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PHYSIOLOGY AND MORPHOLOGY OF CALLOSAL PROJECTION

NEURONS IN MOUSE
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Abstract—In the mammalian neocortex, the corpus callosum
serves as the major source of interhemispheric communica-
tion, composed of axons from callosal neurons located in
supragranular (I/lll) and infragranular (V/VI) layers. We
sought to characterize the physiology and morphology of
supragranular and infragranular callosal neurons in mice us-
ing retrograde tracers and whole-cell patch clamp record-
ings. Whole-cell patch clamp recordings were made from
retrogradely labeled callosal neurons following unilateral in-
jection of fluorescent latex microspheres in the contralateral
sensory-motor cortex. Following recordings and biocytin di-
alysis, labeled neurons were reconstructed using computer-
assisted camera lucida (Neurolucida) for morphological anal-
yses. Whole-cell recordings revealed that callosal neurons
in both supra- and infragranular layers display very similar
intrinsic membrane properties and are characteristic reg-
ular-spiking neurons. Morphological features examined
from biocytin-filled reconstructions as well as retrogradely
BDA labeled cells did not reveal any differences. Analysis
of spontaneous postsynaptic potentials from callosal neu-
rons did reveal several differences including average am-
plitude, frequency, and decay time. These findings suggest
that callosal neurons in both supra- and infragranular lay-
ers have similar phenotypes though belong to different
local, intracortical networks. © 2008 IBRO. Published by
Elsevier Ltd. All rights reserved.

Key words: interhemispheric, cortical circuits, barrel cortex.

A characteristic feature of the mammalian neocortex is its
organization of neuronal lamina, each with distinct connec-
tivity and function (reviewed in Jones, 1984; White, 1989;
DeFelipe et al., 2002). Excitatory neurons with character-
istic pyramidal cell morphologies and spiny dendrites com-
prise the majority of neurons in neocortex and are the
principal cell-type arranged in discrete layers (Bayer and
Altman, 1991; DeFelipe et al., 2002). Despite sharing
gross morphological similarities, subpopulations of pyrami-
dal neurons display different electrophysiological pheno-
types, varying within and between lamina. For example,
pyramidal neurons with different intrinsic electrophysiolog-
ical properties have been observed within layer IV (Staiger
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et al., 2004), layer V (Kasper et al., 1994; Markram et al.,
1997; Rumberger et al., 1998; Christophe et al., 2005; Le
Be et al., 2007; Hattox and Nelson, 2007), as well as within
layer VI (Brumberg et al., 2003; Yang et al., 1996) and
include physiological phenotypes that generate burst dis-
charges or regular spiking (Connors et al., 1982; McCor-
mick et al., 1985).

Combined anatomical and physiological studies have
revealed that pyramidal neurons with different physiologi-
cal phenotypes often also display distinct morphologies
and afferent/efferent projections. For example, burst-firing
neurons in layer V of somatosensory cortex project to
subcortical targets (tectum, brainstem, spinal cord) and
have thick apical dendrites with large dendritic tufts that
reach the pial surface (Kasper et al., 1994; Rumberger et
al., 1998). In contrast, layer V neurons displaying a regu-
lar-spiking phenotype, lack subcortical projections and
have thin apical dendrites with small-medium dendritic
tufts (Kasper et al., 1994; Rumberger et al., 1998). More
recently, these two populations of layer V neurons have
been shown to preferentially form synaptic connections
with neighboring neurons of a similar phenotype whereas
connections between neurons of differing phenotypes
were rarely observed (Markram, 1997; Markram et al.,
1997; Le Be et al., 2007). These data demonstrate the
presence of cortical networks composed of neurons with
different morphology and physiology found within the same
layer.

Neocortical circuits also include populations of pyrami-
dal neurons that are found in different lamina but share
similar projection targets. Such is the case with neurons
that make inter-hemispheric projections via the corpus
callosum. Primarily found in supragranular layers (Il and
Ill) as well as infragranular layers (V and VI), callosal
neurons are thought to be the main anatomical substrate
for information transfer between the cortical hemispheres
as demonstrated by the dramatic sensation and perceptual
deficits that are observed after callosal transaction (re-
viewed in Gazzaniga, 2005). The attenuation or elimination
of epileptiform activity following callosal transaction also
emphasizes the important role callosal neurons play in the
spread of neural activity between the two hemispheres
(reviewed in Reeves and O’Leary, 1985).

