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SUMMARY AND CONCLUSIONS

1. An in vitro slice preparation of rat cin-
gulate cortex was used to analyze the re-
sponses of layer V neurons to electrical stim-
ulation of the corpus callosum (CC). In ad-
dition, synaptic termination of callosal
afferents with layer V neurons was evaluated
electron microscopically to provide a struc-
tural basis for interpreting some of the ob-
served response sequences.

2. Layer V neurons had a resting mem-
brane potential (RMP) of 60 + 0.68 (SE)
mV, an input resistance of 47 + 4.74 MQ, a
membrane time constant of 4.37 = 0.51 ms,
an electrotonic length constant of 1.38 + 0.25,
and produced spontaneous action potentials
that were 50 + 0.3 mV in amplitude. Intra-
cellular depolarizing current pulses evoked
spikes that were sometimes associated with
low-amplitude (2-5 mV) depolarizing (5-10
ms in duration) and hyperpolarizing (10-20
ms in duration) afterpotentials.

3. A single stimulus of increasing inten-
sities to the CC produced one of the following
response sequences: @) antidromic spike and
an excitatory postsynaptic potential (EPSP),
which initiated one or more spikes; b) anti-
dromic spike, EPSP-evoked action poten-
tials, and a hyperpolarization, which may
have represented an intrinsic cell property or
inhibitory synaptic activity; ¢) EPSP and
evoked spikes only; d) high-amplitude EPSP
with an all-or-none burst of action potentials.

4. Antidromically activated (AA) neurons
always produced EPSPs in response to CC
stimulation. When compared with nonanti-
dromically activated neurons, AA cells had
a more negative RMP, greater electrotonic
length constant (Ly), higher ratio of dendritic
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to somatic conductance (p), and formed
shorter duration, callosal-evoked EPSPs.

5. Neurons in anterior cingulate cortex
produced EPSPs of longer duration than did
those in posterior cortex (50 £ 3.57 versus 26
+ 1.56 ms, respectively). EPSPs in anterior
neurons also had a higher maximum ampli-
tude (20.5 £ 1.0 versus 11.5 £ 0.79 mV) and
longer time to peak (11.6 + 2.2 versus 8.2
+ 0.8 ms).

6. Electron microscopy of Golgi-impreg-
nated neurons following contralateral lesions
demonstrated that both pyramidal and non-
pyramidal neurons received direct callosal
afferents. Synaptic termination of callosal
axons with the apical dendritic trees of an-
terior pyramidal cells was 6 times greater
than it was with posterior pyramidal neu-
rons.

7. EPSP shape differences in anterior and
posterior neurons may be partially accounted
for by the density and distribution of callosal
afferents to these two cortices.

INTRODUCTION

The slice preparation has proved to be a
valuable tool for studying the membrane and
synaptic response properties of mammalian
neurons. This is particularly true of systems
in which the neurons and afferent and in-
trinsic connections are segregated into dis-
crete laminae such as in the hippocampus
(23, 24, 35) and cerebellum (16, 36). Studies
of neocortical areas in vitro (11, 26) have
been limited to electrical stimulation of un-
derlying white matter that contains a com-
plex array of afferent axons from the thala-
mus, corpus callosum, and ipsilateral cortex.
Responses produced by white matter stim-
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ulation will necessarily be poorly defined due
to the inability to restrict the stimulus to one
afferent. However, we have been able to keep
callosal axons and their termination sites in-
tact in coronal slices of medial cingulate cor-
tex in vitro for isolated stimulation of the
corpus callosum (31). Antidromic and syn-
aptic activity recorded in layer V neurons
demonstrated the integrity of this pathway
to its termination site.

