1)] was used to compensate for the higher access resistances typ-
ically encountered in vivo. Positive pressure (200—300 mbar) was applied
to the pipette as it was inserted through the agar and L1 of the cortex. The
positive pressure was reduced to 25-30 mbar when the tip was at approx-
imately the upper limit of L2/3. The pipette was then advanced in 2 um
steps through L.2/3. Voltage pulses were applied to the pipette (10 mV, 30
msec, 10 Hz), and the current response was monitored. Positive pressure
was relieved when the series resistance of the electrode abruptly increased
immediately after a 2 um step, indicating that the tip of the pipette may
have been pushed against a neuronal plasma membrane. Gentle suction
(up to 100 mbar) was applied where necessary to obtain a gigaohm seal.
Initial access resistance in the whole-cell configuration was typically
30-60 M() at the soma or 40—80 M() in the dendrite.

L2/3 pyramidal neurons were identified by (1) their regular firing
pattern, (2) their characteristic apical dendrite and distal tuft, and (3) the
depth of the soma below the pia (150—-500 wm) measured using the
two-photon microscope. Every neuron responded to whisker stimula-
tion (air-puff) with a 5-15 mV EPSP, confirming that all recordings were
obtained from barrel cortex. The soma was located by focusing down
into the brain from the pial surface using the fluorescent image of the
dye-filled electrode as a guide. Whole-cell recordings including calcium
imaging in vivo typically lasted ~1 hr, although neurons were often
visible after filling with indicator dye for 10—15 min. Dendritic record-
ings were obtained with the same methodology. The distance of the
recording site from the soma (up to 150 um) was measured during the
experiment using the two-photon microscope.

In vivo Ca®" imaging was combined with whole-cell recording as
described previously (Helmchen and Waters, 2002). Two-photon mi-
croscopy was performed using a custom-built microscope (Svoboda et
al., 1997). The specimen was illuminated with 840 nm light from a pulsed
Ti:sapphire laser with a repetition rate of 80 MHz and 100—150 fsec pulse
width (Mira 900; Coherent, Santa Clara, CA). Excitation light was fo-
cused onto the specimen using a 40X, NA 0.8 water immersion objective
(Zeiss). Emitted light was collected in the epifluorescence configuration
through a 680 nm long-pass dichroic mirror and an infrared-blocking
emission filter (Schott BG39) wusing a photomultiplier tube
(Hamamatsu). Scanning and image acquisition were controlled using
custom software (R. Stepnoski and M. Miiller, Lucent Technologies, NJ;
and MPImF, Heidelberg, Germany).
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Ca’* transients were measured using 64-
pixel line scans at 500 Hz. Fluorescence was av-
eraged over the width of the dendrite and ex-
pressed as relative fluorescence changes
(%AF/F) after subtraction of background fluo-
rescence from a neighboring region. Traces
were filtered in the temporal domain using a
three- to five-point Gaussian filter. Peak ampli-
tudes were determined from averages of several
trials by fitting the decaying phase of the Ca*™"
transient with a single exponential. The ampli-
tude was then estimated by back-extrapolating
the fit to the time point corresponding to the
start of the rising phase of the response. Cal-
cium profiles were fit with a skewed Gaussian
curve using the equation y = a(x — ¢’
exp(—(x —¢) 2/d?), where a, b, ¢, and d are fit-
ting parameters.

All experimental procedures were performed
in accordance with the animal welfare guide-
lines of the Max Planck Society.

Results

Action potential recordings from

apical dendrites

The spread of APs into L2/3 pyramidal cell
dendrites was characterized both in vitro
and in vivo using dendritic whole-cell re-
cordings. In brain slices, simultaneous re-
cordings were obtained from the soma and
apical dendrite of L2/3 pyramidal neurons
(Fig. 1la). Dendritic recording sites were
proximal to the primary bifurcation and
up to 320 wm from the soma. In anesthe-
tized rats, recordings were obtained from
either the soma or the proximal apical
dendrite (up to 150 wm from the soma)
(Fig. 1b). In vivo, the membrane potential
fluctuated between a resting (“down”) and

Waters etal. « Dendrites of Layer 2/3 Neurons In Vitro and In Vivo

in vitro

o

in vitro

sinviio| . --/
% . o . - .
s oo wess . e .
=1 . . . e L] 1]
2 Ly . ® sa’s * L] L]
E, - -3 L3 1 — . .