In the present report we examined whether callosal
neurons found in supragranular layers share similar intrin-
sic electrophysiological properties with callosal neurons
found in infragranular layers. Additionally, we utilized bio-
cytin reconstructions in order to compare the dendritic
morphology of callosal neurons found in supra- vs. infra-
granular layers. Our results provide important data on the
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intrinsic properties of callosal neurons and are relevant to
models of information processing through micro- and macro-
neocortical circuits.

EXPERIMENTAL PROCEDURES
Retrograde tracing of callosal neurons

In order to identify the distribution and morphology of callosal
neurons, biotinylated dextran amine (BDA, 3000 molecular
weight; Molecular Probes, Carlsbad, CA, USA) was injected into
one hemisphere of CD1 mice of either sex as previously described
(Rocco and Brumberg, 2007). Animals were anesthetized with a
mixture of ketamine and xylazine and placed in a stereotaxic
apparatus. After a small craniotomy was made, BDA (~1 uL) was
pressure injected via glass micropipettes or via a 10 ulL Hamilton
syringe.

Three days following injection, animals were perfused with
0.1 M phosphate-buffered saline (PBS) followed by 4% parafor-
maldehyde in 0.1 M PBS. Brains were removed and placed in the
same fixative. Brains were blocked and 50 um coronal sections
were cut on a vibratome and sections collected in PBS. Biotin—
avidin—horseradish peroxidase (HRP) histochemistry was pre-
formed in order to reveal BDA-labeled neurons as previously
described (Rocco and Brumberg, 2007). Sections were first
placed in 1% H,0,/0.5% MEOH in PBS in order to quench en-
dogenous peroxidase activity. After three washes in PBS, sections
were permeabilized for 1 h in PBS containing 0.2% Triton-X
(Sigma, St Louis, MO, USA). Sections were then placed in an
avidin—HRP mixture (ABC Kit, Vector Laboratories, Burlingame,
CA, USA) overnight. Following three washes in PBS, sections
were reacted in 0.05% diaminobenzidine/0.015% H,O,. Slices
were washed in PBS, mounted onto gelatin coated-slides and
coverslipped in DPX (Electron Microscopy Sciences, Hatfield, PA,
USA).

Injection of rhodamine microspheres

To positively identify callosal neurons for whole-cell recordings,
rhodamine-labeled latex microspheres (Lumafluor, Naples, FL,
USA) were injected into one hemisphere on postnatal day (PND)
7—14 CD1 mice of either sex as described previously (Brumberg et
al., 2003). Mice <P7 were anesthetized on ice while animals >P7
were anesthetized with ketamine and xylazine (i.p. injection). After
a small craniotomy was made, 0.5 uL of beads was injected with
a 10 pL Hamilton syringe. In some cases multiple injections were
made. Mice were allowed to recover for a minimum of 3 days to
ensure adequate retrograde transport to the opposite hemisphere.

Preparation of slices

Coronal slices of primary somatosensory cortex (300 um thick)
were prepared from P14-21, CD1 mice of either sex on a vi-
bratome (VT1000S, Leica, Nussloch, Germany) in accordance
with Queens College CUNY and National Institutes of Health
guidelines for the use of laboratory animals and as described
previously (Brumberg et al., 2003). All efforts were taken to min-
imize the number of animals used and their suffering. Mice were
anesthetized with an injection (0.1 mL i.p.) of a mixture of ket-
amine/xylazine. Following decapitation, the brain was quickly re-
moved, blocked, and placed into ice-cold (4 °C) oxygenated arti-
ficial cerebrospinal fluid (ACSF). ACSF contained (in mM) 125
NaCl, 2.5 KCI, 1 MgCl,, 1.25 NaH,PQO,, 2 CaCl,, 25 NaHCO4, and
25 p-glucose and was aerated with 95% O0,—5% CO, to a final pH
of 7.4.