Previous in vivo studies have described
responses of neocortical neurons to electrical
stimulation of contralateral cortex (3, 5, 14,
28). The responses differ greatly from those
evoked by thalamic stimuli in that callosal-
evoked responses have greater latency vari-
ability, EPSP amplitude variation, and an
inhibitory postsynaptic potential (IPSP) may
or may not be associated with the response.
Although little is known about the structural
basis for callosal-evoked responses, varia-
tions in EPSP time to peak in motor cortex
neurons may be due to differences in afferent
axon diameter and dendritic spine densities.
Thus, slow-conducting pyramidal tract neu-
rons have callosal-evoked EPSPs with slow
rise times and have numerous dendritic
spines, while fast-conducting pyramidal tract
cells have an EPSP rise time 10 times faster
than the slow-conducting cells and virtually
no dendritic spines (13, 19). The present in-
vestigation presents an analysis of callosal-
evoked responses in slices of cingulate cortex
and proposes that EPSP shape variation may
be accounted for by specific structural char-
acteristics of this cortex.

METHODS

Slice preparation and maintenance

Male, hooded (Long-Evans) rats weighing 50—
150 g were used for these experiments. Postwean
rats (>21 days old) were employed because their
brains were smaller and the callosal axons were
more likely to be intact to their termination sites
in 0.5-mm-thick slices. Neurons in animals of this
age were developmentally mature in terms of the
density of dendritic spines, number of primary
basal dendrites, and somal volume (18). The rats
were killed by decapitation and the brains were
removed and placed in a cooled container (10-
15°C). Lateral cortex was then removed with two
parasagittal razor-blade cuts and the brain stem
was removed with a rostrocaudal section through
the septum and hippocampus (Fig. 1). Bilateral,
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FIG. 1. Parasagittal section of the medial surface of
the rat brain and topographic distribution of areas 25,
32, 24, and 29. The brain stem was removed with a
rostrocaudal section through the septum (S) and hip-
pocampus (H), and then bilateral, coronal slices were
taken from anterior area 24 and posterior area 29 along
the full length of the corpus callosum (hatched). The
arrow at A indicates the level from which the slice in
Fig. 2 was taken.

0.5-mm-thick coronal slices were cut from along
the entire length of the corpus callosum (CC) and
placed into a preincubation chamber that con-
tained a low-calcium medium to reduce sponta-
neous synaptic activity. The preincubation me-
dium was heated to 36°C, saturated with oxygen
(95% 0,/5% CO,), and contained the following
(in mM): NaCl, 124; KCl, 5; KH,PO,, 1.24;
MgSQO,, 1.3; CaCl,, 0.8; NaHCO;, 26; glucose, 10.
Less than 7 min elapsed between decapitation and
preincubation of the slices.

After about 40 min, slices were submerged in
the recording chamber between a metal-mesh grid
and a C clamp. The bathing medium flowed at
a rate of 1-2 ml/min and contained a calcium
concentration of 2.4 mM. The temperature of the
medium was maintained at 36 + 1°C by passing
it through a Peltier device before it entered the
recording chamber.

Stimulating and recording techniques

A pair of stimulating electrodes were positioned
to straddle axons in the dorsal part of the CC (Fig.
2B). Stimulating electrodes were not placed di-
rectly in contralateral cingulate cortex, since that
would have reduced the probability of stimulating
axons that were intact to their termination sites.
No afferents other than those from contralateral
cortex are known to pass through this part of the
CC. One electrode was steel and had a flat, bared
tip that rested on top of the CC, while the second
electrode was a pointed tungsten microelectrode
that penetrated the CC. This electrode arrange-
ment provided for maximal stimulation of callosal
axons while producing minimal mechanical dam-
age to it. Square pulses (0.1-0.2 ms in duration)
were applied through these electrodes. Recording
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electrodes were made from Omega dot glass cap-
illary tubing, filled with 4 M potassium acetate,
and connected to an electrometer with negative
capacity feedback and an active bridge circuit,
which allowed simultaneous measurement of volt-
age during the passage of current across the mem-
brane. Electrode resistances measured 60-80 MQ
in the bathing medium. The bath ground was con-
nected to a silver-silver chloride wire. Cellular re-
sponses were displayed and photographed on an
oscilloscope and were also simultaneously re-
corded with a pen recorder.

Intracellular dye injections were made with
electrodes filled with 3% lucifer yellow provided
by W. Stewart. Following an injection, the slice
was fixed for 4-8 h in phosphate-buffered 10%
Formalin, sectioned into 100-um-thick sections,
mounted on chrome-alum-coated slides, and an-
alyzed with a Zeiss epifluorescence microscope.

