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GABAergic and Pyramidal Neurons of Deep
Cortical Layers Directly Receive and
Differently Integrate Callosal Input

Theofanis Karayannis, Icnelia Huerta-Ocampo and
Marco Capogna

We studied the involvement of deep cortical layer neurons in
processing callosal information in the rat. We observed with
electron microscopy that both parvalbumin (PV)-labeled profiles
and unlabeled dendritic spines of deep cortical layer neurons
receive synapses from the contralateral hemisphere. Stimulation of
callosal fibers elicited monosynaptic excitatory postsynaptic currents in both layer VI pyramidal neurons and g-aminobutyric
acidergic (GABAergic) interneurons immunopositive for the vesicular GABA transporter and PV. Pyramidal cells had intrinsic
electrophysiological properties and synaptic responses with slow
kinetics and a robust N-metyhl-D-aspartate (NMDA) component. In
contrast, GABAergic interneurons had intrinsic membrane properties and synaptic responses with faster kinetics and a less
pronounced NMDA component. Consistent with these results, the
temporal integration of callosal input was effective over a significantly longer time window in pyramidal neurons compared with
GABAergic interneurons. Interestingly, callosal stimulation did not
evoke feedforward inhibition in all GABAergic interneurons and in
the majority of pyramidal neurons tested. Furthermore, retrogradely
labeled layer VI pyramidal neurons of the contralateral cortex
responded monosynaptically to callosal stimulation, suggesting
interconnectivity between callosally projecting neurons. The data
show that pyramidal neurons and GABAergic interneurons of deep
cortical layers receive interhemispheric information directly and
have properties supporting their distinct roles.

2003; Kumar and others 2002; Cisse and others 2003, 2004), but
in contrast, information on callosal input to layer VI pyramidal
neurons is scant. Different from supragranular layers, pyramidal
neurons of layer VI have extensive reciprocal corticothalamic
connections (Beierlein and Connors 2002), which can reﬁne
thalamic spatial responses (Temereanca and Simons 2004).
Therefore, direct excitation of layer VI neurons by commissural
ﬁbers would provide a novel loop for bilateral corticothalamic
integration. Furthermore, layer VI pyramidal neurons also
widely project to other cortical layers and areas (Zhang and
Deschenes 1997, 1998), and hence, information carried by the
corpus callosum would affect several other circuits (Thomson
and Bannister 2003).
Parvalbumin (PV)-positive interneurons are the most numerous subtype of rat c-aminobutyric acidergic (GABAergic)
cortical interneurons (Markram and others 2004). Their activity
shapes the synaptic information on cortical neurons in time and
space (Gabernet and others 2005), leading to important functional consequences ranging from changes in cortical column
formation (Fagiolini and others 2004) to plasticity of neuronal
receptive ﬁelds (Rao and others 2000). In contrast to a wealth of
information on cortical PV fast-spiking interneurons (Swadlow
2003), and although some previous studies addressed the
involvement of GABAergic interneurons in the cortical-callosal
network (Toyama and others 1974; Kawaguchi 1992; Kimura
and Baughman 1997), the functional contribution of PV interneurons in this network has been neglected. The clariﬁcation of
their role is paramount in understanding the cellular plasticity
affecting the transfer of information between the cortical
hemispheres.
The present work aims to elucidate novel aspects of the
callosal-cortical cellular network by studying the contribution
of small pyramidal neurons and GABAergic interneurons of deep
cortical layers.
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Introduction
The corpus callosum is the major commissural pathway connecting the 2 cerebral hemispheres in the mammalian brain and
extends widely from the frontal to the parietal lobe (Innocenti
1986). The function of this pathway has been extensively investigated at an integrative level of analysis in several mammalian
species including humans, in both physiological and pathological conditions (Bogen 1986; Berlucchi and others 1995; Fabri
and others 2001; Devinsky and Laff 2003; Gazzaniga 2005).
In contrast to these holistic studies, much less is known on
the functional properties of the callosal-cortical circuits at
a cellular level (Conti and Manzoni 1994). Neocortical pyramidal neurons, located mainly in layers II/III and V, project and
form excitatory type I synapses on spines of pyramidal neurons
in homo- and heterotopic areas of the contralateral cortex
(Innocenti 1986). Electrophysiological recordings have been
performed from pyramidal neurons of layers II/III and V in vivo
or in vitro demonstrating some properties of these synaptic
connections (Vogt and Gorman 1982; Hicks and Guedes 1983;
Thomson 1986; Kawaguchi 1992; Kumar and Huguenard 2001,
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Materials and Methods
Slice Preparation
The data were obtained from 14- to 24-day-old Sprague--Dawley rats.
The animals were deeply anesthetized using isoﬂurane and decapitated
in accordance with procedures approved by the Home Ofﬁce in line
with The Animals (Scientiﬁc Procedures) Act, 1986. After decapitation,
the brain was quickly removed and placed into ice-cold artiﬁcial
cerebrospinal ﬂuid (ACSF) solution (sucrose-ACSF) of composition
(mM): 85 NaCl, 26 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 2 CaCl2, 2 MgCl2,
10 glucose, 3 kynurenic acid, and 73.6 sucrose, saturated with 95% O2
and 5% CO2, at pH 7.3--7.4. The brain was glued onto the stage of
a vibratome (VT 1000S, Leica Microsystems, Nussloch, Germany), and
coronal slices of 300--320 lm thickness containing corpus callosum and
frontal 1 and 2 cortical areas were cut. The slices were then stored at
about 34 °C for at least 1 h in a submerged incubation chamber