Electrophysiological recordings

Whole-cell recordings were made from retrogradely labeled
callosal neurons. Neurons were visualized with infrared differ-

ential interference contrast (IR-DIC) and epifluorescent illumi-
nation (Olympus BX51WI, Center Valley, PA, USA). Patch pi-
pettes (~4-7 MQ) tip resistance) were pulled on a Flaming/Brown
microelectrode puller (P-97, Sutter Instruments, Novato, CA,
USA). Pipettes were filled with (in mM) 120 KGlu, 10 NaCl, 20 KCl,
10 Hepes, 2 Mg-ATP, 0.3 Na-GTP, 0.5 EGTA, and 0.3—1% bio-
cytin (wt/vol) for subsequent visualization of the neurons (see
following text). Once a stable recording was obtained (resting V,,,
of <—55 mV, overshooting action potentials, ability to generate
repetitive action potentials to a depolarizing current pulse), neu-
rons were classified according to discharge pattern in response to
a constant depolarizing current pulse (1000 ms) as intrinsically
bursting, regular spiking, etc. (McCormick et al., 1985; Brumberg
et al., 2000). Off-line analysis of action potential and passive
membrane properties was performed using Clampfit9 (Molecular
Devices, Sunnyvale, CA, USA). Statistics were computed using
the SPSS software package (StatSoft, Tulsa, OK, USA). For
between-group analyses, analyses of variance (ANOVAs) were
conducted; post hoc two-tailed t-tests were used to determine the
source of the variance, if any. Statistical significance was
achieved when P<0.05. All data are reported as means *standard
error of the mean (S.E.M.) unless otherwise noted.

Spontaneous postsynaptic potentials (PSPs) were recorded
at resting membrane potentials. These PSPs likely reflect inputs
from putative excitatory neurons given the hyperpolarized mem-
brane potentials of callosal neurons in our database of recordings.
PSPs were isolated using a threshold detection algorithm (Clamp-
fit9; Molecular Devices) in addition to post hoc manual sorting.
Using these methods, PSPs of =1 mV were used in analyses. For
determination of average instantaneous frequency of PSPs, both
putative unitary and compound PSPs were included. For analyses
of average amplitude, rise time, and decay time only manually-
sorted, putative unitary PSPs were included.

Histology and neuronal reconstruction

Following recordings slices were placed in cold fixative (4% para-
formaldehyde in 0.1 M phosphate buffer) and kept at 4 °C for no
more than 2 weeks. Biotin—avidin—HRP histochemistry was pre-
formed as described above. Slices were not re-sectioned. For
three-dimensional morphological reconstructions, the Neurolucida
system (MicroBrightfield) was used in conjunction with an Olym-
pus BX51 microscope using 4X (0.1 numerical aperture (NA)),
10X (0.4 NA) and 60X (1.4 NA, oil) objectives. Digital images
were taken using an Optronics Microfire camera attached to a
dedicated PC. Morphological measurements were made using the
NeuroExplorer software package (MicroBrightfield, Burlington,
VT, USA). For Sholl analyses, 10 um concentric circles were used
beginning from the calculated center of mass of each recon-
structed cell.

RESULTS

General morphology of supragranular and
infragranular callosal (IC) neurons

We first set out to describe some general morphological
features of callosal neurons in the mouse somatosensory
cortex. As previously described in the rat (Wise and Jones,
1976, 1978) and more recently in mouse (Mitchell and
Macklis, 2005), callosal neurons were found largely in
homotopic regions opposite of the tracer injection site.
Large tracer injections resulted in dozens to hundreds of
labeled neurons per 50 um section, while small injections
revealed 5 to 10 neurons per section. Regardless of the
number of retrograde-labeled neurons observed, callosal
neurons were always distributed in two horizontal bands
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Fig. 1. Retrograde tracing of callosal neurons with BDA. (A) Low-power photomicrograph of labeled callosal neurons in somatosensory cortex. Note
two horizontal bands labeled cells in supragranular and infragranular layers and absence of cells in layer IV Barrels (asterisks). (B, C) Photomicro-
graphs of representative SC neurons with characteristic pyramidal morphologies. (D, E) Photomicrographs of representative IC neurons. Top panels
show location of cells within the depth of cortex (arrows); bottom panels illustrate the short apical dendritic lengths. (F, G) Quantification of somatic
profiles and apical dendritic lengths. Scale bar=250 um (A, upper panels of D, E); 50 um (B, C, lower panels of D, E).

composed of supragranular and infragranular layers and
labeled neurons always demonstrated pyramidal morphol-
ogies. We did not observe any labeled neurons in layer |
and few, if any, weakly-stained neurons were observed in
layer IV (lvy et al., 1984). Representative photomicro-
graphs of retrograde-labeled callosal neurons in somato-
sensory cortex are found in Fig. 1A, where the absence of
labeled neurons in layer |V is clear, corresponding to areas
of dense thalamocortical innervation (layer IV barrels;
O’Leary et al., 1981; Mitchell and Macklis, 2005). Detailed
morphological examination of callosal neurons was possi-
ble with BDA, which filled some secondary and few tertiary
dendritic branches. As is shown in Fig. 1B—C, callosal
neurons found in supragranular layers had very homoge-
neous morphologies with apical dendrites which branched
at the layer I/Il border and with dendritic tufts that extended
to the pial surface. Layer V callosal neurons also demon-
strated pyramidal morphologies; however, the apical den-
drites of these cells could not be followed superficial to
layer IV (Fig. 1D-E).