Electron microscopic techniques

Adult hooded rats (250-350 g) were used for
analyzing the distribution of degenerating callosal
afferents. The animals were anesthetized with
Chloropent (0.32 ml/100 g body wt, Fort Dodge
Laboratories, Fort Dodge, IA) and placed in a ste-
reotaxic instrument. A longitudinal opening was
made in the skull parallel to and 0.75-1.0 mm
lateral to the midsagittal suture and extending
from 2 mm anterior to bregma to 1 mm posterior
to lambda. Then a scalpel blade, held parallel to
the midline, was inserted 3-4 mm deep into the
brain and drawn along the length of the cranial
incision. Following a 3- to 4-day postoperative
survival period, the animals were again anesthe-
tized. During artificial respiration with 95% O,/
5% CO,, the thorax was opened, 0.5 ml 1% sodium
nitrite injected into the heart, and then 100 ml of
fixative perfused through the heart. This first fix-
ative contained 1% paraformaldehyde, 1.25% glu-
taraldehyde, and 0.015% calcium chloride in a
0.08 M cacodylate buffer at pH 7.2 and 30-40°C.
This was followed by a similar volume of a second
fixative, which contained 2% paraformaldehyde
and 2% glutaraldehyde in a 0.08 M cacodylate
buffer. The heads of these perfused animals were
left in the refrigerator overnight and then the
brains were removed and the contralateral cin-
gulate gyri removed.

One of two rapid Golgi procedures were used
to impregnate neurons; these procedures have
been detailed in an earlier light microscopic anal-
ysis of neurons in cingulate cortex (32). Golgi-im-
pregnated blocks were dehydrated in a graded se-
ries of glycerol in distilled water, superficially
embedded in 7% agar, and cut into 100-pm-thick
sections with a Sorvall tissue chopper. These sec-
tions were then surveyed light microscopically,
and those containing impregnated neurons were
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rehydrated and gold toned with a 0.05% solution
of gold chloride. The gold chloride was then re-
duced with oxalic acid and the original silver chro-
mate precipitate removed with 1% sodium thio-
sulfate. The sections were then prepared for elec-
tron microscopy by poststaining with 2% osmic
acid in 0.1 M cacodylate buffer at pH 7.2, dehy-
drated in a graded series of ethyl alcohol, en block
stained with 1% uranyl acetate in 70% alcohol,
and embedded in Epon-Araldite. Further details
of this procedure have been reported elsewhere
(7). The plastic-embedded, gold-toned neurons
were drawn with a drawing tube attached to a
Zeiss light microscope at a magnification of
1,250X. Thick (1 um) sections were then cut and
the relationship among blood vessels and impreg-
nated neuronal processes drawn at a magnifica-
tion of 250X. Finally, serial thin sections were cut,
stained with lead citrate and uranyl acetate, and
examined with an AEI-6 electron microscope.

It should be noted that strict quantification of
this material is not possible (e.g., number of syn-
aptic contacts formed by degenerating terminals
with a unit length of dendrite). This is because all
terminals do not degenerate at the same rate; early
stages of terminal degeneration (e.g., vesicle
clumping) are not convincingly degenerated and
go uncounted, while at late stages of degeneration
the spine head and its associated degenerating ter-
minal may be pinched from the dendrite. Also,
impregnation of spines and dendrites are often
incomplete or the gold toning may have failed to
precipitate on all previously silver-impregnated
spines. In spite of these limitations, one can still
make a rough estimate of whether apical dendrites
form more synaptic contacts with callosal axons
in anterior or posterior cingulate cortex by choos-
ing similarly impregnated neurons from the same
brain for comparison. Thus, lesion placement,
postoperative survival time, and fixation are all
constant, and the resulting observations represent
the minimal number of actual contacts formed
with each pair of neurons.