containing sucrose-ACSF but without the kynurenic acid, which was
gradually exchanged with a recording ACSF without sucrose and with
130 mM NaCl. Slices were then transferred to a recording chamber and
superfused at about 33 °C at a rate of 1--2 mL/min with continuously
oxygenated recording ACSF.
Electrophysiological Recordings and Data Analysis
The neurons were visually identiﬁed using a microscope (Zeiss
Axioskop, Jena, Germany) with immersion differential interference
contrast (DIC) objectives (3 40, 3 60) coupled to an infrared (IR)
camera system. Patch pipettes were pulled (Sutter Instruments Co.,
Novato, CA) from borosilicate glass and were ﬁlled with (mM) 126 Kgluconate, 4 KCl, 4 ATP-Mg, 0.3 GTP-Na2, 10 Na2-phosphocreatine, and
10 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), buffered to a pH of 7.3. A cesium-based intracellular solution was also used to
isolate N-methyl-D-aspartate (NMDA) receptor--mediated excitatory
postsynaptic currents (EPSCs) (NMDA-EPSCs) consisting of (in mM)
126 Cs-methansulfonate, 4 CsCl, 10 HEPES, 10 Na2-Phosphocreatine, 4
Mg-ATP, 0.3 Na-GTP (pH 7.3 with CsOH). Biocytin (5 mg) was added to
a 1 mL aliquot of intracellular solution before recording, and the ﬁnal
osmolarity of the intracellular solutions was 280--290 mOsm. The
resistance of the electrodes was 3--6 MX when ﬁlled with the pipette
solution, and pressure was applied. Whole-cell patch clamp recordings
were performed with an EPC9/2 ampliﬁer (HEKA Elektronik,
Lambrecht, Germany) either in current clamp or in voltage clamp with
a gain of 10 mV/pA. Series resistance and whole-cell capacitance was
monitored during the recordings, and experiments were discontinued if
series resistance increased by more than 25--30%. No correction was
made for the junction potential between the pipette and the ACSF, and
therefore, the recorded membrane potential, as calculated post hoc
using a junction potential calculator, was 16 and 13 mV more
depolarized than the true membrane potential, for K-gluconate-- and
Cs-methansulfonate--based intracellular solution, respectively. Extracellular stimulation rate ranging from 0.2--200 Hz was delivered by using
rectangular pulses of 0.05--0.1 ms width with a concentric platinum/
iridium bipolar electrode (CBARC75, FHC, Brunswick, ME) or a tungsten
electrode (TM53CCINS, WPI, Sarasota, FL) connected to a constantcurrent isolation unit (A360, WPI). The intensity of stimulation was
usually 1.5--2.5 times the minimum intensity required to evoke a response. This intensity evoked a single synaptic component in all neurons
studied except in 2 cases that were not included in the analysis. The
stimulation electrode was placed in the corpus callosum near the
midline, location where responses were usually robust, as previously
described (Kumar and Huguenard 2001). Recordings were ﬁltered at 10
kHz and acquired online using a built-in laboratory interface (ITC-16)
controlled by Pulse 8.53 software (HEKA). Analysis of intrinsic membrane properties and synaptic responses was performed using Pulse 8.53
software and IGOR Pro 4.0 software (WaveMetrics, Lake Oswego, OR).
The input resistance (Rin) was calculated from the slope of steady state
voltage responses to a series of current injections lasting 500 ms,
whereas the fast afterhyperpolarization (AHP) was determined from the
ﬁrst spike in response to current injection just above threshold. The
duration of the action potential was measured as the width at half
amplitude between the threshold potential and the peak of the action
potential, which was evoked by a strong (500--1000 pA) and short (2--4
ms) depolarizing current pulse. The membrane time constant (s) was
estimated from the monoexponential curve ﬁtting of voltage responses
to hyperpolarizing current pulses. The rectiﬁcation ratio was the ratio
between the steady state voltage and the peak voltage responses to
hyperpolarizing current pulses. The maximal ﬁring of the cell was
determined using a current pulse of +250 pA lasting 1 s. The analysis of
the a-amino-3-hydroxy-5-methyl-4-isoxazoleproprionic acid (AMPA)
receptor--mediated EPSC (AMPA-EPSC) was performed as follows. The
area was measured as an absolute value of the integral of the synaptic
current. The latency was measured as the time between the stimulus
artifact and the onset of the synaptic current. The jitter was calculated as
the standard deviation of the sweep-to-sweep variation in latency within
each neuron averaged over 30--50 trials. The rise time was measured as
20--80% time of the EPSC peak and the decay time by ﬁtting with a
monoexponential curve. Paired-pulse data (interstimulus interval [ISI] =
15--50 ms) were computed from the ratio of the peak amplitude of the
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response to the second stimulus (EPSC2) divided by the response to the
ﬁrst stimulus (EPSC1). Spontaneous excitatory postsynaptic currents
(sEPSCs), mediated by AMPA receptors, were recorded at VH = –70 mV
with a sampling rate of 10 kHz for 60 s. The recorded ﬁles were then
analyzed using Minianalysis software (Synaptosoft, Decatur, GA), and
values for peak amplitude, rise time (20--80%), and decay time were
calculated by ﬁtting each trace individually. Regarding the NMDA-EPSC,
the rise time (20--80%) was calculated as described above for the AMPAEPSC, whereas the decay time was obtained by ﬁtting with a monoexponential curve the NMDA current between the peak and 100 ms after
it. The peak of the average NMDA current was normalized to the AMPAEPSC and plotted versus the holding potential (VH). In this plot, the
reversal potential for the NMDA-EPSC was estimated by a line ﬁtting the
2 normalized values closest to zero. The conductance (g) of the NMDA
receptors was calculated using the equation g = I/(VH–ENMDA), where
VH is the holding potential, ENMDA is the reversal potential of the
NMDA-EPSC, and I is the peak of the synaptic current measured. For each
neuron, the conductances calculated at each VH were normalized to the
peak conductance (gmax). The latter was calculated by ﬁtting a sigmoid
Boltzmann function after plotting the conductances against VH for each
neuron. Data are expressed as mean ± standard error and statistically
compared by means of the test indicated throughout the text.
Histological Processing and Anatomical Evaluation
Following electrophysiological recording, slices were ﬁxed overnight by
immersion in ﬁxative containing 4% paraformaldehyde, 0.05% glutaraldehyde, and 0.2% v/v saturated picric acid in 0.1 phosphate buffer (PB)
(pH 7.4) overnight. Fixed slices were then embedded in gelatin and
resectioned at 60 lm thickness. The recorded cells were labeled by
avidin-biotinylated horseradish peroxidase (HRP) complex followed by
peroxidase reaction using diaminobenzidine (DAB) (0.05%) as chromogen and 0.01% H2O2 as substrate. The sections were then dehydrated
through a series of solutions of increasing concentration of ethanol and
permanently mounted on slides. The axonal and dendritic patterns of
the neurons were reconstructed using a drawing tube attached to a light
microscope equipped with a 3 100 objective. Furthermore, Nissl
staining was performed by dehydrating/rehydrating the sections,
immersing them in cresyl violet acetate solution (1 g in 400 mL of
H2O, pH 3.6), dehydrating, and remounting them on slides.
Immunocytochemistry
After blocking nonspeciﬁc antibody binding using 20% normal horse
serum in Tris-buffered saline and 0.3% triton for 2 h, 60-lm-thick slices
were incubated in streptavidin Alexa (dilution 1:300; Molecular Probes,
Eugene, OR) and a rabbit antibody against vesicular c-aminobutyric acid
transporter (VGAT) (dilution 1:500; gift of Prof M. Watanabe) or mouse
antibody against PV (dilution 1:5000; Swant, Bellinzona, Switzerland) for
approximately 48 h at 4 °C. The slices were then washed and incubated
in streptavidin Alexa (1:1000 dilution) and Cy-3--conjugated donkey
anti-rabbit antibody for VGAT or Cy-3--conjugated donkey anti-mouse
for PV (1:400 dilution; Jackson ImmunoResearch Laboratories, West
Grove, PA) for 5--24 h. The slices were subsequently washed, mounted
in Vectashield (Vector laboratories, Burlingame, CA), and viewed using
a Leitz DM RB ﬂuorescent microscope. Pictures were taken using a 3
100 objective under the same microscope and displayed using dedicated software (Openlab, Improvision, Coventry, UK).
Tracer Injection
The animals were anesthetized using either a combination of hypnorm
and hypnovel by an intraperitoneal injection or by inhalation of the
volatile anesthetic isoﬂurane, and the head secured in a stereotaxic
frame while maintaining the level of anesthesia with isoﬂurane. For
retrograde labeling, in vivo pressure injection of ﬂuorescent latex
microspheres (Katz and Iarovici 1990) was performed on animals of
P18--P24 postnatal age (n = 5). About 0.5--1 lL of the solution containing
the microspheres was injected in retrosplenial agranular (RSA) frontal
layers V--VI cortex (Paxinos and Watson 1982) and taken up by synaptic
terminals residing nearby. The rats were sacriﬁced 1--3 days postoperatively to allow sufﬁcient time for the beads to be transported
contralaterally to the injected hemisphere. Coronal brain sections
were cut from these animals, cells visualized under a rhodamine or