We quantified somatic and apical dendritic profiles of
callosal neurons found in supragranular vs. infragranular
layers using computer-assisted camera-lucida. For these
analyses, the perimeter of labeled somata was traced and
the length of the apical dendrite was measured from the
base to the branch point at the site of the terminal dendritic

tufts. Fig. 1F contains a representative cumulative histo-
gram of the calculated somata area (um?) of labeled su-
pragranular callosal (SC; n=165) and IC (n=52) cells. SC
neurons had somata areas measuring 105.94+23.27 um?,
while IC neurons that somata measuring 108.87 +22.15 um?;
these data were not significantly different. As shown in Fig.
1G, the perimeter of labeled somata also revealed no differ-
ence between SC cells (42.01+20.67 wm) and IC cells
(42.2619.66 um). Finally, the length of apical dendrites of
SC and IC cells was measured and revealed no significant
difference (SC: 103.08+13.29 um; IC: 105.89+14.06 wm).
These data are consistent with the observation that IC cells
had apical dendritic profiles which did not reach supragranu-
lar layers similar to that described previously in rat (Hubener
and Bolz, 1988; Koester and O’Leary, 1992).

Physiological properties of callosal neurons in
supra- and infragranular layers

We used fluorescent microspheres in order to label SC and
IC neurons for targeted whole-cell recordings in vitro.
Whole-cell patch-clamp recordings were obtained from 25
SC cells and 28 IC cells and a number of intrinsic mem-
brane properties of these cells were examined. Fig. 2
contains IR-DIC (A) and epifluorescent (B) photomicro-
graphs of a representative slice with retrogradely-labeled
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Fig. 2. Retrograde tracing of identified callosal neurons for whole-cell recording. (A) IR-DIC photomicrograph of labeled slice maintained in vitro.
(B) Epifluorescent micrograph of same slice as in A, demonstrating labeled callosal neurons. Note lack of labeling in layer IV. (C) IR-DIC (top) and
epifluorescent micrograph of a labeled supragranular neuron. Note unlabeled neuron (asterisk) and apical dendrite of labeled neuron (arrow).
(D-1) Measures of passive and active properties of callosal neurons. The boundary of the box closest to zero indicates the 25th percentile while the
boundary of the box farthest from zero indicates the 75th percentile. Solid line within the box marks the median while a dashed line marks the mean.
Error bars above and below the box indicate the 90th and 10th percentiles. Scale bar=500 um (A, B); 20 um (C).

callosal neurons. Photomicrographs of a labeled SC neu-
ron are shown in Fig. 2B-C.

The resting membrane potential of neurons was de-
termined soon after whole-cell configuration was
achieved. As shown in Fig. 2D, SC neurons exhibited a
slightly more depolarized average resting membrane
potential of —75.33+0.57 mV, while IC neurons exhib-
ited a resting membrane potential of —73.44+0.72 mV.
A one-way ANOVA revealed a significant difference
between SC and IC resting membrane potentials
(P<0.05).

The input resistance of recorded neurons was cal-
culated by the slope of a line fitted to the current vs.
voltage relationship for hyperpolarizing currents steps of
—25 to —200 pA (25 pA increments). Calculations were
derived from peak voltage responses as well as the
voltage measured 25 ms before the offset of the current
step. This was intended to reveal any time-dependent
inward rectification (sag responses). As shown in Fig.
2E, the average input resistance calculated from peak
responses for SC neurons was 423.82+102.79 MQ,
whereas the average input resistance for IC neurons
was 431.50+84.62 M(Q). A one-way ANOVA revealed no
significant difference between the input resistance mea-
sured in SC and IC cells. Input resistance calculated
from late voltage responses (25 ms before the offset of

the current step) was 367.07=71.99 MQ for SC neurons
and 377.94+91.66 MQ for IC neurons. A one-way
ANOVA revealed no significant difference. We next cal-
culated the input resistance change observed as the
difference between the resistance measured during the
peak responses and that measured during late re-
sponses. This analysis revealed a decrease of
45.88+11.13 MQ for SC neurons and 64.42+12.63 MQ
for IC neurons indicating moderate time dependent in-
ward rectification from both cell types (Fig. 2F). A one-
way ANOVA revealed no significant difference.