RESULTS

Cingulate cortex in vitro

The structure of posterior cingulate cortex
is so well preserved in 0.5-mm-thick coronal
slices (Fig. 24) that fiber and cell dense layers
can be visualized in the recording chamber
with transillumination. The corpus callosum
(CQC) passing between the hemispheres can
be seen as well as the white matter (i.e., cin-
gulum) underlying cingulate cortex. Dense
axonal plexuses occupy layers I and IV of
area 29 of posterior cingulate cortex, while
the light zone between these layers is packed
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FIG. 2. Transillumination of posterior cingulate cor-
tex (4) in which the corpus callosum (CC), cingulum
bundle (CB), and layers I, 1V, and V can be observed.
B: bipolar stimulating electrodes (S) were placed in the
CC in a contralateral position and the recording elec-
trode (R) positioned in layer V.

with the somata of small and fusiform py-
ramidal neurons (32). Layer V is recogniz-
able below layer IV, although the deeper bor-
der with layer VI is not very distinct. Finally,
layers V and VI of area 29 receive most of
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the axonal terminals from contralateral cor-
tex that originate from axons that pass
through the CC (33).

The intracortical structure of area 24 in
anterior cingulate cortex in vitro is less dis-
tinct than that of area 29, since the dense
fiber plexuses are not present in the super-
ficial layers of area 24. Location of the top
of layer V, therefore, was made by measuring
one-half the distance between the pia and
white matter. Termination of callosal affer-
ents in area 24 are distributed over a greater
area than in area 29 such that most of the
axonal terminals originating from contralat-
eral area 24 are in layers I-I1I, with moderate
numbers also present in layers V and VI (33).
Membrane properties of layer V neurons

Intracellular recordings were made in 61
neurons from layer V, of which 46 responded
to electrical stimulation of the CC and 15
were not responsive to CC stimulation.
Twenty-eight of the responsive cells were
judged to be injured according to criteria
previously established for hippocampal neu-
rons (24) and reflected any combination of
the following properties: low and/or unstable
resting membrane potential (RMP), failure
to discharge when depolarized with intracel-
lular current, presence of synaptic-evoked
action potentials without an underlying EPSP,
and low-amplitude, broad action potentials.
The typically “injured” cell had an RMP of
less than 40 mV, would discharge only once
to all depolarizing currents above threshold,
and produced action potentials of less than
30 mV in amplitude,

Table | presents data collected from neu-
rons that were both uninjured and responsive
to CC stimulation (n = 18). The estimated
RMP of these cells was 60 + 0.68 (SE) mV
with only one cell having an RMP below 50

TABLE 1. Properties of laver V neurons
EPSP
RMP, 70 Duration. Amplitude,
mV ms To/7) Ly ms mV
Total 60 +0.68 437+051 875+1.32 138025 344129 147+ 052
Anterior neurons 64 +2.4 429 + 06 884 £1.57 124019 50+357 205+ L0
Posterior neurons 59 + 0.91 448 + 097 863 +2.52  1.55+0.53 26 + 1.56 11.5 £0.79

Values are means + SE. EPSP duration and amplitude measured during maximal CC stimulation.
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mV. Penetration discharge and spontaneous
action potentials were 51 = 0.3 mV in am-
plitude and were composed primarily of uni-
tary spikes. Spontaneous discharges occa-
sionally included doublets, but no sponta-
neous bursting was observed.

The input resistance (Ry) was determined
from the slope of a current-voltage plot (Fig.
3A4). The current-voltage plot was reasonably
linear in the range tested and Ry for layer V
neurons was 47 + 4.74 MQ.

The membrane time constant (7,) was es-
timated from voltage transients produced by
0.2-nA hyperpolarizing pulses (n = 9). Log
(dV/dt) was determined from a series of tan-
gent lines and plotted against time (Fig. 3B)
and 7, was determined from the slope of a
line fitted to the terminal exponential phase
of this plot. An early, equalizing time con-
stant (r,) was estimated by peeling the initial
log (dV/dt) points (usually at £ < 1 ms) from
the line that was fitted to determine 7, (4, 12,
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17, 21). The 7, for all layer V neurons was
4.37 £ 0.51 ms and 7, was 0.52 + 0.05 ms;
both were not significantly different for neu-
rons located in either anterior or posterior
cingulate cortex.

