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Cellular/Molecular

Firing-Pattern-Dependent Specificity of Cortical Excitatory
Feed-Forward Subnetworks

Takeshi Otsuka and Yasuo Kawaguchi
Division of Cerebral Circuitry, National Institute for Physiological Sciences, Okazaki, Aichi 444-8787, Japan

The cortical circuit includes networks of highly interconnected pyramidal neurons. Here, we investigated whether pyramidal cells form
subnetworks depending on pyramidal subtypes. We classified layer V (L5) pyramidal cells in rat frontal cortex into three physiological
subtypes based on the presence (SA-d type) or absence (SA type) of an initial burst in neurons displaying slowly adapting spike trains, or
fast spike frequency adaptation (FA type) against current pulse injections. Pyramidal cells projecting to the particular subcortical areas
were correlated with the physiological subtypes. Focal glutamate stimulation of a L2/3 pyramidal cell induced EPSCs in SA and SA-d cells
more frequently than in FA cells. FA cells in upper L5 received more inputs from the upper L2/3, and those in lower L5 received inputs
from cells in lower L2/3, suggesting topographic interlaminar projections to FA cells. Dual recordings from L5 pyramidal cells revealed
that common input probability that two L5 cells share inputs from a L2/3 cell was high in cell pairs of the same subtypes, compared with
those in different subtype pairs. Furthermore, the common input probability was highly selective when cell pairs of the same subtypes,
but not different subtypes, had connections between them. Our results suggest that L2/3 pyramidal cells selectively innervate L5 cells,

depending on their firing subtypes.
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Introduction

The neocortex is a layered structure, and contains numerous
types of excitatory and inhibitory neurons (DeFelipe and Farinas,
1992; Kawaguchi and Kubota, 1997; Markram et al., 2004). Inter-
laminar excitatory connections are direction-selective, with the
information originating in thalamic-receptive neurons transmit-
ted first to excitatory neurons in superficial layers, and then re-
layed to deeper layers (Bureau et al., 2006; Liibke and Feldmeyer,
2007). As such a unit of cortical information processing, the cor-
tex shows a columnar organization (Mountcastle, 1997). To fa-
cilitate the directional transfer of the information, pyramidal
neurons selectively form synaptic connections. At finer scales
within columns, the local circuitry can be divided into modules of
selectively connected cells (Yoshimura et al., 2005). In layer V
(L5) of the visual cortex, pairs of connected pyramidal cells are
more likely to form connections to a third neuron than are un-
connected pairs (Song et al., 2005). The divergent and convergent
probabilities of interlaminar excitatory connections depend on
the connectivity patterns of recipient and projecting cell pairs,
respectively (Shepherd and Svoboda, 2005; Yoshimura et al.,
2005; Kampa et al., 2006). These studies have been demonstrated
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that intralaminar and interlaminar connections of pyramidal
cells are clustered into subnetworks.

Pyramidal cells, however, can be classified into several sub-
types. Physiologically, cells firing burst of multiple spikes and
regular spiking cells firing trains of single spikes during current
pulse injection have been described (Connors et al., 1982; Mc-
Cormick et al., 1985; Agmon and Connors, 1992; Cho et al,,
2004). Pyramidal cells can be further classified based on the de-
gree of the spike frequency adaptation during prolonged current
injections (Gottlieb and Keller, 1997; Dégenetais et al., 2002;
Chang and Luebke, 2007). Morphological analyses of dendritic
branching patterns also revealed a diversity of pyramidal sub-
types (Tsiola et al., 2003). In L5 pyramidal cells, a major source of
subcortical projections, dendritic morphologies are correlated
with their axonal projection targets and their firing patterns in
some cortical areas (Chagnac-Amitai et al., 1990; Mason and
Larkman, 1990; Hefti and Smith, 2000; Gao and Zheng, 2004;
Morishima and Kawaguchi, 2006; Hattox and Nelson, 2007),
suggesting that physiologically identified subtypes of L5 pyrami-
dal cells sharing similar physiological characteristics represent
functional output classes. Several studies have indicated that
functional input-out connectivity of thalamocortical afferents
and corticocortical connections differ between pyramidal sub-
types (Agmon and Connors, 1992; Morishima and Kawaguchi,
2006; Schubert et al., 2006). However, it remains unknown
whether these pyramidal subtypes form subnetworks.

Here, we investigated whether interlaminar connections from
L2/3 to L5 pyramidal cells are segregated with regard to the sub-
class of L5 pyramidal cells. After quantitative identification of
three firing subtypes among L5 pyramidal cells, we examined
correlation of the firing subtypes with the subcortical projection
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targets. We then investigated the spatial distribution of L2/3 cells
innervating L5 pyramidal subtypes, and the divergence pattern
from L2/3 to L5 cell pairs. Our results suggest that the interlami-
nar synaptic pathways originating from L2/3 are segregated ac-
cording to L5 pyramidal subtypes, and that these subtype-
dependent pathways are further segregated into modules of
synaptically interconnected cells.