A number of suprathreshold response properties
were investigated in SC and IC cells in response to
depolarizing current steps including action potential
threshold, half-width, and rise time. As shown in Fig. 2G,
SC cells displayed an average action potential threshold of
—40.93+0.51 mV while IC cells displayed an average
threshold of —41.25+0.38 mV. These data were not sig-
nificantly different. Average action potential width at half
amplitude of SC cells (recordings done at ~22 °C) was
2.45+0.1 ms compared with 2.21=0.07 ms which was
observed for IC cells. A one-way ANOVA revealed a sig-
nificant difference between action potential width mea-
sured in SC and IC cells (P<0.05; Fig. 2H). As shown in
Fig. 2I, action potential rise time was also measured and in
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Fig. 3. Response properties of callosal neurons to electrical stimulation. (A) Repetitive spiking of supragranular and IC neurons to intracellular current
injection (in pA: top-100; middle-175; bottom-250). (B) Measures of increased spiking and increases in firing frequency (C) of callosal neurons. (D)
Spike frequency adaptation for current injection measuring 200 pA. Scale bar=250 ms in A, 20 mV.

SC (0.49x0.01 ms) and IC cells (0.49+0.02 ms). These
data were not significantly different.

The number of action potentials elicited by suprath-
reshold current steps was measured in SC and IC cells. As
shown in Fig. 3A-B, both SC and IC cells exhibited in-
creases in the number of spikes elicited by increasing
current injection. Repeated measures ANOVA indicated
that both cell-types displayed significant increases in ac-
tion potential number with increasing current steps (SC
cells: P<0.001; IC cells: P<0.001). Interestingly, as
shown in Fig. 3B, SC neurons displayed asymptotic
levels of firing to current steps >250 pA while IC cells
continued to display increases in spike number. Repeated-
measures ANOVA revealed a significant difference in the
number of spikes elicited to increasing current steps be-
tween SC and IC cells (i.e. a significant interaction be-
tween current injection vs. cell-type; P<0.001). We exam-
ined this difference further and performed independent
samples t-tests on responses to each current step. These
analyses revealed significantly greater firing displayed by
IC cells, compared with SC cells, for current injections
measuring (in pA) 275, 300, 400, 425, and 475 (all
P<0.05).

The maximum firing frequency recorded in SC and IC
cells was compared in response to increasing current
steps. For each cell, the maximum firing frequency was
always observed at the beginning of each response (i.e.
the first inter-spike interval (I1Sl) that was recorded). As
shown in Fig. 3C, similar increases in the maximum firing

rate were exhibited by both cell types. Maximum firing
changed significantly with increasing current intensity (re-
peated measures ANOVA; P<0.001) although no signifi-
cant interaction was observed (current intensity vs. cell-
type). These data indicate that both SC and IC cells show
similar changes in firing frequency in response to increas-
ing depolarization.

Both SC and IC cells exhibited strong action potential
frequency adaptation in response to suprathreshold cur-
rent injection. We quantified the rate of adaptation by SC
and IC cells in response to a 200 pA current step (a current
step which elicited the same numbers of action potentials
and firing rates in both cell-types). Firing rates were nor-
malized relative to that computed for the first ISI, which
always displayed the maximum firing frequency. Each sub-
sequent ISI was expressed as a ratio relative to the first
ISI. As is shown in Fig. 3D, both SC and IC cells displayed
strong firing rate adaptation. Repeated measures ANOVA
of firing rate adaptation measures between SC and IC cells
revealed no significant differences. This signature response
adaptation phenotype displayed by SC and IC cells is remi-
niscent of the regular-spiking type-2 (RS,) pyramidal cells
reported by Degenetais et al. (2002).