The time constant ratio (7o/7;) was used
in two different equations to evaluate the
electrotonic length (Ly) for these neurons. If
the geometry of the neuron is reduced to an
equivalent cylinder, Ly can be calculated
from m(ro/7, — 1)7%(21). An Ly value of 1.38
+ 0.25 was obtained for layer V neurons in
cingulate cortex. A second method for esti-
mating Ly incorporates the ratio of dendritic
to somatic conductance (p). According to this
procedure (10, 12) the point at which log
(/T-dV/dt) was maximum, when plotted
against 7, was first determined, where T
= t/1o (Fig. 4B). T, was then used to de-
termine p from a theoretical plot of p versus
T'max (10), producing a range of values of 0.8-
8.0. Electrotonic length was then calculated
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FIG. 3.

Input resistance (Ry) and membrane time constant (7o) derived from voltage transients. A4:
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voltage

transients (middle trace) were produced by intracellular current pulses (top trace). The slope of the current-voltage
plot for this cell indicated an Ry of 56 MQ. B: a 0.2-nA hyperpolarizing pulse was used to determine the slope
of the voltage (d¥/dr) transient (inset, drawing of an actual response) and plotted semilogarithmically against time
(ms). The slope of the line fitted to the terminal phase of this plot implied that 7, = 4.0 ms and a peeled early phase
of 7, = 0.55 ms. Both 4 and B were from the same neuron.
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FIG. 4. Membrane time constant (3.4 ms) and equalizing time constant (0.8 ms) for a neuron that produced an
antidromic action potential following CC stimulation (4). B: plot of \/ T-dV/dt against T, where T = t/79. Tax
was 0.03 for the antidromically activated cell (dashed line) and it was 0.36 (solid line) for the cell in Fig. 3.

from this equation

pl(p + 1) )"’
Ly~ al——
N "((ro/r.)—l

Although T often reached its maximum too
early to be determined, a value of 1.19 +0.22
was obtained for Ly when T, was deter-
minable.

Responses to electrical stimulation of
corpus callosum

Responses to electrical stimulation of the
CC included combinations of the following:
antidromic action potentials, EPSPs, and as-
sociated synaptic-evoked spikes and low-am-
plitude hyperpolarizations. Antidromic ac-
tion potentials were characterized by the ab-
sence of underlying EPSPs and were expected,
since pyramidal neurons in layer V of cin-
gulate cortex project axons across the corpus
callosum (33). Antidromic spikes were 55
+ 1.4 mV in amplitude and had a duration
of 0.44-1.1 ms when measured at half-max-
imum amplitude (Fig. 54, C, D). Antidromic
action-potential latencies ranged between 2
and 6 ms following CC stimulation, with a

mean latency for six cells of 3.5 ms. Since
the distance from stimulating electrodes to
the recording site in layer V was approxi-
mately 1.6-2.0 mm, conduction velocities
for antidromic spikes ranged between 0.33
to 0.8 m/s with a mean of 0.52 m/s.

EPSPs directly followed CC stimulation in
neurons that did not produce antidromic
spikes. With increasing stimulus intensities,
these EPSPs summated and either evoked
action potentials that each had distinguish-
able thresholds (Figs. 5B and 6A4) or pro-
duced an all-or-none burst (Fig. 5E). In some
instances depolarizing afterpotentials (DAPs)
followed antidromic (Fig. 54, C, and D) and
synaptic-evoked (Figs. 54, 5B, 64, and 6C)
spikes as in hippocampal neurons (34). The
contribution of DAPs to spike initiation was
probably limited, however, since they were
only 2-4 mV in amplitude and 5-10 ms in
duration when produced by spikes that were
initiated with intracellular depolarizing cur-
rent (Fig. 6B) or when they followed spon-
taneous action potentials. Stimulation of the
CC when the membrane was depolarized to
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FIG. 5. Response sequences of layer V neurons to increasing intensities of electrical stimulation to the CC. 4:
antidromically activated spike and EPSP with evoked spikes that were partially inactivated at higher stimulation
intensities, 3 and 4, anterior cingulate cortex. B: EPSP and evoked spikes, anterior cingulate cortex. C: antidromic
spike, EPSP, and a hyperpolarization, which was suppressed with increased CC stimulation in posterior cortex, and
D: in which the hyperpolarization was enhanced with increased CC stimulation. £: high-amplitude EPSP with
an associated burst of action potentials. Arrowheads, stimulus artifact.

a potential similar to that which evoked a
spike and DAP (Fig. 6C, —40 mV) resulted
in a 14-mV afterpotential, of which approx-
imately 11 mV was probably produced by
excitatory synaptic activity.