Materials and Methods

Whole-cell recordings in slice. All experiments were conducted in compli-
ance with the guidelines for animal experimentation of the Okazaki Na-
tional Research Institutes. Slices including frontal cortex were prepared
from Wistar rats, aged postnatal day 19—23. Rats were anesthetized with
isoflurane and decapitated; brains were removed, iced, and blocked for
slicing. The blocked tissue was cut into 300 wm thick slices with a Micro-
slicer (Dosaka EM), while being bathed in oxygenated Kreb’s solution
composed of (in mm): 126 NaCl, 2.5 KCl, 1.25 NaH,PO,, 1 MgCl,, 2
CaCl,, 26 NaHCOj3, and 10 glucose (310 = 5 mOsm/L, pH 7.4; bubbled
with 95%0, and 5%CO,). The slices were incubated at room tempera-
ture for at least 1 h in oxygenated Kreb’s solution containing 0.2 mm
ascorbic acid and 4 mu lactic acid. The slice was transferred to a record-
ing chamber mounted on an upright microscope (Carl Zeiss) and con-
tinuously perfused with oxygenated Kreb’s solution. Temperature of the
bath solution in the recording chamber was adjusted to 30°C. Whole-cell
recordings were performed using an EPC-9 double amplifier (HEKA
Elektronik) controlled with a Macintosh computer running Pulse soft-
ware (HEKA Elektronik). Electrodes were pulled from glass capillary
tubes (Narishige) and fire-polished. The recording pipettes were filled
with a solution containing (in mm): 130 potassium methylsulfate, 0.5
EGTA, 2 MgCl,, 2 Na,ATP, 0.2 GTP, 20 HEPES, 0.1 leupeptin and 0.75%
biocytin (pH 7.2,290 = 5 mOsm/L) and had resistances of 5-7 M{() in the
bath. In experiments using glutamate stimulation, 1 mm sodium gluta-
mate were dissolved in Kreb’s solution and filled into the same pipettes as
the one for whole-cell recordings. To avoid cells with their axons cut a lot
by slicing, we did not stimulate cells located at the surface of slices.
Stimulated L2/3 cells were typically located 20-50 wm deep from the slice
surface. We positioned the pipette filled with glutamate within 10 um
distance from the soma aimed to trigger the spike and added air pressure
(5-10 psi, 50 ms duration) to eject the glutamate solution onto the target
cell. To calculate the connection and common input probabilities using
glutamate stimulation, we discarded L5 pyramidal cells without any
EPSC induction and L5 pairs without any simultaneous EPSC induction,
respectively. This means that the probabilities used did not include zero.
Even if we included cases with no common inputs, but EPSCs in both L5
cells, we obtained similar results (supplemental Fig. 1, available at
www.jneurosci.org as supplemental material). For the analysis of firing
patterns of cells, recordings were obtained immediately (3 min maxi-
mum) after membrane rupture. To quantify the voltage sag in response
to negative current pulse injections, we measured the voltage difference
between the negative peak and the end of membrane potentials to the
current pulse (amplitude, —500pA; duration, 1 s) applied from resting
membrane potentials adjusted to —60 mV by DC current injections.
Data are represented as mean * SD and statistical difference between
samples was tested using ANOVA. Significance was accepted when p <
0.05.

Retrograde labeling. To identify pyramidal subtypes, retrograde fluo-
rescent tracer, Alexa Fluor 555-conjugated cholera toxin subunit B (In-
vitrogen) or rhodamine-labeled latex microspheres (Lumafluor), was
injected into contralateral striatum, ipsilateral pontine nuclei, or con-
tralateral frontal cortex using similar procedures described previously
(Morishima and Kawaguchi, 2006). Animals were anesthetized with ket-
amine (40 mg/kg, i.m.) and xylazine (4 mg/kg, i.m.). After injection of
fluorescent retrograde tracer, animals were fed for 2-3 d as a recovery
period before slice experiments.

Histology. Slices containing cells intracellularly labeled with biocytin
were fixed with a solution containing 4% paraformaldehyde, 1.25% glu-
taraldehyde, and 0.2% picric acid in PB. After rinsing in PB, slices were
treated with PB containing 1% H,0, for 20 min and were resectioned at
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a thickness of 50 wm. Sections were then incubated with avidin-biotin-
horseradish peroxidase complex (1%; Vector Laboratories) in 0.05M
Tris-buffered saline (TBS) with 0.05% Triton X overnight at 4°C. After
washing in TBS, sections were reacted with a mixture of 3,3'-
diaminobenzidine tetrahydrochloride (0.02%), nickel ammonium sul-
fate (0.3%) and H,0, (0.001%) in TBS. Then, sections were postfixed in
1% OsO, in PB containing 7% glucose, rinsed in PB, dehydrated in
graded ethanol series, mounted on glass slides, and coverslipped with
Epon for observation with a light microscope. Neurolucida system
(MicroBrightField) was used for a reconstruction of stained cell.