ﬂuorescein ﬁlter, and recorded. Fluorescent images were obtained using
a Leitz DM RB microscope with 3 10 and 3 40 magniﬁcation lenses.
For anterograde labeling, a P20 rat received unilateral deposits of
Phaseolus vulgaris leucoagglutinin (PHAL; 2.5% in 0.1 M PB, pH 8.0;
Vector Laboratories, Peterborough, UK) in RSA/frontal cortex in layers
V--VI. This anterograde tracer was delivered by iontophoresis via glass
micropipettes of 15-lm tip diameter using pulses (7 s on/7 s off) of
cathodic positive current (5 lA) over 10 min. After a survival time of 7
days, the rats were anesthetized with ketamine (70 mg/kg) and
medetomidine (0.5 mg/kg) and perfused transcardially with 50 mL of
phosphate-buffered saline (PBS) (0.01 M, pH 7.4) followed by 200 mL of
0.1% glutaraldehyde and 3% paraformaldehyde in 0.1 M PB. The animals
were postperfused with approximately 50 mL of PBS.
Preparation and Analysis of Tissue for Electron Microscopy
Coronal sections of both hemispheres, including the tracer injection
sites, were cut on a vibrating microtome at 60 lm thickness. The
sections were incubated for cryoprotection in a solution (25% sucrose,
10% glycerol) overnight then freeze thawed in isopentane (BDH
Chemicals, Poole, UK) cooled in liquid nitrogen in order to increase
penetration of the reagents. The sections were incubated with 1%
bovine serum albumin (BSA) and 10% normal goat serum in PBS (PBSBSA) for 2 h at room temperature. All further incubation steps were
carried out in PBS-BSA containing 1% of normal goat serum. To reveal
the injected and transported PHAL, sections were incubated at 4 °C
for 24 h in rabbit anti-PHAL (1:1000 in PBS-BSA; Vector Laboratories),
treated with goat anti-rabbit IgG (1:100 in PBS-BSA; Dako, High
Wycombe, UK) overnight at 4 °C, followed by a 2-h incubation in rabbit
peroxidase--antiperoxidase (1:100 in PBS-BSA; Dako) at room temperature. The bound peroxidase was then revealed with 0.025% 3,39diaminobenzidine using 0.006% H2O2 as substrate in the presence of
0.3% NiNH4SO4 (nDAB).
PV-immunoreactive structures were revealed by incubation in mouse
anti-PV (1:1000 in PBS-BSA; Swant) for 24 h at 4 °C followed by
biotinylated goat anti-mouse overnight (1:100 in PBS-BSA, Vector Laboratories) with the avidin-biotin-peroxidase complex method (1:100 in
PBS-BSA; Vector Laboratories) for 2 h at room temperature. The peroxidase was visualized with 0.025% DAB using 0.01% H2O2 as substrate.
All sections were postﬁxed in 1% osmium tetroxide (Oxkem, Oxford,
UK) in 0.1 M PB at pH 7.4 for 30 min. The sections were dehydrated
through a graded series of dilutions of ethanol with 1% uranyl acetate
included in the 70% ethanol solution to increase contrast in the electron
microscope (EM) and inﬁltrated with resin overnight (Durcupan; Fluka
Chemicals). They were then mounted in resin on glass microscope
slides and polymerized at 60 °C for 48 h.
All sections containing the sites of injection were examined to ensure
that they were correctly placed. The sections were examined under the
light microscope for the PHAL tracer and PV immunoreactivity in the
contralateral (RSA)/frontal cortices. PV-immunoreactive neuronal perikarya and emerging dendrites (brown reaction product) in deep cortical
layers were examined at high magniﬁcation, and the positions of
anterogradely PHAL-labeled terminals (black reaction product) closely
apposed to them was noted, photographed digitally, and examined by
correlated light and electron microscopy. The density of PHAL-labeled
terminals was calculated by counting 303 putative boutons in 5
randomly selected deep cortical layer ﬁelds. The volume of the ﬁelds,
measured as a cylinder, was estimated by using a calibration bar to
measure their diameter and by estimating the depth up to which PV
immunoreactivity could be clearly observed. The area of interest was cut
from the microscope slide and re-embedded in Durcupan blocks for
sectioning. Serial sections of 60--70 nm thickness were collected on
Pioloform-coated single slot copper grids. The ultrathin sections were
then contrasted with lead citrate for 1 min and examined in a Philips CM
10 EM.
Chemicals and Drugs
All drugs were applied to the recording preparation through the bath,
unless stated otherwise. Salts used in the preparation of the intracellular
recording solution and ACSF were obtained from either BDH Laboratory
Supplies or Sigma (Poole, UK). The 6,7-dinitroquinoxaline-2,3-dione
(DNQX), D-(-)-2-amino-5-phosphonovaleric acid (D-AP5), (-)-bicuculline

methochloride, gabazine, and tetrodotoxin were purchased from Tocris
Cookson (Bristol, UK).