win vifro|
o o in vivo | 'o .
< pl
L] 100 200 300

- 100 200 300 100 200 300
distance from soma (um) distance from soma (um) distance from soma (um)
Figure1.  Dendritic recordings of backpropagating APs. a, Dual recording from soma and dendrite of an L2/3 pyramidal neuron
in a slice preparation. Left, Biocytin reconstruction with recording locations indicated schematically (dendritic pipette was 225
m from the soma). Shaded region represents approximate position of L1. Right, Simultaneous somatic and dendritic recordings
of an AP induced by somatic current injection (2 msec pulse; 2 nA). b, Somatic and dendritic AP recordings in vivo. Images are side
projections of stacks of two-photon fluorescence images (same scale as in a). Left, Somatic recording from an L2/3 pyramidal
neuron filled with 0GB-1. Somatic APs evoked by a 300 msec current injection (300 pA) are shown in the bottom trace. Right,
Dendritic recording from a different neuron. The dendritic recording pipette was located 150 m from the soma. APs evoked by
a 300 msec current injection (700 pA) are shown in the top trace. ¢, Amplitudes of single APs evoked by current injection in vitro
(filled symbols) and in vivo (open symbols) as a function of distance from the soma. Each point represents a single dendritic
recording, with one recording per neuron. Somata were located 300 —505 wm from the pia in vitro and 210570 wm in vivo.
Amplitudes were measured from resting membrane potential. An exponential decay was fit through all data points (solid line; T
= 317 m; asymptote constrained to zero). d, AP half-widths determined in vitro (filled symbols) and in vivo (open symbols)
plotted as a function of distance from the soma. Half-width was determined as the width at half-height from the inflection point
to the peak of the AP. A linear fit to all data points yielded a slope of 4.5 sec/ um (constrained to 0.8 msec at soma). e, Latencies
of dendritic relative to somatic responses measured at half-heights of APs in vitro. A linear fit through the origin yielded a
propagation velocity of 330 pm/msec.

a depolarized (“up”) state. Resting mem-

brane potential, input resistance, AP amplitude from rest, and AP
half-width, measured at the soma, were similar in vitro and in vivo
[V, =78 £ 1.3mVinvitro(n=15)and —74 = 2mV invivo (n =
15; measured in the down state); R 47 = 4.8 MQ in vitro (n = 16;
range, 23—86 M()) and 45 =+ 3.6 MQ in vivo (n = 16; range, 22-73
MQ); down state); AP amplitude 119 = 1.7 mV in vitro (n = 27)
and 116 = 1.7 mV in vivo (n = 16 with access resistance <35
MQ); AP half-width 0.83 = 0.02 msec in vitro (n = 27) and
0.78 = 0.02 msec in vivo (n = 16)].

Along the apical dendritic trunk, APs decreased in amplitude
and broadened (Fig. lc,d). Attenuation and broadening were
similar in vitro and in vivo with amplitudes ~75 mV at 150 um
from the soma (distance constant, 317 wm). From the dual re-
cordings obtained in vitro, the propagation velocity was found to
be 330 wm/msec (Fig. le).

Note that for the data shown in Figure 1, APs were evoked by
somatic current injection in vitro. With only one recording elec-
trode in vivo, APs were necessarily evoked by dendritic current
injection. Control experiments in vitro indicated that this com-
parison is valid. First, up to 150 wm from the soma, current
injection into the dendrite led to somatic AP initiation (data not
shown). Furthermore, dendritic amplitudes of APs evoked by
dendritic current injections (80-190 wm from the soma) were
only 5.8 £ 2.6% larger (n = 8) than those of APs evoked by
somatic current injection. Hence measured action potential am-

plitudes were independent of the location of current injection
(up to 150 um from the soma). In addition, the similarity of
dendritic AP amplitudes in vitro and in vivo was not dependent
on bridge balance because they were also similar when measured
from threshold (in vitro: 38 = 2.5 mV, n = 7, 140-190 wm from
the soma; in vivo: 41.7 = 0.35 mV, n = 4, 130—135 um from the
soma).

We conclude that an AP is attenuated and broadened as it
travels in the retrograde direction along the apical dendrite of a
L2/3 neuron. The amount of attenuation and broadening is sim-
ilar in brain slices and in anesthetized rats.

AP-evoked dendritic Ca** transients are similar in vitro and
in vivo

We next compared the spatial pattern of dendritic Ca** influx
evoked by single APs in vitro and in vivo. Neurons were filled with
the Ca*" indicator OGB-1 via somatic recording pipettes. Fluo-
rescence was measured with a CCD camera in brain slice experi-
ments and using two-photon microscopy in anesthetized rats. In
the proximal apical trunk, single APs evoked relative fluorescence
changes of 30-105%. Mean peak amplitudes were 84 = 6.8% in
vitro (n = 11) and 50 = 4% in vivo (n = 13), and decay time
constants were 180 * 18 msec in vitro (n = 13) and 168 * 18
msec in vivo (n = 13). Note that the pipette indicator concentra-
tion for in vivo recordings was twice that used in vitro to compen-
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Figure 2.  Single APs evoke similar dendritic Ca2™ profiles in vitro and in vivo. a, b, Examples of Ca™ transients in apical
dendrites, each evoked by a single somatic AP. Biocytin reconstruction of an L2/3 neuron studied in vitro (a; 500 um from the pia).
Two-photon side projection of a L2/3 neuron studied in vivo (b; 400 m from the pia). APs were initiated by 3—5 msec somatic
current injections. Traces are averages of 5-20 (a) or 3-5 trials (b). ¢, d, Spatial profile of peak Ca2™ transients in the apical
dendrites of the cells shown in a and b, respectively. The dendritic location distal to which no Ca* transient was detectable
(AF/F = 0) was estimated from a linear fit to the declining portion of the profile. e, Schematic representation of Ca>* profiles
evoked by single APs for neurons recorded in vitro (filled soma symbols) and in vivo (open soma symbols). The neurons are ranked
according to the depth of their somata below the pia. Each neuron s represented as a vertical column of four points (connected by
avertical line). These points represent the location of the soma (triangle), the principal bifurcation (open diamond), the maximum
peak amplitude of Ca® ™ transient (red square), and the point at which the peak amplitude of the Ca ™ transient declined to zero
(blue circle; AF/F = 0) as illustrated on the schematic neuron to the right. All data are from somatic recordings. f, Normalized
Ca®™" profiles forin vitro and in vivo recordings. The profile for each neuron was normalized to the distance between soma and pia
and fit with a skewed Gaussian curve (see Materials and Methods). The profile was subsequently normalized to its maximum value
(inset shows an example from an in vivo experiment). Normalized profiles were averaged for in vitro (green; n = 9) and in vivo
(orange/yellow; n = 7) experiments. Shaded areas represent == 1 SD from the mean. Dashed line represents mean position of
principal bifurcation (0.41 == 0.05 in vitro and 0.43 == 0.03 in vivo). All data are from somatic recordings.