In summary, SC and IC neurons display similar intrin-
sic physiological properties and only subtle differences in
resting membrane potential and action potential duration.
Taken together the above results suggest that callosal
projection neurons are a homogeneous cell class despite
their differences in laminar position.
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Fig. 4. Spontaneous PSPs in SC and IC neurons. (A) Representative traces of PSPs in SC (top trace; membrane potential=78 mV) and IC neurons
(bottom trace; membrane potential=77 mV) neurons. Comparison of average PSP amplitude (B), frequency (C), rise time (D), and decay time (E) in

SC and IC neurons. Scale bar=600 ms in A, 5 mV.
Analysis of spontaneous PSPs in callosal neurons

Despite sharing similar morphological and intrinsic physi-
ological properties, SC and IC neurons may participate in
different local, intracortical circuits. Therefore, we recorded
spontaneous PSPs in both SC and IC neurons as a mea-
sure of activity from presynaptic inputs (Fig. 4A). Analyses
of PSPs were recorded at resting membrane potentials
in SC and IC neurons revealed higher frequency PSPs
in SC neurons (in Hz: SC=22.13%£1.17; IC=12.79+0.64;
P<0.001) but larger amplitude PSPs in IC neurons (in pA:
SC=2.86*0.08; 1C=3.99+0.08; P<0.001). These data
are shown in Fig. 4B—C and suggest that local inputs onto
SC neurons are more spontaneously active in vitro than
those onto IC neurons. Interestingly, PSP rise times were
not different between cell-types (in ms: SC=7.11+0.29;
IC=5.64+0.20) but decay times were longer in IC neurons
(in ms: SC=42.69*+1.41; 1C=50.58+0.77; P<0.02).
These data are shown in Fig. 4D-E.

Morphological reconstruction of physiologically-
identified, callosal neurons in supra- and
infragranular layers

Three-dimensional reconstructions of biocytin-filled neu-
rons were used in order to determine more detailed mor-

phological characteristics of physiologically-identified SC
(n=21) and IC (n=15) cells. Similar to our morphological
analyses on BDA-labeled neurons (Fig. 1), all recon-
structed neurons had pyramidal morphologies. Unlike ob-
served with BDA, biocytin labeled numerous fine-caliber
branches on distal dendrites and in some cases dendritic
spines were also evident. Fig. 5A illustrates representative
examples of reconstructed SC and IC neurons. We
observed significant differences in the somatic area and
perimeter measurements between SC and IC neurons
(independent samples t-test; both P<0.02). Recon-
structed IC neurons had slightly larger somatic perime-
ters (50.03=1.68 um) and areas (162.76+10.31 um)
compared with SC cells (perimeter: 45.07+1.13 um;
area: 127.97+8.08 um). These results differ from our
measurements from BDA-labeled somata but may re-
flect the smaller sample size of biocytin reconstructed
neurons.

Qualitatively, SC neurons appeared to have more nu-
merous and elaborate dendritic processes. For example,
there was a trend for SC neurons to have more dendritic
nodes (branches) on apical dendrites (5.57+0.712) as well
as greater total dendritic length of apical dendrites
(712.6+75.46 um) compared with IC cells (apical nodes:
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3.820.51; total apical length: 516.34+69.19). However,
quantitative analyses of numerous measures of dendritic
morphology of apical as well as basal dendrites did not
reveal any significant differences (independent samples
t-test; all P>0.05). We further examined the distribution
and morphology of SC and IC dendrites with Sholl analy-
sis, which reveals the spatial location of dendrites and their
branching patterns relative to the soma. As shown in Fig.
5B Sholl analyses revealed no differences between groups
for measures of dendritic intersections and dendritic
length. These data suggest that both SC and IC neurons
share largely similar morphologies despite residing in dif-
ferent lamina. Furthermore, our results are similar to pre-
vious analyses of IC neurons in rats (Le Be et al., 2007).

DISCUSSION

Complex cognitive function emerges from the diversity of
neocortical neurons and the dynamic properties of their
synaptic connections. Among a growing list of schemes
used to describe cortical neurons, classification according
to afferent projection target is useful and has been previ-
ously used to distinguish among neurons found in individ-
ual layers. For example, neurons within layer V can be
distinguished by their projection target which also corre-
lates with morphological differences as well as intrinsic
physiological properties (Kasper et al., 1994; Rumberger
et al.,, 1998) and responses to peripheral stimulation
(Swadlow, 1989, 1990). More recently, a number of mo-
lecular markers have been found which distinguish among
different layer V neurons (Hevner et al., 2003; Molnar and
Cheung, 2006; Nelson et al., 2006a,b; Sugino et al., 2006)
suggesting complementary genetic origins of morphologi-

cal, physiological, and connectivity differences between
neurons within the same lamina.