Results
Synapses of Callosal Fibers onto Deep Cortical Layer
Neuronal Proﬁles
We injected the anterograde tracer PHAL into deep cortical
layers of the left hemisphere, and the tracer was detected as
a black reaction product produced by nickel-intensiﬁed DAB.
Axons labeled by PHAL in the corpus callosum crossed the
midline and terminated in all layers of the homotopic area of the
contralateral hemisphere. Light microscopic analysis revealed
that labeled ﬁbers had various sizes and extended with or
without branching extensively, and PHAL-positive boutons
were commonly observed along the axons. The second immunoreaction for the visualization of PV was detected as a brown
reaction product produced by DAB alone. Somata, dendrites,
and axon terminals positive for PV were found in all cortical
layers in agreement with previous observations (Celio 1986).
Labeling for PV showed the somata of various nonpyramidal
cells, smooth and sometimes varicose dendrites, and boutons
that could be clearly observed surrounding labeled and nonlabeled somata, consistent with GABAergic interneurons contacting the proximal domain of target neurons (Kawaguchi and
Kubota 1997; Markram and others 2004). We searched for and
found PV-positive dendrites and somata apposed by PHALlabeled boutons in all cortical layers. Quantitatively, in deep
cortical layers, 303 PHAL-labeled boutons were counted, of
which 13.86% were apposed to PV-labeled elements (13.2%
against dendrites and 0.66% against somata). This percentage
was found similar (range: 10.60--14.92%) in all 5 randomly
selected deep cortical layer regions that were analyzed, and
the estimated density of the PHAL-labeled boutons was
2.46 3 10–4/lm3. It is important to note that this quantiﬁcation
has limitations, as the 13.86% calculated is an upper limit, because some of the boutons might make synapses with unstained
structures nearby. An example of a PHAL-labeled bouton
apposed to a PV-labeled dendrite in the deep layers is illustrated
in Figure 1A1. Electron microscopic testing of this contact
conﬁrmed that the bouton indeed established a synapse with
the PV-positive dendrite, as shown in Figure 1A2,A3. In the
sample taken, 5 such commissural bouton to PV-positive dendritic synapses were observed (Fig. 1B), whereas one commissural bouton made a synapse with a PV-positive soma. There
were numerous PV-positive boutons forming type II synapses
with both PV-positive (Fig. 1C) and PV-negative neuronal
proﬁles. The reaction product in the PV-positive boutons was
lighter and less electron opaque than in the PHAL-labeled
boutons; therefore, they could clearly be differentiated.
The postsynaptic specialization in the PV-positive neurons
was covered frequently by the HRP reaction product, and
therefore, its extent could not be assessed, irrespective of
whether the presynaptic terminal was labeled or not. However,
when the postsynaptic proﬁle was not labeled, the extensive
postsynaptic density characteristic of glutamatergic synapses
made by pyramidal cell boutons was clearly visible. Several
PHAL-labeled terminals were found to make synapses with
nonlabeled dendritic spines of pyramidal neurons of layer VI
(Fig. 1D, 6 synapses were identiﬁed in the sample).
These results show that callosal ﬁbers make synapses with PVpositive interneurons and pyramidal neurons of deep cortical layers.
Cerebral Cortex May 2007, V 17 N 5 1215

Figure 1. Commissural synaptic innervation of PV-positive neurons and pyramidal cells in the neocortex. Double immunolabeling for PHAL and PV in deep layers of Fr1/2 and RSA.
(A1) Light micrograph of a PV-positive dendrite (d, brown in the section) closely apposed by a PHAL-positive bouton (arrow, black in the section) in the vicinity of another PV-positive
dendrite (arrowhead). (A2) Correlated low-power electron micrograph of (A1) showing the closely apposed bouton (arrow) and the 2 dendrites. The arrowhead points to the same
dendrite as in (A1). (A3) High-power electron micrograph of the same PHAL-labeled bouton forming a synapse (arrowhead) with the PV-positive dendrite. The same dendrite
receives another synapse from an unlabeled bouton (asterisk). (B) Another case of a PHAL-labeled bouton that makes a synapse with a PV-positive dendrite (arrow). Note that the
same dendrite receives a second synapse (asterisk) from an unlabeled bouton. (C) A PV-positive bouton makes a type II synapse on a PV-positive dendrite (arrow). (D) A PHALlabeled axon makes a putative excitatory type I synapse onto a nonlabeled spine (arrow). Scale bars are 10 lm in (A1), 1 lm in (A2), 0.5 lm in (A3, B, C, and D).

Properties of EPSCs Evoked by Stimulation of the
Corpus Callosum
Next, we addressed the properties and the functional role of the
synapses identiﬁed above. To this aim, neurons were visualized
under DIC-IR optics, and recordings were attempted from small
layer VI pyramidal cells or putative GABAergic interneurons of
deep cortical layers (layers V--VI). The recorded neurons were
1216 Cellular Properties of Callosal-Cortical Network
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classiﬁed in 2 groups, namely, small pyramidal neurons (n = 60
recorded, n = 35 recovered for anatomical identiﬁcation) and
fast-spiking GABAergic interneurons (n = 45 recorded, n = 30
recovered for anatomical identiﬁcation), based on electrophysiological and anatomical characterization. Cortical layers
were identiﬁed during the recordings and conﬁrmed by Nissl
staining.

The ﬁrst group of neurons (layer VI pyramidal neurons,
resting membrane potential [Vrm] = –63.4 ± 1.4 mV, n = 31)
exhibited EPSCs with a mean peak amplitude of 40.7 ± 5.5 pA
(VH = –65 mV, n = 31, Fig. 2A, Table 1), which were abolished by
DNQX (40 lM), and were thus mediated by AMPA receptors.
The EPSCs were evoked without failures in 19 neurons, whereas
a few failures (range: 3--30%) were present in the other 12 cells.
They were characterized by relatively slow kinetics, and their
decay was well ﬁtted with a monoexponential function. The
EPSCs could follow repetitive stimulation at theta (10 Hz) and

gamma frequency (40 Hz), and virtually all showed short-term
depression. The mean standard deviation of the latencies (jitter)
of individual traces was 0.21 ± 0.02 ms (n = 31). Thus, the low
jitter values, which did not change by increasing the stimulation
intensity, together with the ability of the EPSCs to follow highfrequency stimulation and the low failure rate suggest a monosynaptic origin. The pyramidal cells displayed relatively high
Rin, large membrane s, average spike half width close to 1 ms,
and action potentials that moderately adapted when stimulated
with long-lasting depolarizing current pulses (Fig. 2B, Table 2).

Figure 2. Layer VI pyramidal neuron of the RSA/frontal cortex responds to callosal stimulation. (A) The monosynaptic EPSCs recorded in this neuron in voltage clamp after
stimulation of the corpus callosum (artifact). The black trace is the average of 30 sweeps (gray traces). In this cell, rise time was 0.67 ms, decay time constant was 3.8 ms, latency
was 7.4 ms, jitter was 0.13 ms, and failure rate was 0%. (B) Electrophysiological properties of the same neuron illustrating an action potential of moderate width evoked by
a depolarizing current pulse and sustained firing pattern in response to a longer current stimulus. The I/V plot used to measure Rin is also shown. (C) Reconstruction using camera
lucida (3 100) of the pyramidal neuron recorded, dendrites (black), and axon (gray). The cell is a layer VI small inverted pyramidal neuron with the spiny apical dendrite oriented
toward the white matter and the axon running parallel to it giving off branches in several cortical layers.

Table 1
Synaptic properties of GABAergic interneurons and pyramidal cells of deep cortical layers
Age
(days)

Rise time
(ms)

Decay
(ms)

Area
(fC)

Peak
amplitude (pA)

Latency
(ms)

Jitter
(ms)

Failure
rate (%)

PPR

10 Hz

40 Hz

GABAergic interneurons (n 5 19) 21.3 ± 1.3 ***0.66 ± 0.13 ***2.68 ± 0.27 279.8 ± 35.9 **75.2 ± 10.2 6.3 ± 0.2 0.22 ± 0.02 4.8 ± 2.5 0.87 ± 0.1 Depress Depress
Pyramidal cells (n 5 31)
19 ± 0.6
1.24 ± 0.15
7.11 ± 0.93 310.5 ± 36.3
40.7 ± 5.5 6.8 ± 0.3 0.21 ± 0.02 5.1 ± 1.4
1 ± 0.05 Depress Depress
Note: All values are shown as mean ± standard error of mean. Comparison between the properties of interneurons and pyramidal cells (**P \ 0.01, ***P \ 0.001; Mann--Whitney test).
PPR, paired pulse ratio.
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These data, taken together, indicate that small pyramids of
layer VI and GABAergic interneurons of deep cortical layers are
excited monosynaptically by the callosal input that has different
synaptic kinetics.