Results

Three firing subtypes of L5 pyramidal cells

L5 pyramidal cells are heterogeneous in their morphological and
physiological properties, and project to multiple subcortical ar-
eas. To examine their physiological properties, we obtained
whole-cell recordings from frontal L5 pyramidal cells. L5 pyra-
midal cells did not fire spontaneously at the resting membrane
potential. During depolarizing current pulse injections, L5 pyra-
midal cells displayed distinct patterns of spike discharge that were
used to classify L5 pyramidal cells into three subtypes (Fig. 1 A).
One class of L5 cell reduced firing frequencies of spike trains
during current pulse injection [fast spike frequency adaptation
(FA) type (Fig. 1 A, right traces)], whereas the other cells showed
repetitive spike discharges with relatively steady spike frequencies
during the current pulse injection [slow spike frequency adapta-
tion (SA) type (Fig. 1A, left traces)]. In cells fired repetitively
during the entire period of the current pulse, some of them
showed initial burst (doublet) spikes at the beginning of the spike
trains [Fig. 1A, asterisk and inset; slow spike frequency adapta-
tion with initial doublet firing (SA-d) type; middle traces]. From
firing frequencies (f) calculated from the first, second, seventh,
and shortest interspike intervals [f1, 2, and f7 (Fig. 1C, inset)
during the current pulse injection (amplitude, 500pA; duration,
1 s)] in individual cells, we obtained the burst (f1/f2), the adap-
tation index (f7/f2), and the maximum frequency. Shown in Fig-
ure 1 Bis the relation between the maximum firing frequency and
the adaptation index obtained for L5 pyramidal cells including all
cells in which we examined the specificity of connections from
L2/3 pyramidal cells. Thus, we quantitatively identified three
non-overlapped firing subtypes of L5 pyramidal cell. The burst
index of SA-d type cells was significantly higher value than those
found in SA and FA type cells (Fig. 1C, left histogram) (1.59 =
0.46, 7.42 * 3.36, and 2.14 * 0.66, for SA, SA-d, and FA type,
respectively, n = 150 for each subtype, p < 0.01). The adaptation
index of FA type cells was lower than for those of other types (Fig.
1C, right histogram) (0.89 = 0.16,0.83 + 0.28,and 0.1 = 0.12, for
SA, SA-d, and FA type, respectively, n = 150 for each subtype, p <
0.01). All three subtypes of L5 pyramidal cell showed a prominent
voltage sag, a sign of the activation of h-current (McCormick and
Pape, 1990), in response to negative current pulse injections (Fig.
1 A, bottom traces). However, among three pyramidal subtypes,
FA type cells had significantly larger voltage sag (Table 1) (p <
0.01). We also found significant differences in other physiological
parameters including resting membrane potentials, input resis-
tance, mean spike frequencies calculated with the exception of f1
(average frequency), and maximum spike frequency between L5
pyramidal subtypes (Table 1).

Pyramidal cells with poorly developed apical tufts were found
to be FA type cells, whereas those with dense tufts were physio-
logically classified as SA or SA-d type cells (Fig. 1.A). In the frontal
cortex, L5 pyramidal cells have been divided into two major pro-
jection types: those innervating both sides of the striatum:
crossed corticostriatal (CCS) cells, and corticopontine (CPn)
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cells that extend their axons to pontine nu-
clei (Cowan and Wilson, 1994; Levesque et
al., 1996; Reiner et al., 2003; Morishima
and Kawaguchi, 2006). CCS cells often
show the slender sparsely tufted dendritic
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morphologies whereas CPn cells generally
have thick dendritic tufts (Morishima and
Kawaguchi, 2006). Correlation between
morphologies and projection targets has
been also described in the motor cortex
(Gao and Zheng, 2004; Hattox and Nel-
son, 2007). Here we examined the correla-
tion between firing patterns and projec-
tion subtypes in the frontal cortex.
Recordings from L5 pyramidal cells iden-
tified by retrograde fluorescent tracer re-
vealed that most CCS cells (30 of 34 cells)
were FA type cells, whereas very few CCS
cells showed SA type firing pattern (n = 4
of 34). In contrast, CPn cells exhibited SA
or SA-d type firing (n = 29 and 10 of 39,
respectively), but no FA type cells were
found (Fig. 1 D). To further examine the
relationship between firing subtypes and
their projection sites, we obtained record-
ings from L5 commissural pyramidal cells
projecting to the contralateral frontal cor-
tex (COM cells). It has been shown that a
subset of CCS cells projects to the con-
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tralateral cortex (Wilson, 1987). Unlike
CCS and CPn cells, COM cells showed all
three types of firing patterns (n = 13, 9,
and 16 of 38 cells for SA, SA-d, and FA,
respectively) (Fig. 1D), suggesting that
COM cells contained both CCS and other
type of L5 pyramidal cells. These results
suggest that the subcortical projection
subtype of frontal pyramidal cells is corre-
lated with the intrinsic firing subtype, but
also that a firing subtype includes more
than one projection subtype. The burst
and adaptation indices of the three sub-
types of labeled cells were similar with
those calculated for nonlabeled L5 pyramidal cells (retrogradely
labeled cells: f1/f2, 1.46 = 0.42 for SA, 6.82 = 2.74 for SA-d, and
2.07 = 0.73 for FA; £7/2,0.91 * 0.19 for SA, 0.88 = 0.31 for SA-d,
and 0.074 = 0.13 for FA). Similar correlations between firing
properties and subcortical projection targets have been reported
in the mouse motor cortex (Hattox and Nelson, 2007).
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Figure 1.

tracers.

Detection of synaptic inputs by glutamate puff stimulation
Focal glutamate stimulation to induce action potentials in the cells
located restricted area has been widely used to analyze synaptic con-
nections in cortical networks (Schubert et al., 2003; Shepherd and
Svoboda, 2005; Shepherd et al., 2005; Yoshimura and Callaway,
2005; Yoshimura et al., 2005). Focal glutamate stimulation allows us
to test functional connections to a single recording cell from a large
number of cells, individually. To investigate the specificity of synap-
tic connections from L2/3 to L5 pyramidal cells, we also took advan-
tage of the glutamate stimulation to induce action potentials in L2/3
pyramidal cells. Glutamate was focally applied through the glass
pipette placed nearby the soma of L2/3 pyramidal cell aimed to trig-
ger the spike.
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Three firing subtypes of L5 pyramidal cells and their correlation with projection targets. 4, Dendritic reconstructions
and voltage responses to currentinjectionsin SA, SA-d, and FA type L5 pyramidal cells (pulse duration, 1s; amplitude, from —400
to +500 pA in 100pA steps). Asterisk indicates initial doublet spikes. Inset in SA-d, initial doublet (*) at an expanded time scale
and reduced voltage scale. B, Distribution of the relation between maximum spike frequency and the adaptation index (f7/f2)
obtained from spike trains generated by currentinjection (500pA) in three L5 pyramidal subtypes (n = 183,161, and 180, for SA,
SA-d, and FA type cell, respectively). Spike frequency ( f) was calculated from each interspike interval (see inset in €). Note that
three clusters are readily identified by the two firing parameters. ¢, Comparisons of f1/f2 (burst index) and f7/f2 (adaptation
index) between SA, SA-d, and FA type pyramidal subtypes (n = 150, respectively). Data are means = SD; **p << 0.01. D,
Proportion of firing subtypes among CPn (n = 39), COM (n = 38) and CCS (n = 39) cells identified by retrograde fluorescent