sate for the higher access resistances usually encountered in vivo.
A possible explanation for the smaller amplitudes in vivo is that
the extracellular Ca** concentration may have been lower than
the 2 mM used in slice experiments.

In 20 neurons (13 in vitro, 7 in vivo) spatial profiles of Ca*™
transient amplitudes (“Ca*" profiles”) were obtained using se-
quential measurements from different locations along the apical
dendrite (Fig. 2a—d). In all cases the amplitude of the Ca?** tran-
sient increased with distance from the soma, reaching a maxi-
mum value in the proximal apical dendrite and then declining to
undetectable levels more distally. No substantial steps were ob-
served in the distal decline in any neuron, suggesting that AP
spread was not abruptly altered at dendritic branch points. Fur-
thermore, there were no “Ca’" hotspots” of the type reported in
bitufted neurons (Kaiser et al., 2001).

To determine whether there was a consistent pattern in the
heterogeneous group of L2/3 neurons, we displayed data from all
neurons on a single plot, representing each cell by the following
four locations (Fig. 2e): soma, principal bifurcation, location of
the maximum of the Ca®" profile, and dendritic position beyond
which no Ca*" influx was observed (estimated using a linear fit
through the data points distal to the peak of the profile) (Fig.
2¢,d). Two general features of the dendritic Ca*" dynamics are
evident from this summary plot. First, the maximum amplitude
always occurred in the proximal dendrite between the soma and
the principal bifurcation (except in one case, a neuron close to L1
with a bifurcation very close to the soma.) Second, Ca*" signals
were always detectable as far as the principal bifurcation.

depth of soma below pia / pm
250 350 450 550

02 04 06 08 1
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The most distal location to which Ca**
transients could be observed showed some
dependence on somatic depth. In superfi-
cial neurons with somata close to the bor-

4 L1 =/ Zero K X
I I [ poiure der of L1, single somatic APs evoked Ca*™
_ . max  influx throughout much of L1, although
i | Ca’" transients declined to zero in the
4 soma

very distal, subpial tuft branches in most
neurons. In contrast, Ca" influx was typ-
ically visible up to the L1 border but not
501 7 more distally in deeper neurons (those

£
;32: ¥ S with somata near the center of L2/3 or
0 0204086 close to the border with L4). A likely expla-
distance from soma . . . . .
(normalized) nation for this finding is that the distal
\ e Ca*" influx depends on the amplitude of
¢ \ in vivo

the backpropagating AP that remains in
distal tuft branches and that this ampli-
tude is smaller in neurons with longer den-
drites because of attenuation along the
apical trunk. We saw no obvious correla-
tion between dendritic branching pattern
and the dendritic location beyond which
no calcium transient was observed.

For further comparison of in vitro and
in vivo profiles, we normalized the profile
from each neuron to the length of its apical
dendrite and to its maximum Ca** re-
sponse. We then pooled cells into in vitro
and in vivo data sets (Fig. 2f) (see Materials
and Methods for a description of the nor-
malization procedure). The normalized
profiles were remarkably similar under in
vitro and in vivo conditions with the max-
imum Ca** response at ~20% of the dis-
tance from soma to pia. Likewise, in both
conditions the amplitude of the Ca** transient declined to 10%
of its maximum value at ~65% of the distance from soma to pia.
At this distance we estimate the average AP amplitude to be ~50
mV, on the basis of a fitted curve through a version of Figure 1¢
normalized for soma—pial distance.

Therefore, L2/3 neurons with different somatic locations (and
hence different lengths of apical trunk) share similar dendritic
Ca** profiles. Furthermore, neurons examined in the anesthe-
tized animal and in the slice preparation displayed remarkably
similar profiles.