The neurons displayed heterogeneous axonal and dendritic
patterns observed with light microscopy; however, we could
divide them in 2 subgroups. The neurons of the ﬁrst subgroup
(45%) were layer VI small inverted pyramidal neurons (van
Brederode and Snyder 1992) with the spiny apical dendrite
oriented toward the deep cortical layers almost reaching
the callosal ﬁbers and the axon running parallel to it giving
off several branches (Fig. 2C). The second subgroup (55%)
consisted of upright layer VI small pyramidal neurons with an
apical dendrite with spiny branches and axon reaching the
superﬁcial cortical layers (not shown). When immunoreactivity
for VGAT, a speciﬁc marker for GABAergic neurons, was
performed, none of these cells were positive (not shown, n = 4).
The second group of neurons consisted of fast-spiking
interneurons recorded in deep cortical layers of the RSA/frontal
cortex (Vrm = –69.8 ± 1.6 mV, n = 19). Callosal stimulation
evoked EPSCs with a single peak (Fig. 3A, Table 1), having
a mean peak amplitude of 75.2 ± 10.2 pA. Moreover, EPSCs with
2 peaks were also detected (n = 2), but these cells were not
included in the analysis. The EPSCs had fast kinetics in terms of
their rise time (0.66 ± 0.13 ms, n = 19) and decay (2.68 ± 0.27
ms, n = 19). Failures were observed only in 3 neurons (range: 3-35%), and the jitter was always small (0.22 ± 0.02 ms, n = 19).
Synaptic depression was observed in the majority of neurons
stimulated with theta (10 Hz) or gamma (40 Hz) frequency (n =
6 and 7, respectively), whereas either facilitatory or steady
EPSCs during the stimulation were observed in a minority of
neurons (n = 3). The low jitter values, which did not change by
enhancing the stimulation intensity, the ability of the EPSCs to
follow high-frequency stimulation, and the low failure rate
indicate that the EPSCs were monosynaptic. Accordingly, when
we decreased the extracellular Ca2+ and Mg2+ ratio and hence
the release probability, the paired-pulse ratio was increased and
the amplitude of the ﬁrst EPSC was decreased without affecting
its latency (not shown). The interneurons were characterized
by low Rin, small membrane s, fast spikes, and nonadapting
ﬁring pattern when stimulated with a 1-s-long depolarizing
current pulse (Fig. 3B, Table 2). The reconstruction of a representative interneuron is illustrated in Figure 3C. The neurons
had multipolar somata with aspiny dendrites and an axon
profusely branching with a pattern typical of cortical basket
cells. Moreover, VGAT and PV immunoreactivity was clearly
observed in 100% (Fig. 3D, n = 4) and 90% (Fig. 3E, n = 10) of
neurons tested, respectively.
When the data of passive and active membrane properties as
well as synaptic responses recorded in pyramidal neurons and
GABAergic interneurons were compared statistically, several
differences emerged (Table 1 and 2).

Is the Different EPSC Kinetics Synapse Speciﬁc?
To address this issue, we compared spontaneous AMPA-EPSCs
(sEPSCs, abolished by 20 lM DNQX) originating from heterogeneous cortical synapses onto the 2 groups of neurons. The
events recorded from GABAergic interneurons displayed distributions with shorter rise time and decay and higher peak
amplitude and frequency than pyramidal neurons (Kolmogorov--Smirnov test, P < 0.0001, n = 4 each group, Fig. 4). The
mean values for rise time, decay, and peak amplitude in pyramidal cells and interneurons, respectively, were 1.18 ± 0.03 and
0.65 ± 0.02 ms, 4.36 ± 0.15 and 2.29 ± 0.05 ms, and 15.4 ± 0.3 and
28.3 ± 0.77 pA. Interestingly, we observed only a weak correlation between the rise time and the decay of sEPSCs in both
groups (r = 0.35 in pyramidal cells and r = 0.39 in interneurons).
These data, taken together, suggest that the receptor subtypes
and not intrinsic membrane properties present at speciﬁc cell
types are likely to determine the kinetic differences observed in
the callosally evoked EPSCs.
Cell-Speciﬁc Differences in the NMDA Receptor--Mediated
Component of the EPSCs
Next, we investigated whether NMDA-EPSCs evoked by callosal
stimulation were present and differed between pyramids and
interneurons of deep cortical neurons. By using a Cs-based
intracellular pipette solution to block K+ channels and GABAB
receptors, we changed the membrane potential of the recorded
neurons gradually from –65 to +40 to study the NMDA-EPSC at
various VH (Fig. 5A). These experiments were performed in the
presence of gabazine (4 lM) and DNQX (20 lM) to block
GABAA and AMPA receptors, respectively. The neurons tested
were anatomically recovered and identiﬁed either as pyramidal
cells (n = 8 out of 8) or interneurons (n = 6 out of 8) also in this
series of experiments. When the peak amplitude of the NMDAEPSCs was normalized to the AMPA-EPSCs recorded before the
application of gabazine and DNQX for each recording, to account
for cell variability, interneurons exhibited smaller values compared with pyramidal cells at several VH (Fig. 5B1, P < 0.05,
Mann--Whitney test). In order to compare the voltage dependency of the conductance of the NMDA receptors and
indirectly the receptor subunit composition in the 2 groups of
neurons, the conductance was calculated at various VH and
normalized to the peak NMDA-EPSC conductance. We constructed g/gmax-V plots and ﬁtted with a sigmoid function to

Table 2
Intrinsic membrane properties of GABAergic interneurons and pyramidal cells of deep cortical layers
Age
(days)

Vrm
(mV)

Rin
(MX)

s
(ms)

Cm
(nF)

Sag
ratio

AP width
(ms)

AP
amplitude
(mV)

Fast AHP
(mV)

Adaptation
index

Maximum
firing

GABAergic
21.3 ± 1.3 **ÿ69.8 ± 1.6 **162.8 ± 18.7 ***11.9 ± 1.4 ***0.10 ± 0.03 *0.97 ± 0.01 ***0.42 ± 0.06 *104.1 ± 3.4 *18.9 ± 1.1 ***0.68 ± 0.04 ***118.2 ± 14.6
interneurons
(n 519)
Pyramidal cells 19 ± 0.6 ÿ63.5 ± 1.4 263.9 ± 22.5
30 ± 1.6
0.13 ± 0.01 0.91 ± 0.01
0.98 ± 0.06 113.1 ± 2.9 15.2 ± 0.6
0.35 ± 0.02
22.2 ± 2.1
(n 531)
Note: All values are shown as mean ± standard error of mean. Comparison between the properties of interneurons and pyramidal cells (*P \ 0.05, **P \ 0.01, ***P \ 0.001; Mann--Whitney test).
Cm, membrane capacitance; AP, action potential.
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Figure 3. A deep cortical layer GABAergic interneuron of the RSA/frontal cortex responds to callosal stimulation. (A) The monosynaptic EPSCs recorded in this neuron in voltage
clamp elicited by stimulation of the corpus callosum (artifact). The black trace is the average of 30 sweeps (gray traces). In this cell, rise time was 0.27 ms, decay time constant
was 0.67 ms, latency was 6.2 ms, jitter was 0.15 ms, and failure rate was 0%. (B) Electrophysiological properties of the same neuron showing fast- and nonadapting firing. The I/V
plot used to measure Rin is also illustrated. (C) Camera lucida reconstruction (3 100) of the interneuron recorded, dendrites (black), and axon (gray). We identified this neuron as
a basket cell, due to its multipolar soma with a spiny dendrites and an axon profusely but locally branching with varicosities distributed along the axonal branches contacting cell
somata in a typical punctuated pattern. (D) VGAT immunopositive boutons (right picture) of a biocytin-filled cell (left picture) with similar features as above imaged with
a fluorescent microscope with a 3 100 objective. (E) PV immunopositivity (right picture) of a biocytin-filled neuron (left picture); another PV-positive soma is also shown (right
picture).