Whole-cell or cell-attached recordings were obtained from
L2/3 pyramidal cells to examine whether this method reliably
induces spikes in the cell (Fig. 2A). Although L2/3 pyramidal cells
do not fire spontaneously, observed at either cell-attached or
whole-cell mode, in the slice preparation, a focal puff of gluta-
mate (1 mM, 50 ms; 5-10 psi) reliably evoked a single spike in L2/3
pyramidal cells when the puff pipette was placed very close to the
soma (Fig. 2 A, upper trace). The latency of spike measured from
the glutamate puff onset to the spike peak was 60.1 * 20.6 ms
(n = 20). The SD of delays for individual stimulations, represent-
ing the variability of the spike timing, was 8.4 = 4.1 ms. Spikes
disappeared when the pipette was moved slightly away from the
soma (Fig. 2A, lower trace). Glutamate-induced spikes were
completely abolished when puff pipettes were positioned 9.8 =
2.7 wm away from the soma (Fig. 2 B). To examine the single cell
stimulation selectivity by glutamate puff, we obtained recordings
from two close neighboring L2/3 pyramidal cells with whole-cell
or cell-attached mode, while applying glutamate to either of the
two cells. We found that glutamate-puff application evoked a
single spike only in one cell that we selected, but not in the other



Otsuka and Kawaguchi e Specificity of Cortical Excitatory Networks

Table 1. Basicintrinsic membrane properties and EPSCs to L5 pyramidal subtypes

J. Neurosci., October 29, 2008 - 28(44):11186 11195 * 11189

cell : Max Average EPSCs from L2/3 EPSCs from L5
Vrest Ri Vsag . o h s
v frequency frequency amplitude rise time decay amplitude rise time decay
type | (mv)  (MQ) (/s) /s) (MV) oAy (ms)  (ms)  (pA)  (ms)  (ms)
SA -68.4 72.3 26.9 151 4.8 10.7 3.0 23.2 1.3 24 18.8
+ 34 +19.7 +11.4 + 74 +1.6 + 44 09 +72 + 83 +05 + 8.1
SA-d -70.0 81.2 131.1 15.5 4.6 11.9 2.6 222 14.4 2.7 20.7
+ 3.2 +19.7 +28.7 +4.0 +1.2 +47 105 +63 +144 +09 + 6.7
FA -67.7 103.2 51.9 13.5 6.1 13.2 3.0 23.0 11.9 2.2 211
+ 4.8 +29.9 +20.7 4.1 +1.6 + 66 09 +52 £ 52 +07 + 4.8
SA, FA FA SA-d SA, SAd FA l | l |
**\/ **x\/ *%\/ *\/ *x\/ *% \/
SA-d SA-d FA EA SA, SA-d n =11 for SA n = 25 for SA
** N/ *x N n =10 for SA-d n =18 for SA-d
* *
SA SA <0.01,7<0.05 n =10 for FA n =12 for FA

n = 150 for individual types

Values are given as mean = SD. Max frequency, Maximum spike frequency; Ri, input resistance; Vrest, voltage rest; Vsag, voltage sag.

cell (Fig. 2C) (n = 12 cell-pairs). Thus, glutamate puff stimula-
tion can selectively induce a single spike in individual L2/3 pyra-
midal cells.

To examine whether L2/3 pyramidal cell stimulation by glu-
tamate puff can evoke EPSCs in L5 pyramidal cells, we obtained
whole-cell recordings from L5 pyramidal cells while puff-
applying glutamate to L2/3 pyramidal cells. If a stimulated L2/3
pyramidal cell has synaptic connections with a recorded L5 pyra-
midal cell, we would detect EPSCs at relatively constant timings
after the glutamate puff because of stable spike triggering in the
L2/3 pyramidal cell by the stimulation (Fig. 2). We applied glu-
tamate to individual L2/3 pyramidal cells at least 10 times at every
3 s. As expected, EPSCs were evoked at relatively constant laten-
ciesamong the trials by L2/3 pyramidal cell stimulation (Fig. 2 D).
After EPSC detection by glutamate puff, we obtained whole-cell
recordings from the glutamate-stimulated L2/3 pyramidal cell to
confirm monosynaptic connections to the recorded L5 pyrami-
dal cell (Fig. 2E). We confirmed monosynaptic connections in
nearly 90% of connections detected by glutamate puff (30 of 34
pairs). We did not obtain reciprocal connections from L5 to L2/3
pyramidal cells in these cell pairs. Some glutamate puffs induced
long lasting inward currents clearly distinguished from EPSCs.
Those were probably induced by direct dendritic stimulation of
recorded L5 pyramidal cells, because the amplitude and the du-
ration of inward currents were dependent on the intensity and
the duration of the puff stimulation (data not shown). These
results indicate that focal glutamate stimulation allows testing for
monosynaptic connections between cortical cells.