Action potential backpropagation is active

The data presented above show that action potentials spread a
substantial distance into the apical dendrites of L2/3 neurons,
resulting in Ca*" entry throughout much of the dendritic tree.
Although backpropagation is decremental, the attenuation of AP
amplitude is less than expected for purely passive spread along
the dendrite. Furthermore, this attenuation is comparable with
that in L5 neurons, in which backpropagation is actively assisted
by dendritic Na * channels (Stuart and Sakmann, 1994; Larkum
etal., 2001; Stuart and Héusser, 2001). Our data therefore suggest
that AP backpropagation in L2/3 pyramidal cell dendrites is ac-
tively supported by dendritic Na ™ channels.

To demonstrate this directly, we examined dendritic poten-
tials in vitro before and after blocking Na ™ channels with TTX.
Three whole-cell recordings were established simultaneously,
two at the soma and one on the apical dendrite (Fig. 3a). Initially,
AP amplitudes at the soma and the dendrite were recorded under
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recording from a slice preparation. The positions of the recordings are shown schematically on
the biocytin reconstruction. b, Somatic and dendritic recordings during an AP induced by so-
matic currentinjection through the third (somatic) electrode (bridge balance mode; gray traces)
and during somatic injection of a similar waveform using two-electrode voltage clampin 2 um
TTX (black traces). ¢, Somatic (bottom) and dendritic (top) recordings from another L2/3 neuron
showing passive spread of hyperpolarizing waveforms (dendritic pipette 80 wm from the
soma). Gray traces, AP evoked by somatic current injection (bridge balance mode, no TTX).
Dashed traces, Responses to somatic injection of a scaled-down, hyperpolarizing AP-like wave-
form (two-electrode voltage clamp, no TTX; 30% of original amplitude). Black traces, Hyperpo-
larizing response reinverted and rescaled for comparison with the original AP. d, Reduction of
dendritic AP amplitude as a function of distance from the soma (n = 6 experiments). Filled
circles represent original AP amplitudes. Open circles represent amplitude of response to depo-
larizing AP-like waveforms in TTX. Triangles represent reinverted scaled responses to hyperpo-
larizing AP waveforms (no TTX). e, Summary plot for the six neurons shown in d. Bars represent
mean (= SEM). Both TTX and hyperpolarization groups were significantly different from control
(p<<0.01;pairedttest).f,Ca>™ transients recorded from a proximal apical dendrite evoked by
an AP (gray trace; 30% AF/F) and AP-like waveform in TTX under two-electrode voltage clamp
(black trace; 4% AF/F). Peak voltages at the soma were +36 mV for the original AP and +30
mV in TTX. Half-widths were 1.13 msec for control and 1.03 msec in TTX. g, Pooled data from
three neurons, showing mean (= SEM) amplitude of the Ca™ transient under control condi-
tions, after TTX application, and using the enlarged AP waveform as command. Somatic posi-
tions were 330, 420, and 425 pm from the pia. Dendritic regions of interest were 80, 140, and
70 m from the soma, respectively. Both TTX and hyperpolarization groups were significantly
different from control ( p << 0.06; paired ¢ test).

current clamp. After blocking Na * channels with 2 um TTX, the
somatic AP waveform recorded before TTX application was
imposed on the soma using two-electrode voltage clamp. The
somatic peak amplitude of the AP-like waveform imposed
under voltage clamp was similar to that of the recorded AP
(control 121 mV; in TTX 120 mV), indicating that the soma
was adequately voltage clamped. In contrast, the dendritic
depolarization was strongly attenuated, even close to the soma
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(peak amplitudes of 65 mV in control and 26 mV in TTX; 80
um from the soma) (Fig. 3b).

These data suggest that AP backpropagation is actively sup-
ported by dendritic Na™ channels and that TTX converted the
active dendrite into a dendrite that acts more like a passive cable.
We confirmed this by injecting hyperpolarizing AP waveforms at
the soma in the absence of TTX (Fig. 3¢). AP waveforms with 30%
of the control amplitude and of reversed polarity were attenuated
as strongly as the depolarizing AP waveforms in TTX. This was
observed in six experiments with dendritic recordings 40—-90 pwm
from the soma in neurons with somata 300—470 wm from the
pial surface of the slice (Fig. 3d,e). We conclude that AP back-
propagation in apical dendrites of L2/3 pyramidal neurons is
dependent on activation of Na ™ channels.

Dendritic Ca®" signals were also dependent on Na " channels
because proximal Ca*™ influx was greatly reduced by application
of TTX (Fig. 3f) (control amplitude 30% AF/F; in TTX 4% AF/
F). Even using a 1.5-fold enlarged AP waveform as voltage com-
mand (peak voltage + 60 mV; half-width 1.13 msec; data not
shown), the Ca*" signal was far smaller than that evoked before
TTX application (6% AF/F in TTX). Again the recorded AP
waveform under two-electrode voltage clamp was very similar to
the control AP (Fig. 3b). Furthermore, prolonged voltage steps
produced large dendritic Ca*" transients, showing that dendritic
Ca?* channels were still functional (data not shown; 200 msec
steps to —40, —20, and 0 mV resulted in Ca?" transient ampli-
tudes of 26, 28, and 50%, respectively). Similar reductions of
Ca** influx were observed in three neurons. On average, Ca*"
transients were reduced by 76 * 18 and 70 = 15% for original
and enlarged AP waveforms, respectively (Fig. 3g).