estimate the potential at which g/gmax was 0.5 (Vhalf). No
signiﬁcant difference was found between the 2 groups (Fig.
5B2, P > 0.05, Mann--Whitney test). Likewise, the estimated
mean reversal potential of the NMDA-EPSCs was 9.4 ± 1.5 mV in
pyramidal cells and 6.1 ± 3.4 mV in interneurons, and these
values were not signiﬁcantly different (P > 0.05, Mann--Whitney
test, n = 8 for each, Fig. 5C2). On the other hand, the decay of
the NMDA-EPSCs recorded at + 40 mV was signiﬁcantly faster in
interneurons compared with pyramidal cells (34.25 ± 5.81 and
76.63 ± 18.16 ms, respectively, Fig. 5C1, P < 0.05, Mann-Whitney test), whereas the rise time was not different (3.04 ±
0.49 ms for interneurons and 3.23 ± 0.36 ms for pyramidal cells,
n = 8 each, P > 0.05, Mann--Whitney test). The detection of
NMDA-EPSCs in the presence of the AMPA receptor antagonist
further conﬁrmed that the callosally evoked responses were
monosynaptic and not due to intercalated excitatory cells (Mori
and others 2004). Interestingly, the jitter of the NMDA-EPSCs

(0.22 ± 0.02 ms, n = 16) was similar to that described above for
the AMPA-EPSCs recorded with K-gluconate, further suggesting
the monosynaptic nature of the latter. These results indicate
that the NMDA component of the synaptic response evoked by
callosal stimulation is less pronounced and prolonged in
interneurons than pyramidal cells.
Feedforward Inhibition Triggered by Callosal Fibers
Synaptic excitation is usually curtailed by feedforward inhibition, which in this way regulates the temporal integration of
excitatory inputs (Gabernet and others 2005). Therefore, we
addressed whether feedforward inhibition in pyramidal neurons
and GABAergic interneurons of deep cortical layers was present
after callosal stimulation. For this purpose, neurons were
studied in voltage clamp at –50 mV, which is a potential away
from EGABA, to disclose the presence of a synaptically evoked inhibitory response. Surprisingly, we did not observe any outward
Cerebral Cortex May 2007, V 17 N 5 1219

Figure 4. Different properties of sEPSCs recorded in pyramidal cells and interneurons responding to callosal stimulation. (A) Representative traces of sEPSCs recorded in
a pyramidal cell and in a GABAergic interneuron. (B) Cumulative plots of pooled data of 20--80% rise time, peak amplitude, decay time constant, and interevent interval of sEPSCs
recorded from pyramidal (n = 4) and GABAergic neurons (n = 4). Each comparison is statistically significant (P < 0.0001, Kolmogorov--Smirnov test). The number of events analyzed
was 840 and 1979 for 20--80% rise time, peak amplitude, decay time constant, and 1024 and 2448 for interevent interval in pyramidal cells and interneurons, respectively.

current following the EPSCs when recording from the majority
of pyramidal neurons (Fig. 6A, n = 44 out of 51) or in all
interneurons studied (n = 21, Fig. 6C1), whereas a minority of
pyramidal neurons displayed an outward current (Fig. 6B). In
order to test this further, neurons were subjected to highfrequency stimulation (up to 40 Hz in voltage clamp and up to
200 Hz in current clamp) at further depolarized membrane
potential (VH = –40 mV and about 10 mV below the action
potential membrane threshold, respectively), to induce temporal summation of the excitatory postsynaptic potentials (EPSPs)
in intercalated GABAergic neurons and to increase the driving
1220 Cellular Properties of Callosal-Cortical Network
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force for inhibitory events in the recorded cells, respectively. In
these experiments, inhibitory postsynaptic currents (IPSCs) or
inhibitory postsynaptic potentials (IPSPs) were detected only in
some but not all pyramidal neurons and never seen in
interneurons (not shown, but see also Fig. 7A1). When IPSCs
were detected they were polysynaptic because they were
abolished by application of DNQX and D-AP5 (40 lM each,
Fig. 6B). In the cases where IPSCs were detected, these neurons
were not included in the EPSC kinetic analysis to avoid any
contamination by the IPSCs. It is worth to mention that outward
spontaneous IPSCs were detected, albeit at a low rate, in the

Figure 5. Different properties of NMDA-EPSCs evoked by callosal stimulation and recorded in pyramidal neurons and interneurons. (A) NMDA receptor--mediated synaptic currents
elicited by callosal stimulation at several VH in the presence of gabazine (4 lM) and DNQX (20 lM) recorded from a pyramidal cell and a GABAergic interneuron. (B1) Plot of the
peak amplitude of NMDA-EPSCs normalized to AMPA-EPSC peak amplitude against VH with the standard error indicated. (B2) Graph of pooled normalized g--V data superimposed
with Boltzmann curve. Pooled data of the decay time (C1) and the reversal potential (C2) of the NMDA-EPSC in the 2 groups of neurons. For each graph, 8 pyramids and 8
interneurons were analyzed. For all graphs, * denotes P < 0.05 with Mann--Whitney test.

neurons recorded at –50 mV (Fig. 6C2). Therefore, callosal ﬁbers
appear to trigger feedforward inhibition only in a subset of layer
VI pyramids but not onto interneurons of deep cortical layers.
Temporal Integration of Callosally Evoked Responses
Is Different between Pyramidal Cells and GABAergic
Interneurons
All the data presented so far suggest that layer VI pyramidal cells
and interneurons are likely to integrate the callosal input within
a different temporal time window. This issue was addressed

with experiments where the neurons were recorded in current
clamp and repetitive callosal stimulation was employed. In these
experiments, the membrane potential was kept at about 10--15
mV below the action potential threshold for each cell and only
the cells without feedforward inhibition were used (see above).
Under these conditions, 4 callosal stimuli delivered at 40--200
Hz produced temporal summation of evoked EPSPs. When
pyramidal cells were recorded (n = 9), the probability to elicit
an action potential riding on EPSPs was inversely correlated
with increasing ISIs (Fig. 7A1). Importantly, even at gamma
Cerebral Cortex May 2007, V 17 N 5 1221

(n = 6, Fig. 8B). These EPSCs had similar kinetics and jitter values
to the callosally evoked EPSCs in our previously described
pyramidal cells, consistent with their monosynaptic nature, and
they also lacked feedforward inhibition when tested at more
depolarized VH. In only one case, no evoked EPSCs were
detected, but, interestingly, an outward current was observed
upon depolarization to –50 mV, blocked by 20 lM DNQX,
consistent with a polysynaptic response. Thus, the same layer VI
pyramidal neurons that send their axon contralaterally also
receive a monosynaptic input from callosal ﬁbers.
Discussion
We provide here evidence for the presence of synapses
between callosally projecting neurons and anatomically identiﬁed layer VI pyramidal cells and GABAergic interneurons of
deep cortical layers. The properties of the synapses were
different, conferring a longer time window for integration of
the callosal input to pyramidal neurons than GABAergic
interneurons.