Connection properties from L2/3 to L5 pyramidal cells

By combining glutamate stimulation to L2/3 pyramidal cells and
whole-cell recordings, we examined the synaptic connection
properties from L2/3 to L5 pyramidal subtypes. First, the connec-
tion probability from L2/3 to L5 pyramidal cells was compared
among the physiologically identified L5 pyramidal cell subtypes.
The connection probability from L2/3 to individual L5 pyramidal
cells was calculated from the number of stimulated L2/3 cells that
induced synaptic inputs and the total number of L2/3 cells stim-
ulated with glutamate during the recording. Stimulated L2/3 cell
number for each L5 pyramidal cells was 23.7 = 7.8 (ranged from
15 to 50). The connection probability from L2/3 cells to L5 SA
and SA-d cells was 0.191 = 0.093 and 0.196 = 0.092, respectively
(n = 117 and 98 for SA and SA-d). FA type L5 pyramidal cells,
however, received synaptic inputs from L2/3 pyramidal cells with

a lower connection probability than other L5 subtypes (p =
0.105 = 0.062, n = 92, p < 0.01) (Fig. 2F).

To examine for functional differences in the synaptic connec-
tions from L2/3 to L5 pyramidal subtypes, we compared the ki-
netics and frequency characteristics of unitary EPSCs obtained
from cell pairs of L2/3 and L5 pyramidal cells by dual whole-cell
recordings. The amplitude of EPSCs evoked by a single spike in
the L2/3 cell varied between cell pairs. No significant difference
was found in the mean amplitude, rise time, and decay of EPSCs
between L5 pyramidal subtypes (Table 1). The paired-pulse ratio
of the second to first EPSCs amplitudes was calculated from re-
sponses evoked by presynaptic spikes delivered at 10 Hz. To avoid
the error of analysis (Kim and Alger, 2001), we calculated the
ratio as the mean amplitude of the second response divided by
that of the first. Both paired-pulse facilitation and depression
were observed in all L5 pyramidal subtypes. Shown in Figure 3A is
arelation between the mean amplitude and the paired-pulse ratio
of EPSCs. The paired-pulse ratio depended on the EPSCs ampli-
tude; that is, paired-pulse depression was found more often in
connections generating large EPSCs whereas paired-pulse facili-
tation was observed in connections generating small EPSCs. A
similar relationship between the amplitude of EPSCs and paired-
pulse ratio has been reported in the hippocampus (Debanne et
al., 1996).

For comparison, we investigated the synaptic connection
property between L5 pyramidal cells by dual whole-cell record-
ings. We tested connections between L5 pyramidal cells in 493
cell pairs and found that the connection probabilities from pre-
synaptic SA cells were 0.063 (to other SA, 12/107 cell-pairs), 0.04
(to SA-d cells, 5/125 cell-pairs), and 0.049 (to FA cells, 3/61 cell-
pairs). For presynaptic SA-d cells, connection probabilities were
0.056 (to SA, 7/125 cell-pairs), 0.081 (to other SA-d, 9/62 cell-
pairs), and 0.032 (to FA, 2/62 cell-pairs). Connection probabili-
ties from presynaptic FA cells were 0.1 (to SA, 6/60 cell-pairs),
0.065 (to SA-d, 4/62 cell-pairs), and 0.053 (to FA, 8/76 cell-pairs).
For the same subtype cell pairs, we considered the direction and
the reciprocity of connections. The connection probabilities
from FA type to SA or SA-d type tend to be higher than the other
direction (i.e., from SA or SA-d to FA type cell). Reciprocal con-
nections were found only in SA/SA and SA-d/SA-d type cell pairs.
We note that these connection probabilities were obtained from
cell-pairs of L5 pyramidal subtypes classified by firing patterns. It
has been shown that connections between L5 pyramidal projec-
tion subtypes are direction selective (Morishima and Kawaguchi,
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Otsuka and Kawaguchi e Specificity of Cortical Excitatory Networks

2006). As shown in Figure 1D, COM cells exhibited all three
firing subtypes, indicating that one firing subtype includes several
projection subtypes of L5 pyramidal cells. The kinetics of unitary
EPSCs to L5 pyramidal subtypes was independent of postsynaptic
cell subtypes (Table 1). Similarly, no significant differences were
found in EPSCs kinetics between L2/3 to L5 and L5 to L5 connec-
tions. We also examined short-term synaptic plasticity for EPSCs
generated from connections between L5 pyramidal cells, and ob-
served both paired-pulse depression and facilitation in all sub-
types. Again, a similar relationship between the paired-pulse ratio
and EPSCs amplitude in L2/3 to L5 connections was observed in
connections between L5 pyramidal cells (Fig. 3B). These results
suggest that synaptic properties of connections from L2/3 to L5
pyramidal cells are not distinct from those from L5 to L5 pyra-
midal cells.