In the present experiment we compared neurons found
in different neocortical lamina that share similar interhemi-
spheric projection patterns. Callosal neurons were retro-
gradely labeled with BDA in order to describe their spatial/
areal position as well as some morphological features.
These analyses revealed that callosal neurons are prefer-
entially found in two discrete bands in supragranular (l1/111)
and infragranular layers (V/VI). Using BDA we observed
that all labeled neurons have characteristic pyramidal cell
morphologies indicative of putative glutamatergic neurons.
These data contrast recent reports of a small population of
retrogradely-labeled neurons which co-localize GABAergic
markers (1-5% of callosal neurons; Gonchar et al., 1995;
Fabri and Manzoni, 2004). Differences in the species
(mouse vs. rat/cat) and tracers (BDA vs. WGA, cholera
toxin B-subunit) used between theses studies may underlie
these different results.

Unlike layer V-corticofugal neurons (Kasper et al.,
1994; Rumberger et al., 1998; Le Be et al., 2007; Christo-
phe et al., 2005) that have thick tufted apical dendrites that
extend to the pial surface callosal neurons in layer V have
substantially shorter and thinner apical dendrites. Recent
Sholl analysis of these two-layer V neuron populations in
rats, revealed apical dendrites in callosal neurons which
were more than 200 um shorter than the thick tufted layer
V neurons (Le Be et al., 2007). Our analysis of IC neurons
in mouse also revealed apical dendrites which do not
extend past layer IV. Moreover, the apical dendritic length
of IC neurons was found to be no different from that
observed in SC neurons, all of which have apical dendrites
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that do reach the pial surface. Together with measures of
somata area and perimeter which were not different be-
tween BDA-labeled SC and IC neurons, these data point to
general morphological similarities among callosal neurons
found in different lamina. Our results in mice are consistent
with studies conducted in rats demonstrating short apical
dendrites on IC neurons revealed by retrograde tracing
with lipophilic dyes (Hubener and Bolz, 1988; Koester and
O’Leary, 1992) as well as following reconstruction of bio-
cytin-filled neurons (Kasper et al., 1994; Le Be et al.,,
2007).

We used whole-cell patch recordings in order to de-
scribe a number of intrinsic membrane properties of SC
and IC neurons. Surprisingly few differences were found in
the resting and active properties measured, indicating that
these cell-types likely share a similar complement of rest-
ing and active ion channels. Both SC and IC cells exhibited
a ‘regular-spiking’ phenotype with rapidly-adapting action
potentials. The ‘regular-spiking’ phenotype displayed by
SC and IC neurons likely has implications for the types of
synaptic inputs that can be encoded temporally by these
cells (Brumberg, 2002). These data are in contrast to the
high frequency firing regimens displayed GABAergic ‘fast-
spiking’ neurons (Connors et al., 1982; McCormick et al.,
1985; Descalzo et al., 2005) as well as layer V ‘burst-firing’
corticotectal neurons (Kasper et al., 1994; Rumberger
et al., 1998; Christophe et al., 2005; Le Be et al., 2007).
Rapid action potential adaptation by SC and IC neurons
also indicates limited ability to encode long duration inputs
unlike ‘fast-spiking’ neurons that can maintain high fre-
quency firing for prolonged periods (McCormick et al.,
1985; Descalzo et al., 2005).

Interestingly, despite similar intrinsic physiological
properties, we observed differences in the average fre-
quency and amplitude of PSPs recorded in SC and IC
neurons. While the exact presynaptic elements responsi-
ble for the PSPs we recorded are unknown, our data
suggest that those neurons contacting SC cells remain
more active in vitro resulting in the observation of more
frequent PSPs in SC neurons. One important clue as to the
presynaptic elements of intracortical circuits of IC neurons
was recently provided by Le Be at el. (2007). Using paired
recordings, these authors found only ~3% probability of
two IC neurons showing synaptic connectivity, suggesting
that IC neurons form circuits with diverse, non-callosal
projecting neurons.

It is not known where on the dendritic tree the synaptic
contacts responsible for the PSPs recorded in callosal
neurons are located. Our results revealing larger amplitude
PSPs in IC neurons may indicate that synapses are found
more proximal to the soma (the site where recordings were
made). Alternatively, a number of postsynaptic mecha-
nisms would result in higher amplitude PSPs in IC neurons
including greater numbers or different classes of postsyn-
aptic receptors. The observation that PSPs in IC neurons
had slower decay times than in SC neurons is perhaps
indicative of postsynaptic receptor differences (Mainen
et al., 1996; Spruston et al., 1999).