Figure 6. Presence or absence of feedforward inhibition evoked by stimulation of the
corpus callosum in pyramidal cells and interneurons. Voltage clamp recording of 2
pyramidal neurons (A, B) and an interneuron (C1) after callosal stimulation at different
VH. The stimulation evoked only EPSCs in A, C, but also an IPSC in B, where all synaptic
currents were subsequently abolished by DNQX and D-AP5. (C2) A representative
trace of spontaneous synaptic currents showing an outward IPSC (asterisk) recorded
in the GABAergic interneuron.

frequencies, the stimulation could trigger action potentials.
When interneurons were recorded (n = 8), a similar correlation
was observed but shifted toward signiﬁcantly lower ISI (Fig.
7A2, P < 0.05, t-test and Mann--Whitney test). NMDA receptors
should be activated at the depolarized membrane potential and
could contribute to the integration of the EPSPs. This was tested
with 5-ms ISI that was associated with the highest occurrence
of action potentials. Application of 40 lM D-AP5 reduced the
likelihood of action potential occurrence in both groups of
neurons, albeit at a signiﬁcantly less extent in GABAergic interneurons, consistent with our ﬁnding that GABAergic interneurons had less pronounced NMDA-EPSCs (Fig. 7B1,B2).
These results demonstrate that pyramidal neurons integrate
the callosal information over a longer time window than
interneurons.
Are Neurons of Layer VI Interconnected via the
Callosal Fibers?
To investigate this issue, we performed in vivo pressure
injection of ﬂuorescent microspheres into deep cortical layers
of RSA/frontal cortex (n = 5 rats). After 1--3 days, this resulted in
ﬂuorescent positive cells in the contralateral hemisphere.
Virtually all labeled cells appeared to have pyramidal shape,
including those with the soma in layer VI (Fig. 8A). Labeled
neurons in layer VI were then patched and after histological
processing were identiﬁed either as small inverted or upright
pyramidal neurons (Fig. 8B,C, n = 7). In these cells, callosal
stimulation evoked EPSCs recorded in voltage clamp at –65 mV
1222 Cellular Properties of Callosal-Cortical Network
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Factors Determining the Integrative Properties of the
Neurons Studied
The intrinsic electrophysiological properties of the pyramidal
neurons and the GABAergic interneurons studied were different. The membrane s and the Rin were smaller in interneurons
compared with pyramidal cells, so that a given input would
result in a faster and smaller response in the former cell type.
Furthermore, in contrast to pyramidal neurons, interneurons
had fast action potentials followed by fast and pronounced AHPs
and were able to sustain ﬁring upon depolarization with little
adaptation. Consistent with the differences in basic electrophysiological properties, the kinetics of evoked AMPA-EPSC and
sEPSCs were slower in pyramidal cells than in interneurons, as
shown in other central synapses (Hestrin 1993; Jonas and others
1993; Geiger and others 1997; Povysheva and others 2006). The
EPSC time course depends on several parameters including the
time course of the presynaptic release and the clearance of
glutamate from the synaptic cleft, the gating, and subunit
composition of AMPA receptors (Jonas 2000), as well as the
membrane time constant and the presence/absence of dendritic spines of the postsynaptic neuron (Tsay and Yuste 2004).
Because sEPSCs showed kinetic differences between the 2
groups of cells and no correlation was detected between rise
time and decay within the same group, the kinetic differences
of the callosally evoked EPSCs were likely due to differences in
AMPA receptor subtypes, to a lesser extent in time constants
and not input speciﬁc (Hestrin 1993). It is unlikely that the
different kinetics of the evoked AMPA-EPSCs of the 2 groups are
caused by an overt different number of presynaptic ﬁbers
stimulated because we observed similar differences also in
sEPSCs kinetics. In this respect, our data fully agree with
a recent study that found similar kinetic differences in EPSCs
whether evoked by stimulation of several ﬁbers, by minimal
stimulation, or when comparing miniature events recorded
from layer II/III rat cortical pyramidal neurons and fast spiking
(FS) interneurons (Povysheva and others 2006). We also
observed that the frequency and amplitude of AMPA-sEPSCs
were higher in interneurons than pyramidal cells. This high
level of synaptic background contributes to the behavior of
interneurons as coincidence detectors (Angulo and others

Figure 7. Different temporal integration of synaptic responses evoked by callosal stimulation in pyramidal neurons and interneurons. (A1) Representative current clamp recordings
(single sweeps) showing EPSPs evoked by 4 stimuli at different frequencies in a pyramidal cell and a GABAergic interneuron. (A2) Pooled data illustrate the different percentage of
action potential firing after callosal stimulation at different ISI in the 2 groups of neurons. (B1) Pooled data showing the reduction in the likelihood of action potential occurrence by
D-AP5 (40 lM) and its differential effect between the 2 groups of cells (B2). In the histograms, * denotes P < 0.05, **P < 0.01, ***P < 0.001 with Mann--Whitney test (A2, B2)
and Wilkoxon signed rank test (B1).

1999) because inputs will be shunted unless they arrive within
a narrow time window.
The NMDA-EPSCs were also different in the pyramidal cells
compared with interneurons. In 3 interneurons, these currents
were undetectable or minimal, in agreement with a similar lack
of NMDA-EPSCs in interneurons of hippocampal stratum
radiatum (Sah and others 1990) and with low or undetectable
levels of the NR1 subunit of the NMDA receptor in PV-positive
GABAergic interneurons of the same hippocampal layer (Nyiri
and others 2003). The decay of the NMDA-EPSCs was slower in
pyramidal cells compared with interneurons. The rise time, the
reversal potential of the NMDA-EPSC, and the voltage dependency of the NMDA conductance were not signiﬁcantly different between the 2 groups of neurons, suggesting indirectly

that the subunit composition of the NMDA receptor may not
differ. Therefore, we suggest that the differences observed in
the NMDA-EPSCs are better explained by the different intrinsic
membrane properties of the recorded neurons and not by
heterogeneity of NMDA receptors expressed in the pyramids
versus interneurons. Interestingly, NMDA receptor--mediated
responses elicited by callosal stimulation have been previously
detected in layer II/III or V pyramidal cells with large soma size
(Thomson 1986; Kumar and Huguenard 2003) and were similar
to those we report here in layer VI pyramidal cells.
The EPSCs studied were monosynaptic as the synaptic jitter
of both AMPA-EPSC and NMDA-EPSC was short and independent from the stimulation intensity, the AMPA-EPSCs followed
high-frequency stimulation with small failure rate and were
Cerebral Cortex May 2007, V 17 N 5 1223