In summary, both backpropagation of single APs and the re-
sulting Ca*" influx into apical dendrites of L2/3 pyramidal neu-
rons in vitro depend on dendritic Na ™ channels. In view of the
striking similarity of AP attenuation and Ca*" profiles derived
from in vitro and in vivo experiments, it is very likely that this
conclusion also applies to L2/3 neurons in vivo.

Excitability of distal tuft branches

The above experiments demonstrate that APs backpropagate ac-
tively but are nonetheless attenuated as they spread along the
apical trunk of deep L2/3 neurons. The lack of a Ca** signal in
tuft branches therefore could result from either the absence of
Ca®" channels or insufficient depolarization in the distal den-
drite. To distinguish between these two possibilities, we mea-
sured dendritic tuft Ca>™ transients evoked by bursts of APs.

In vitro we imaged Ca*" influx in the tips of dendritic
branches 40-100 um from the pial surface of the slice (Fig. 4a).
Brief bursts of only two to three APs were sufficient to produce
small Ca®" transients, and four to five APs evoked much larger
signals (Fig. 4b). These transients were observed with high-
frequency (150 Hz) bursts, whereas lower-frequency (50 Hz)
trains of four to five APs produced little or no Ca** signal. This
supralinear increase in the amplitude of the Ca*™ transient with
increasing numbers of APs was observed in five neurons (Fig. 4¢).

In addition, we monitored the spatial profile of Ca>”" influx in
proximal and distal dendrites simultaneously at low magnifica-
tion (20X objective) (Fig. 4d). Throughout the dendritic tree the
amplitudes of Ca®" transients became larger with increasing
numbers of APs (Fig. 4e). Calculating the percentage fluores-
cence change per AP indicated that, as in the previous experi-
ments (Fig. 4a—c), summation was supralinear in distal dendrites.
In addition, these profiles revealed that the supralinearity was
limited to the distal region because linear summation was ob-
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Pairing of AP and EPSP evokes
supralinear Ca** influx

Under what conditions might synaptic input
contribute to activation of voltage-sensitive
channels in the distal dendrite? Distal activa-
tion may be particularly likely when synaptic
input is paired with a backpropagating AP.
For example, supralinear summation of AP
and EPSP has been observed in the dendrites
of L5 pyramidal neurons (Larkum et al.,
1999a; Stuart and Hiusser, 2001). We there-
fore examined the consequences of pairing a
single backpropagating AP with EPSPs or
EPSP-like depolarization of the apical den-
drite in vitro.

First, we used dual somatic and dendritic
recordings to pair a backpropagating AP
with EPSP-like depolarization in the den-

4APs drite [artificial EPSP (aEPSP)]. The den-
dritic electrode was placed near the princi-

3APs
- . . + .
pal bifurcation and Ca*" transients were
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shows electrophysiological recordings and
dendritic Ca®" measurements from a single
neuron. A somatic AP and an aEPSP, deliv-
ered separately, both gave small Ca*" sig-
nals (peak AF/F of 7 and 8%, respectively);
o = however, when these two stimuli were
! paired, with the AP 10 msec before the
aEPSP, the amplitude of the dendritic Ca*"
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Figure 4.

burst. The abscissa was normalized to the distance between soma and pia.

served in more proximal regions (Fig. 4f). Similar data were ob-
tained in three cells (data not shown).

Supralinear summation also occurred with high-frequency
bursts of APs in vivo (n = 6 cells) (Fig. 5a,b). These data were
typically collected from more proximal regions of the tuft
branches than in the equivalent slice experiments (range, 10—175
um from the pia). In several additional experiments, we were able
to obtain in vivo measurements from subpial dendritic tips (Fig.
5¢). In these terminal branches, Ca®™ transients were sometimes
observed after high-frequency bursts of four to five APs in five of
seven cells (Fig. 5d). The amplitudes of these transients were
variable, perhaps because of background synaptic activity. We
conclude that Ca®" channels are present throughout the apical
tuft, including subpial tips in superficial L1, and that these chan-
nels may be activated by bursts of APs both in vitro and in vivo.

50 5APS 0 0.25
normalized distance from soma

AP bursts evoke Ca>* signals in tuft branches in vitro. a, Biocytin fill of a L2/3 neuron (soma 395 1m below the pia).
Enlarged fluorescence image shows a terminal branch filled with 0GB-1. A 500 wum concentration of 0GB-1 was used in these experi-
ments to facilitate dendritic filling. Solid white box represents region of interest, centered 40 rum below pia; dashed white boxes
represent flanking background regions. b, Ca? transients in the dendrite shown in ain response to two to four APs evoked by somatic
currentinjectionsat 150 Hz: peak AF/F, 2APs 5%; 3APs 44%; 4APs 115%. , Pooled data from five neuronsin vitro with somata 300 — 470
fum from the pia. Four neurons displayed Ca " signals to 2 APs (4—17% AF/F). Allfive neurons responded to 3 APs (12— 67% AF/F).
Inonly one neuron, 5 APs at 50 Hz evoked a (a 2 signal that was very small (<<5% AF/F).d, Biocytin fill of another neuron (soma 350
um fromthepia). The Ca® ™ profiles were analyzed along the gray line. e, Spatial Ca 2 * profiles derived from low-magnificationimages,
showing the peak amplitudes of (a2 * transientsinduced by 1- 4 APs (at 150 Hz) at different spatial locations along the gray line shown
ind.f,Thesame dataasin erepresented as fluorescence change per action potential. Each profile was divided by the number of APsin the