Following recording and biocytin dialysis, the morphol-
ogy of SC and IC neurons was reconstructed and more
dendritic characteristics were examined. These data re-
vealed greater morphological detail than observed with
BDA, which was due to filling of secondary, tertiary, and
higher-order dendritic branches with biocytin. Surprisingly,
quantitative measures of apical and basal dendritic
branching and length did not reveal any significant differ-
ences. Together with a lack of observed differences fol-
lowing Sholl analyses, these data point to morphological
similarities among SC and IC neurons.

The potential for incomplete biocytin dialysis during
whole-cell recordings and disruption of neuronal morphol-
ogy due to the slicing procedure are important caveats
when interpreting our morphological results from in vitro
slices. While these factors generally exaggerate differ-
ences between neuronal groups, these factors might also
have contributed to our inability to find larger morphometric
differences between SC and IC neurons. Nevertheless,
dramatic physiologic differences have been previously ob-
served in neurons with strikingly similar morphologies
(Golding et al., 2001). Conversely, dramatic morphological
differences are found in neurons with similar intrinsic mem-
brane properties (Staiger et al., 2004; Schubert et al.,
2006). Our results point to similarities of both physiology
and morphology of callosal neurons.

Unlike SC neurons, we did not observe any IC neurons
with apical dendrites which extended to the pial surface. In
light of the fact that similar results were observed with
biocytin dialysis or retrograde transport of BDA, short api-
cal dendrites may indeed be a characteristic feature of IC
neurons despite our limited sampling techniques. This is
consistent with the finding that IC neurons in rat (Hubener
and Bolz, 1988; Koester and O’Leary, 1992; Le Be et al.,
2007) as well as monkey (Soloway et al., 2002) neocortex
also exhibit short apical dendrites. However, recent biocy-
tin reconstruction of layer V callosal neurons in C57BL/6J
inbred mice revealed neurons with apical dendrites that
reached the pial surface with narrow dendritic tufts (Hattox
and Nelson, 2007). Why the morphology of callosal neu-
rons in C57BL/6J differs from outbred mice (used in the
present study), rats, and monkeys is not known.

Callosal neurons and cortical function

The precise role of the callosal activity in shaping cortical
function remains unknown. Found in both supragranular
and infragranular layers, callosal neurons are likely acti-
vated by both intracortical and subcortical inputs, suggest-
ing that ongoing callosal activity is a general feature corti-
cal processing (Wiest et al., 2005). Consistent with this
hypothesis, unilateral lesion of the rodent somatosensory
cortex results in a dramatic decrease in spontaneous ac-
tivity of contralateral pyramidal cells found throughout the
depth of cortex (Rema and Ebner, 2003). Evoked re-
sponses to peripheral stimulation (whisker deflections) are
also reduced above, below, and within layer IV after con-
tralateral lesion (Rema and Ebner, 2003; Li et al., 2005).
Thus, callosal neurons serve as a source of tonic excitation
with the ability to modulate thalamocortical inputs.
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Stimulation of callosal fibers results in excitation of
both pyramidal neurons as well as interneurons of the
contralateral hemisphere (Cisse et al., 2003; Karayannis
et al., 2007; Petreanu et al., 2007). Therefore, callosal
neurons also form part of an interhemispheric feed-forward
inhibitory circuit which may serve to limit the amplitude and
duration of callosal excitation. Nevertheless, the net result
of callosal activity is strong excitation of contralateral tar-
gets. Not surprisingly, repetitive electrical stimulation of
callosal fibers can result in epileptiform activity in vivo
(Cisse et al., 2004). Likewise, epileptiform activity is atten-
uated or eliminated following callosal transaction (re-
viewed in Reeves and O’Leary, 1985).

Callosal neurons in supragranular and infragranular
layers constitute a homogeneous neuronal population as
assessed by our physiological and morphological meth-
ods. However, SC and IC neurons might still participate in
different cortical networks as was revealed by analysis of
spontaneous PSPs of SC and IC neurons. For instance,
intracortical or subcortical afferents that preferentially tar-
get supragranular layers could exclusively activate SC
neurons and not IC neurons given our observation that IC
neurons have apical dendrites that do not extend past
layer IV. Candidate subcortical inputs preferentially target-
ing SC neurons include afferents from non-specific tha-
lamic nuclei which target layer | (Galazo et al., 2007).
Conversely, cortical afferents preferentially targeting infra-
granular layers could exclusively activate IC and not SC
neurons.
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