Figure 8. Layer VI pyramidal neurons of the 2 hemispheres are reciprocally connected. (A) Image of layer VI retrogradely labeled cells in RSA/frontal cortex after injection of
fluorescent latex microspheres in the homotopic area of the contralateral hemisphere. (B) A retrogradely (not shown) and biocytin-labeled inverted pyramid of layer VI. This neuron
responded to callosal stimulation with EPSCs (red trace, average; gray traces, 30 individual sweeps). (C) High magnification image of an upright layer VI pyramidal neuron double
labeled with the latex microspheres (red) and biocytin (green) (yellow, merged picture) that also responded to the callosal stimulation (not shown).

resistant to low-release probability. These parameters are reliable indicators of monosynaptic responses (Doyle and Andresen
2001; Mori and others 2004). Moreover, it is unlikely that
the excitatory responses recorded were elicited by backpropagated action potentials traveling along axon collaterals
of callosally projecting pyramidal cells located ipsilaterally to
the recorded neurons. This would go against our ﬁnding that
injection of the anterograde tracer PHAL resulted in labeled
boutons that make synapses on PV-positive proﬁles and on
dendritic spines of deep cortical layers of the contralateral
hemisphere. Furthermore, collaterals from callosal axons occur
much more frequently in superﬁcial than deep cortical layers
(White and Czeiger 1991), consistent with the low probability
to get synaptically coupled pairs of layer VI corticothalamic
pyramidal neurons (West and others 2006), which represent
55% of our pyramidal cell sample.
Given the importance of feedforward inhibition pathways
in modulating the integration of neuronal responses (Buzsaki
1984; Gabernet and others 2005), we searched for feedforward
inhibition in our experiments. Surprisingly, we found that only
some pyramidal cells and none of the GABAergic interneurons
studied displayed polysynaptic inhibitory responses. It could be
that this result was due to the high threshold for action
potential activation in the interneuron intercalated between
the callosal ﬁbers and the recorded cell. This proved to be the
case in some pyramidal cells but not in interneurons, in which,
on the other hand, spontaneous IPSCs were detectable. Therefore, we believe that the lack of feedforward inhibition observed
in some pyramidal cells and in all interneurons represents
a genuine feature. The axon of interneurons studied generally
branched mainly within the layer where the cell body was
located in a typical basket cell pattern, and it is thus, likely that
only the interneurons located in layer VI, and not in layer V,
provided feedforward inhibition to the few layer VI pyramidal
cells that showed it. In contrast to our data, polysynaptic IPSPs
have been reported in layer II/III and V pyramidal cells after
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stimulation of the corpus callosum in vitro (Vogt and Gorman
1982; Thomson 1986; Kawaguchi 1992; Conti and Manzoni
1994) and in vivo (Toyama and others 1974; Conti and Manzoni
1994; Cisse and others 2003). The absence of feedforward
inhibition is likely to facilitate excitation between neurons of
the 2 hemispheres and also to result in an increase of the time
window for EPSPs summation.

Functional Implication of the Present Results for the
Cortical Microcircuits Activated by the Corpus Callosum
It has been previously documented that pyramidal neurons
receiving inputs from the corpus callosum are located in
cortical layers II/III and V and that the callosal projection
terminates exclusively with excitatory synapses on spines of
pyramidal neurons of the contralateral cortex (Akers and
Killackey 1978; Cipolloni and Peters 1983) and rarely on
dendritic shafts or cell bodies. However, our data together
with others (Carr and Sesack 1998; Cisse and others 2003)
challenge this view. We show here that PV-positive GABAergic
interneurons of deep cortical layers of RSA/frontal cortex
receive synapses on dendrites and somata and are directly
activated by the contralateral hemisphere. The functional
involvement of interneurons in the callosal-cortical network
can be appreciated at integrative level by the ﬁnding that the
receptive ﬁelds of neurons in the primary somatosensory cortex
of monkey, which are subjected to the inﬂuence of GABAergic
inhibition, are widened when the activity of the contralateral
hemisphere is dampen down (Clarey and others 1996). More
recently, it was postulated that the excitatory drive of the
contralateral hemisphere onto layer IV interneurons alters the
receptive ﬁeld of somatosensory columns (Pluto and others
2005). Furthermore, our ﬁnding that GABAergic interneurons
are directly excited by commissural ﬁbers may provide a cellular
substrate to the clinical observation of transcallosal inhibition,
which is reduced by stroke (Pascual-Leone and others 2005).

We also found that pyramidal neurons of layer VI are monosynaptically excited by the callosal ﬁbers. This ﬁnding also ﬁlls
a gap in literature because these neurons were clearly different
from the pyramidal neurons of layers II/III and V that have
a large soma and are the classical target of callosal ﬁbers. We
show here that layer VI also contains putative excitatory type I
synapses formed by callosal axon terminals, in agreement with
previous reports (Vogt and others 1981; White and Czeiger
1991). The pyramidal cells studied here had a relatively small
soma and an apical dendrite oriented toward either deep or
superﬁcial cortical layers, consistent with previous studies. Our
upright pyramidal neurons could be corticothalamic cells
(Brumberg and others 2003), whereas the inverted pyramids
could be corticocortical neurons sending axonal arbors ipsior contralaterally (Zhang and Deschenes 1997, 1998; Prieto and
Winer 1999), with the latter rarely contacting interneurons
(Mercer and others 2005). Therefore, the information conveyed
by the callosal ﬁbers would then spread from layer VI neurons
toward the thalamus synchronizing a bilateral cortical-thalamic
loop, as well as toward several other cortical sites.
Although most callosal ﬁbers are excitatory, anatomical
studies have shown that during the early stages of development,
21% of them arise from GABAergic cells (Elberger 1994;
Riederer and others 2004), and this value becomes smaller after
reaching adulthood, falling to 0.7--5% (Gonchar and others
1995; Fabri and Manzoni 2004). Consistent with this data, all the
retrogradely labeled neurons we recorded from P22--P24 rats
were either upright or inverted pyramidal cells. At least 3
different not mutually exclusive models of cellular interhemispheric connectivity have been proposed (Innocenti 1986):
callosal neurons projecting to noncallosal neurons (heterologous model), callosal neurons interconnected but not reciprocally
(homologous model), callosal neurons reciprocally interconnected (reciprocal model). Our data support the homologous
model, and possibly the reciprocal model, because callosal
stimulation evoked monosynaptic EPSCs in the retrogradely
labeled neurons tested. This result, together with the lack of
feedforward inhibition we observed, would facilitate point-topoint fast excitation between layer VI pyramidal neurons placed
at homologous areas of the 2 hemispheres leading to synchronization of cerebral activity (Engel and others 1991).
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