transient was greatly increased (peak AF/F
179%). In addition, a second AP occurred
10 msec after the first AP. The large Ca**
influx, however, was not caused by the ad-
ditional AP because two somatically in-
duced APs at the same frequency (with no
aEPSP) were insufficient to produce a
comparable influx.

Similar results were obtained in all five
neurons examined (Fig. 6b). In all cases,
pairing evoked a large Ca*™ transient near
the bifurcation. A second AP was induced in
four of these five neurons, although pairing
did not result in bursts of multiple APs as
reported for L5 neurons (Larkum et al.,
1999a,2001). No second AP occurred in the
remaining neuron, but a large Ca®" tran-
sient was observed.

Pairing a backpropagating AP with synaptic input evoked by ex-
tracellular stimulation in L1 also produced a large distal Ca>" tran-
sient. In the example shown in Figure 6¢, Ca®" transients were mea-
sured 175 wm from the soma (near the bifurcation) where a
backpropagating AP alone produced very little Ca®" influx (peak
AF/F of 10%). No Ca** influx was observed after an EPSP (peak
amplitude at the soma: 18 mV); however, a large Ca*" transient was
observed when these two inputs were paired (peak AF/F of 62%). To
observe this pairing effect it was necessary to partially block GABA
receptors, as in L5 neurons (Larkum et al., 1999a). Summary data
from seven neurons are presented in Figure 6d. In all cases, pairing
evoked alarge Ca*™ transient near the bifurcation. A second AP was
induced in only one neuron, although stronger extracellular stimuli
could evoke a second AP (data not shown).

Supralinear distal Ca** influx was further demonstrated in

0.5 1 0.751AP
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measurements of spatial Ca>" profiles at
low magnification (Fig. 7). Single AP-
evoked Ca** profiles were similar to those
measured at high magnification, showing
no Ca** influx in distal parts of the den-
drites (compare Fig. 2f). Pairing an AP
with a distally evoked EPSP caused addi-
tional Ca?* entry near the bifurcation,
substantially changing the shape of the
Ca** profile (Fig. 7a). In four pairing ex-
periments, supralinear Ca** influx was
observed around the bifurcation, from
~0.3 to 0.7 of the normalized soma—pia
distance (Fig. 7b,c). Subthreshold EPSPs b
alone caused small Ca®™ transients limited 75
to the far distal region.

In summary, interaction of a back-
propagating AP with distal synaptic input
extends the spatial profile of Ca** influx,

% AF/F
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APbursts evoke Ca 2" signalsin distal dendrites in vivo. a, Two-photon side projection of a L2/3 neuron and dendritic

Ca”™" transients (location marked) evoked by different numbers of APs at 150 Hz. A 500 um concentration of 0GB-1 was used to

We have studied apical dendrites of L2/3
neocortical pyramidal neurons, in parallel
in vitro and in vivo experiments. This novel
approach allowed us to take advantage of
techniques feasible only in the cortical slice
preparation and to verify the validity of the
results in the cortex of the intact animal.
We find that AP backpropagation into the
apical dendrite is active, resulting in a similar spatial distribution
of Ca*" influx in vitro and in vivo. Although single APs cause
minimal Ca*" influx in the dendritic tuft, pairing an AP with
synaptic input leads to substantial Ca®" influx in this region of
the neuron. These properties may profoundly shape synaptic in-
tegration in L2/3 neurons, enhancing the effectiveness of projec-
tions to L1 of the neocortex.

signal.

Active AP backpropagation in L2/3 neurons
AP amplitudes showed a modest decline with distance from the
soma both in vitro and in vivo. The much stronger decline after
block of Na™ channels in vitro indicated that backpropagating
APs are actively boosted by these channels. In view of the simi-
larity of AP amplitudes and of Ca** profiles in vitro and in vivo,
we conclude that backpropagation is also active in vivo. This un-
derscores the value of parallel in vitro and in vivo experiments.

The decremental AP backpropagation reported here is similar
to brain slice data from other pyramidal neurons, including neo-
cortical layer 5 and CA1 hippocampal neurons (Stuart and Sak-
mann, 1994; Spruston et al., 1995; Magee and Johnston, 1997),
although attenuation is slightly stronger in L2/3 than in L5 neu-
rons; 300 wm from the soma AP amplitudes were 48 mV in L2/3
and 65 mV in L5 neurons (Larkum et al., 2001). There is also
evidence for active AP backpropagation in L5 and hippocampal
neurons in both the anesthetized and the awake rat, although the
degree of dendritic AP attenuation may be sensitive to the behav-
ioral state of the animal (Buzséki et al., 1996; Buzsaki and Kandel,
1998; Kamondi et al., 1998; Quirk et al., 2001).