Next, we investigated depth distribution of presynaptic L2/3
cells to L5 pyramidal cells. The somatic position of presynaptic
L2/3 and postsynaptic L5 cells was measured vertically from the
border between layer 1 and layer 2. Shown in Figure 4 is the
relation between depth location of EPSC induced L2/3 and
postsynaptic L5 cells in glutamate puff stimulation experiments.
Both SA and SA-d type L5 pyramidal cells received synaptic in-
puts from the entire depth of L2/3, whereas EPSC induction in FA
type L5 cells was dependent on the location of their somata. Stim-
ulation of L2/3 cells located in the upper part of L2/3 tended to
induce EPSCs in FA type cells localized to the upper areas of L5.
In contrast, FA type cells located in the lower part of L5 received
inputs from lower L2/3 cells. Thus, interlaminar depth correla-
tion between presynaptic and postsynaptic pyramidal cells was
found in FA type cells ( p < 0.01). Together, the subtype differ-
ences in connection probability and interlaminar connection to-
pography suggest the existence of multiple different synaptic
pathways from L2/3 to L5 cells.

Divergence selectivity from L2/3 to L5 pyramidal subtypes
Pyramidal cells in one layer innervate cells in other layers selec-
tively according to connectivity of the recipient or sender pyra-
midal cells (Shepherd and Svoboda, 2005; Song et al., 2005; Yo-
shimura et al,, 2005; Kampa et al,, 2006). The connection
probability from a single cell to two postsynaptic cells in another
layer is higher when two recipient cells have connections with
each other, suggesting the existence of segregated cortical path-
ways dependent on connectivity of the recipient layer (Yo-
shimura et al., 2005; Kampa et al., 2006). However, it remains
unknown whether there exist functional channels dependent on
pyramidal subtypes in the recipient layer.

To address this, we obtained dual whole-cell recordings from
pairs of closely located L5 pyramidal cells with combination of
same or different subtypes, while stimulating L2/3 pyramidal cells
with glutamate (Fig. 5A). The distances between the somata of L5

<«

for means and SDs of spike induction latencies from the puff onset to the spike peak calculated
for individual cells, and the minimum distances from the soma to the pipette that completely
eliminate spike production (n = 20 cells; 12 cells in whole-cell and 8 cells in cell-attached
modes). €, Recordings from two close neighboring L2/3 pyramidal cells while applying gluta-
mate to either of the two cells. Arrowhead indicates the timing of glutamate puff-application.
Ten traces were superimposed. D, Synaptic inputs were detected in L5 pyramidal cells by glu-
tamate puff stimulation to L2/3 pyramidal cells. Arrow indicates glutamate puff onset. E, Veri-
fication of EPSCinduction by glutamate puff by following dual whole-cell recordings from the
stimulated L2/3 cell in addition to the L5 cell. Monosynaptic connections were confirmed in 30
of 34 cases. F, Interlaminar connection probabilities from L2/3 to L5 pyramidal subtypes (n =
117,98, and 92 for SA, SA-d, and FA type). Data are presented as means = SD; **p < 0.01.
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pyramidal cells innervate L5 pyramidal
cells selectively depending on the subtype
of the L5 target neurons.

o
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Figure 3.

cell pairs were typically within 50 wm in both the horizontal and
vertical directions. If both L5 neurons receive synaptic inputs
from the same L2/3 pyramidal cell, synchronous EPSCs should be
observed in both L5 cells by glutamate stimulation (Shepherd and
Svoboda, 2005; Yoshimura and Callaway, 2005; Yoshimura et al.,
2005). After determining the firing types and synaptic connectiv-
ity between two L5 pyramidal cells (Fig. 5B), we examined com-
mon input probability that two L5 cells receives synchronous
inputs from L2/3 cells. In some L5 cell pairs, glutamate stimula-
tion induced simultaneous EPSCs in both L5 cells. These syn-
chronous EPSCs were observed stably in both cells at relatively
constant latencies in multiple stimulus trials, suggesting excita-
tory inputs from the same presynaptic cell (Fig. 5C, right traces).
Glutamate stimulation of some other L2/3 cells induced EPSCs in
either of the two L5 cells (Fig. 5C, left traces). We calculated the
common input probability for each pair of L5 cells by dividing the
number of glutamate-stimulated L2/3 cells that induced simulta-
neous EPSCs in both L5 cells by total number of glutamate-
stimulated L2/3 cells (see supplemental information, available at
www.jneurosci.org as supplemental material).

The connection probabilities from L2/3 to L5 pyramidal cells
depended on the subtypes of postsynaptic L5 pyramidal cells
(Figs. 2 F; 5D, upper box). To compare the common input prob-
ability among L5 pyramidal subtypes, we normalized common
input probabilities for different postsynaptic cell types relative to
the probabilities expected for nonselective innervation to two L5
cells (Fig. 5D, lower box). The hypothetical common input prob-
ability in nonselective cases was calculated by p, X p,. The p, and
p, are the probabilities that L5 cell receives inputs from a given
L2/3 cells, taking different values determined experimentally for
the different L5 subtypes (i.e., p = 0.191,0.197,and 0.105, for SA,
SA-d, and FA cells, respectively).

To distinguish between the effects of subtype combination
and intralaminar connectivity between two L5 cells, we first com-
pared the common input probability between unconnected L5
cell pairs, using the ratio of the observed probability and the
expected probability assuming nonselective innervations (Fig.
5E). The relative probability was close to one in cell pairs of
different L5 pyramidal subtypes. However, when both L5 cells
were of the same subtype, the common input probability ratio
was significantly higher than those in the different subtype pairs
(2.57 £ 0.85,2.5 = 0.54, and 2.79 = 0.74 for SA/SA, SA-d/SA-d,
and FA/FA cell pairs, respectively). These results suggest that L2/3

amplitude (pA)

Synaptic frequency characteristics depend on the EPSC amplitude. A, B, Relationship between the mean EPSC
amplitude and the paired pulse ratioin L2/3 to L5 connections (n = 31)in Aand L5 to L5 connections (n = 49) in B. Ten to twenty
recordings of EPSCs evoked by two successive presynaptic spikes (10 Hz) were averaged in individual connections. The paired pulse
ratio was calculated by the mean of the second response divided by the mean of the first EPSC amplitude.

nections. Connections from L2/3 to L5 py-
ramidal cells were highly selective when L5
cells were of the same physiological sub-
type and had connections between them
(Fig. 6A). The common input probability
ratio was 3.76 = 0.88 for connected pairs
of the same subtype, higher than one for
unconnected cell pairs of the same subtype (2.59 = 0.68, p <
0.01). However, in pairs of different L5 subtypes, the common
input probability did not depend on connectivity between L5
cells (1.32 = 0.34 for connected pairs, 1.38 £ 0.33 for uncon-
nected pairs, p = 0.556). Even if we included cases with no com-
mon inputs, but EPSCs in both L5 cells, common input proba-
bilities between two L5 pyramidal cells showed similar specificity
dependent on their subtype combination and connectivity (sup-
plemental Fig. 1, available at www.jneurosci.org as supplemental
material).

Discussion
In this study, we examined the specificity of excitatory connec-
tions from L2/3 to L5 pyramidal subtypes, classified by their fir-
ing properties. We found that L5 pyramidal cells received synap-
tic inputs from L2/3 pyramidal cells with different connection
probability and intralaminar location of presynaptic and
postsynaptic cell soma, in a subtype-dependent manner. More-
over, we showed that L5 pyramidal cells received common exci-
tatory inputs from L2/3 pyramidal cells dependent on firing sub-
types of L5 cells and synaptic connectivity between them; higher
probabilities to L5 cell pairs of the same subtype than the different
one; and highly selective to connected L5 cell pairs of same sub-
type, but not of different firing patterns (Fig. 6 B). Our results
suggest that excitatory connections from L2/3 to L5 pyramidal
cells form subnetworks dependent on L5 pyramidal subtypes.
L5 pyramidal cells project to various subcortical structures
(Wise and Jones, 1977). Recent studies have found correlations
between the dendritic morphologies of L5 pyramidal cells and
their extracortical axonal targets (Reiner et al., 2003; Gao and
Zheng, 2004; Morishima and Kawaguchi, 2006; Hattox and Nel-
son, 2007). Furthermore, a group of L5 pyramidal cells projecting
to the same extracortical target share common electrophysiolog-
ical properties (Hattox and Nelson, 2007). Here, we have quan-
titatively confirmed the relationship between firing patterns of
frontal L5 pyramidal cells and their subcortical projection pat-
terns to contralateral striatum or ipsilateral pontine nuclei. These
observations suggest that the cortical output to subcortical areas
is conveyed by target-specific groups of pyramidal cells with dis-
tinct morphological and electrophysiological characteristics.
Frontal L5 pyramidal cells projecting to contralateral cortex,
however, exhibited all three firing subtypes (Fig. 1 D), suggesting
that one firing subtype contains multiple projection subtypes. In
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Interlaminar connection maps to L5 pyramidal subtypes. Relationship between somatic locations of presynaptic L2/3 cells and of postsynaptic L5 pyramidal cells varied among L5 firing

subtypes. Cell positions were measured as the vertical distance from the L1 and L2/3 border. Regression lines indicate the interlaminar topographic connections to FA type L5 cells, but not to SA or

SA-d cells.

the parietal associative and visual cortical area, L5 pyramidal cells
projecting to the superior colliculus or contralateral cortex show
similar firing properties (Christophe et al., 2005). Together, cor-
relation between the firing properties and axonal projections of
pyramidal cell differs according to cortical areas and extracortical
targets.

We classified firing patterns of pyramidal cells to three
types based on initial burst firing and the spike frequency
adaptation during current pulse injection. Spike discharge
patterns to depolarizing current pulses have been studied for a
long time. In a way similar to ours, several studies have iden-
tified three or more groups of L5 pyramidal cells by in vitro or
in vivo recordings from various cortical areas and species
(Connors et al., 1982; Nuiez et al., 1993; Schwindt et al., 1997;
Dégenetais et al., 2002; Schubert et al., 2006; Chang and Lu-
ebke, 2007). It has been shown that burst firing of pyramidal
cells is influenced by many factors, such as intracellular and
extracellular Ca®* concentration (Friedman and Gutnick,
1989; Su et al., 2001; Golomb et al., 2006) and prolonged
exposure to anesthesia (Christophe et al., 2005). The SA-d
type cells, described here, which fired an initial doublet fol-
lowed by trains of single spikes, may correspond to intrinsi-
cally bursting (IB) cells that have been described as fired with
an initial burst of 3 and more spikes (Connors et al., 1982;
Agmon and Connors, 1992; Nuiiez et al., 1993; Gray and Mc-
Cormick, 1996). However, we did not find the morphological
or axonal target differences between SA and SA-d type cells, as
has been described between regular spiking and IB pyramidal
cells in the somatosensory cortex (Schubert et al., 2006). Re-
gardless, the connection specificity dependent on SA and SA-d
types suggests that these cell types play distinct functional
roles in cortical circuits.