The decline in AP amplitude described here is less steep than
reported previously for L2/3 pyramidal neurons in vivo (Svoboda
etal., 1999). We found a comparably steep decline in amplitude

facilitate dendriticfilling. Scale bar, 50 um. Peak AF/F: 1AP 8%; 2APs 20%; 3APs 58%; 4APs 94%. b, Pooled data from six neurons
in vivo with somata 200 —365 pm from the pia. Four neurons displayed small Ca* signals evoked by 1 AP. Both the remaining
neurons responded to 2 APs at 150 Hz. ¢, Two-photon side projection of tuft branches of a different neuron (left; 200 um 0GB-1)
and top view of the terminal branches (white box; 20 ..m below pia). Soma was 350 wm below pia. d, Six example fluorescence
traces recorded from the terminal branches in ¢ in response to 4 —5 APs at 150 Hz (arrows). Image series, rather than line scans,
were acquired (at 8 Hz). Traces represent background-corrected spatially averaged signals. Note that not every burst evokes a

only after blocking Na™ channels with TTX. This discrepancy
could be attributable to differences in somatic depths or locations
of recordings in the dendritic tree, or both. The previous study
included several dendritic recordings from higher-order
branches, whereas our TTX experiments, demonstrating the de-
pendence of AP backpropagation on Na™ channels, were from
the apical trunk. Another difference is that in the previous study
sharp intracellular microelectrodes were used instead of patch
pipettes. Partial block of the microelectrode tip, particularly in
thin dendrites, might have resulted in underestimation of den-
dritic AP amplitudes. We encountered a similar problem with
patch pipettes, in which AP amplitudes were reduced in high-
access resistance recordings even at the soma. In addition, the
single AP-evoked Ca”" profile presented here (with a maximum
at ~20% of the soma-pial distance) (Fig. 2) is comparable with
previous in vivo measurements (Svoboda et al., 1997, 1999). The
strong suppression of proximal dendritic Ca®™ transients by TTX
in vitro demonstrates that these profiles can be explained only by
activation of dendritic Na * channels (Fig. 3).

Distal dendritic Ca** influx

Single APs failed to evoke Ca*" influx in the distal branches of the
dendritic tuft. In contrast, brief high-frequency bursts of APs
induced large distal Ca®" transients even in subpial terminal
branches both in vitro and in vivo. This demonstrates that Ca>™*
channels are present throughout the apical dendritic tree. A sin-
gle AP, although actively backpropagating, is probably too
strongly attenuated along the apical dendrite to activate distal
Ca’" channels. From the Ca®" profiles and the degree of AP
attenuation, we estimate that this would occur when the AP am-
plitude dropped below ~50 mV. If it occurs in L2/3 neurons, a
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transients measured near the principal bifurcation during the different protocols.

change in calcium channel density and subtypes expressed along
the dendrite could also contribute to the reduced calcium influx
in the distal dendrite. During high-frequency bursts of APs, de-
polarization in the distal dendrite may summate so that the
threshold for Ca*>* channel activation is reached. Ca*" influx
might even add a regenerative component to distal depolariza-
tion, similar to burst-evoked Na*/Ca** APs reported in L5 py-
ramidal neurons (Larkum et al., 1999b; Helmchen et al., 1999).
Broadening of later APs in a train was commonly observed with
brief bursts of APs (Fig. 4b). Whether this reflects regenerative
activity in the distal dendrite is unclear at present.

Comparison of in vitro and in vivo properties

A major conclusion of our study is that AP backpropagation and
dendritic Ca*" influx are comparable in cortical slices and the
cortex of the anesthetized animal. This may be surprising at first
glance because there is typically more background synaptic activ-

Extracellular stimulation

Ay

AP EPSP Both

Pairing of AP and EPSP causes supralinear Ca 2™ influx. a, Pairing of a backpropagating AP with an aEPSP. Simulta-
neous somatic and dendritic recordings from an L2/3 pyramidal neuron in vitro. Soma was 390 r.m from pia. Dendritic recording
was 160 um from soma. Ca>™ transients were measured 220 um from the soma, near the bifurcation. Left, Electrical recordings
with the somatic traces in gray and the dendritic traces in black. Right, Ca® ™ transients (means of 3 sweeps). Data are given for
four stimulus protocols: single AP evoked by somatic current injection; aEPSP evoked by dendritic current injection (rise time
constant 2 msec, decay time constant 8 msec); paired AP and aEPSP; two APs evoked by somatic current injections at 100 Hz. b,
Summary data for five neurons, showing peak of Ca* transients measured near principal bifurcation during the different
protocols. ¢, Voltage recordings from soma (left) and Ca 2* measurements from the dendrite (right; 175 m from soma). Three
stimulus protocols were used: a single AP, an EPSP, and both AP and EPSP. Extracellular stimulus and somatic current injection
were delivered simultaneously so that the AP occurred before the peak of the EPSP. Somatic depth was 350 m. Antagonists were
included in the perfusing solution to partially block GABA receptors. d, Summary data for four neurons, showing peak of Ca*
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7 ity in the cortex of the anesthetized animal

than in the cortical slice preparation (Paré
AR et al, 1998). It is unclear, however,
whether spontaneous input would neces-
sarily result in a net suppression of back-
propagation. In fact, EPSPs may boost AP
backpropagation (Stuart and Héusser,
2001).