We found the connection probability from L2/3 to FA type
L5 cells was lower than the probability of connections onto SA
or SA-d cells. This finding corresponds well with a previous
report that L5 pyramidal cells with thick tufted apical den-
drites (as found here in SA and SA-d cells) receive more fre-
quent inputs from L2/3 pyramidal cells than those with slen-
der apical dendrites (Thomson and Bannister, 1998). In the
barrel cortex, however, both types of L5 pyramidal cells re-
ceived inputs from L2/3 pyramidal cells with similar connec-
tion probabilities (Schubert et al., 2001), suggesting the differ-
ences between cortical areas in connection probabilities from

L2/3 to L5 pyramidal subtypes. Although L5 pyramidal cells
make axonal contacts mainly on basal dendrites of other L5
pyramidal cells, L2/3 pyramidal cells are likely to innervate
apical dendrites of L5 pyramidal cells (Letzkus et al., 2006;
Morishima and Kawaguchi, 2006; Sjostrom and Hiusser,
2006). The differences in apical dendritic arborization be-
tween pyramidal subtypes (Morishima and Kawaguchi, 2006),
may contribute to differences in connection probability from
L2/3 to L5 pyramidal subtypes. In addition, FA type cells re-
ceived excitatory inputs from L2/3 cells in a topographic man-
ner, depending on the depth of their soma in the layer. Given
that a similar relationship was not seen in SA or SA-d cells, it is
unlikely that this result is reflective of distance-dependent
changes in connection probability, but rather reflects the
functional topographical relationship between different sub-
sets of L2/3 and L5 FA cells. It has previously been shown that
L5 pyramidal cells projecting to different subcortical targets
distribute unevenly within the layer (Wise and Jones, 1977;
Killackey et al., 1989; Reiner et al., 2003). Thus, different in-
terlaminar excitatory sources dependent on L5 subtypes may
form further specialized subnetworks for particular subcorti-
cal targets.

Regardless of differences in connection probabilities and
presynaptic cell locations, we found no obvious differences in
synaptic properties from L2/3 to L5 pyramidal subtypes and
connections between L5 subtypes. Both paired-pulse facilita-
tion and depression, reflecting release probabilities of presyn-
aptic terminals (Debanne et al., 1996), were found in all L5
subtypes. Optical quantal analysis revealed large variability of
the release probability at synaptic boutons onto different
postsynaptic pyramidal cells, but release probability of differ-
ent boutons contacting to the same postsynaptic cells varied
little (Koester and Johnston, 2005). Although frequency char-
acteristics of synaptic transmission from pyramidal cell to in-
hibitory interneurons depend on the presynaptic pyramidal
subtypes (Angulo et al., 2003), the frequency characteristics of
connections between pyramidal cells may appear to be inde-
pendent of subtype, and may rather be related to the plastic
change of unitary connections.

The specificity of connections between cortical pyramidal
cells has been elegantly investigated in studies using uncaged glu-
tamate photostimulation and multiple recordings (Shepherd and
Svoboda, 2005; Song et al., 2005; Yoshimura et al., 2005; Kampa
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et al., 2006). However, these studies have
not considered pyramidal cell heterogene-
ity in firing properties, morphologies, and
subcortical targets. The glutamate puff
stimulation used here can excite cells in a
more restricted area (within 10 wm from
the pipette tip) than the previous uncaging
photostimulation (Dantzker and Calla-
way, 2000; Shepherd and Svoboda, 2005;
Shepherd et al., 2005; Yoshimura and Cal-
laway, 2005; Yoshimura et al., 2005). Us-
ing glutamate stimulation, we demon-
strated divergence connectional selectivity
from L2/3 to two L5 firing subtypes that
are correlated with morphology and sub-
cortical targeting. The common input
probability obtained here might, however,
have been overestimated, because of the
limitation of the number of glutamate
stimulated L2/3 cells. In addition, to calcu-
late the common input probability, we
adopted cell pairs in which we detected
synchronous EPSCs during the record-
ings. These would reflect that the relative
common input probabilities in all groups
of L5 cell pairs showed >1. In the somato-
sensory cortex, L5 pyramidal cells receive
common inputs from L2/3 pyramidal cells
with higher probability than the assumed
random cases when L5 pyramidal cells
have connections with each other (Kampa
et al., 2006). We investigated dependency
of the common input probability from
L2/3 to two L5 cells on the subtype combi-
nation and synaptic connectivity between
two postsynaptic L5 cells. Common inputs
from L2/3 to L5 cells were highly selective
between connected cell pairs of the same
subtype, but not different subtypes. More-
over, unconnected cell pairs of the same
subtype received common inputs from
L2/3 cells with higher probability than did
cell pairs of different subtypes regardless of
whether those cells were synaptically con-
nected or not. Our results suggest that in-
tralaminar neuron subtyping should be
taken into account when analyzing inter-
laminar connections.

In the present study, we showed synap-
tic pathways from L2/3 to L5 pyramidal
cells are differentiated according to L5 py-
ramidal firing subtypes. Firing properties
of L5 pyramidal cells were correlated with
particular extracortical targets (Fig. 1D)
(Hattox and Nelson, 2007). Together,
these observations suggest that the L2/3 to
L5 excitatory pathway is composed of
functionally segregated channels corre-
sponding to projection systems to some
extracortical targets. Interactions between
different 12/3 to L5 excitatory subnet-
works would be performed on connec-
tions between pyramidal cells in the same
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layer (L5 and L2/3). Moreover, the observation that connections
between L5 projection subtypes are differentiated in a direction
preference manner (Morishima and Kawaguchi, 2006) suggests
the hierarchy among different L2/3 to L5 subnetworks for partic-
ular subcortical targets.
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