Furthermore, synaptic activity under
anesthesia is not constant but varies be-
tween periods of little and more pro-
nounced synaptic activity (commonly
termed up and down states). This leads to
membrane potential fluctuations on the
time scale of hundreds of milliseconds,
with periods of depolarization (10-20 mV
up states) being driven by volleys of synap-
tic input. In our in vivo experiments we did
not differentiate between data points ob-
tained during up and down states. Our in
v vivo data are therefore derived from a mix-
ture of up and down states; however, pre-
cise control of the number and frequency
of action potentials generated in vivo was
achieved more often during down than
during up states. Hence more data points
were typically gathered from the down
state, which is prominent in the deeply
anesthetized animal and represents a pe-
riod of modest synaptic activity. Thus the
current study establishes that biophysical
properties of dendrites are comparable in
brain slices and the living animal. This
provides a framework from which to de-
termine whether phenomena such as
backpropagation and dendritic calcium
influx are substantially different during
periods of pronounced network activity,
such as might be observed in the behaving
animal.

There are indications from other cell
types that active backpropagation is main-
tained in anesthetized and even awake an-
imals. In apical dendrites of olfactory bulb
mitral cells, backpropagation is nondecre-
mental both in vitro and in vivo, despite the
high levels of activity observed in the bulb under urethane anes-
thesia (Sobel and Tank, 1993; Bischofberger and Jonas, 1997;
Chen et al., 1997; Charpak et al., 2001). Hence the effects of
background synaptic activity on backpropagation under anesthe-
sia in vivo are weak in both mitral cells and L2/3 pyramidal neu-
rons. Background activity may be similarly ineffective in L5 and
hippocampal neurons, in which extracellular recordings suggest
that active backpropagation is maintained in awake behaving an-
imals (Buzsdki and Kandel, 1998; Quirk et al., 2001).

MM

Association of proximal and distal input

Another key finding of our study is that pairing a backpropagat-
ing AP with distal synaptic input results in a supralinear dendritic
Ca** transient near the principal bifurcation. Large dendritic
Ca>" responses have also been observed in hippocampal and L5
neocortical pyramidal neurons, where they result from dendritic
initiation of a regenerative Na/Ca®" potential (Magee and
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Figure7. Distal extension of Ca* profiles after pairing. a, Low-magnification in vitro mea-

surement of the spatial Ca>™ profiles in response to a single AP, to an extracellularly evoked
distal EPSP, and to a combination of the two (same cell as in Fig. 4d; the bifurcation was 105 m
from the soma). Profiles were fitted with skewed Gaussian curves (AP, AP + EPSP) and a
sigmoid curve (EPSP), respectively. The soma was 350 wm from the pia. The position of the
bifucation is marked as a vertical dashed line. Antagonists were included in the perfusing solu-
tion to partially block GABA receptors. b, Normalized mean Ca>* profiles for four neurons in
response to AP, EPSP, and pairing of AP with EPSP. Each profile was normalized to the distance
between soma and pia (range, 350 —480 pm) and to the maximum value of the AP-evoked
profile. Traces are the means of the fitted curves for four neurons. Shaded areas represent == 1
SD from the mean. ¢, Supralinear Ca** influx that results from pairing AP and EPSP (difference
between AP + EPSP and sum of AP and EPSP traces in b). The mean position of the bifucation is
marked as a vertical dashed line.

Johnston, 1997; Schiller et al., 1997; Golding et al., 1999, 2002;
Helmchen et al., 1999; Larkum et al., 1999a; Larkum and Zhu,
2002). Whether a dendritic Na */Ca®" potential occurs in 12/3
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dendrites is unclear, but the supralinear nature of the response
suggests that a regenerative component is involved.

What is the functional significance of this distal dendritic ex-
citation? Input to the distal dendrite includes feedback from
higher-order cortical regions, some of which may carry state-
dependent input such as attentional information (Cauller, 1995;
Lamme et al., 1998). In addition, L2/3 neurons receive feed-
forward input via L4 neurons projecting predominantly to their
proximal dendrites (Feldmeyer et al., 2002). The supralinear in-
teraction of somatically evoked APs with distal EPSPs therefore
provides a mechanism for the association of ascending sensory
input and associative input to layer 1 by local cortical microcir-
cuits. As in L5 neurons, coincident activity in these pathways
facilitates distal dendritic Ca*" influx, which will invade postsyn-
aptic densities located in spines (Sabatini et al., 2002). This may
be important for adjusting the strength of distal synapses (Gold-
ing et al,, 2002). In summary, coincidence detection, as a mech-
anism to associate inputs in different cortical layers, is a feature
common to neocortical pyramidal neurons.
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