All EPSPs decreased in amplitude when
the membrane was depolarized and in-
creased in amplitude when it was hyperpo-
larized (Fig. 6C). Plots of EPSP amplitude
versus membrane potential (Fig. 6D) were
linear in the tested ranges and the x intercept
indicated a range of EPSP reversal potentials

of 0 to —20 mV. EPSPs were also sensitive
to high concentrations of magnesium in the
bathing medium (>3 mM). Thus, a 5-min
exposure of these cells to elevated magne-
sium reduced EPSP amplitude by 50% and
the duration by 60%.

Variations in EPSP shape and the point
of spike initiation resulted in three varieties
of EPSPs (Fig. 7). First, low-amplitude (6-8
mV) monophasic EPSPs, which initiated ac-
tion potentials directly at the peak of the
EPSP and were followed by a hyperpolariza-
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FIG. 6. EPSP amplitude variation at different membrane potentials. 4: responses to increasing intensities of CC
stimulation. B: membrane depolarization to —35 mV evoked action potentials, DAPs, and AHPs in this neuron.
C: stimulation of the CC with the membrane hyperpolarized (—77 mV) depolarized (—40 mV) and at RMP (all
CC stimulation intensities same amplitude). D: plot of maximum EPSP amplitude versus membrane potential
indicated a reversal potential of 0 mV. Where action potentials distorted the response, a smooth curve was drawn
through the trace to obtain an approximation of peak EPSP amplitude. Arrowheads, stimulus artifact.

tion. In some instances DAPs may have en-
hanced EPSPs and contributed to spike ini-
tiation. Second, higher amplitude (15-20
mV) EPSPs were seen, which had a rising
phase of two different rates forming biphasic
EPSPs, with spike initiation during the first
phase. Although hyperpolarizing responses
were not observed to follow these EPSPs, the
faster decay during increased stimulation
strengths may indicate the presence of an in-
hibitory effect. Third, low-amplitude (5-10
mV) and long-duration (50-90 ms) EPSPs
were seen and, although they may have in-

corporated the unitary and/or biphasic forms,
their long duration probably indicated dif-
ferent underlying transmitter action or affer-
ent and intracortical circuitry.

Although hyperpolarizations that might be
associated with inhibitory responses were not
observed in neurons in layer V of anterior
cingulate cortex following stimulation of the
CC, 45% of the neurons in posterior cortex
produced hyperpolarizing afterpotentials.
Figure 5C indicates that weak CC stimula-
tion evoked an antidromic spike, an EPSP
that could initiate one action potential, and
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a 20 ms duration, low-amplitude (4 mV) hy-
perpolarization. Stronger stimulation of the
CC produced two synaptic-evoked spikes and
the hyperpolarization was suppressed by the
enhanced EPSP. Infrequently only one syn-
aptic-evoked spike was produced and the
hyperpolarization increased in amplitude
with increased CC stimulation strengths (Fig.
5D), It was possible that these hyperpolar-
izations were the result of intrinsic mem-
brane activity (34), since low-amplitude (2
mV) afterhyperpolarizations (AHPs) occa-
sionally followed action potentials initiated
by membrane depolarization (Fig. 6 B) or fol-
lowed spontaneous action potentials. It was

A

/

FIG. 7. Three EPSP shapes at low intensity (solid
lines) and higher intensity (dotted lines) CC stimulation.
A: low-amplitude, monophasic EPSP. B: higher am-
plitude, biphasic EPSP. Time to peak measurements
were made from the point of EPSP inflection from RMP
to peak EPSP amplitude (between arrows), while the
half-width was the time for which the half-maximum
EPSP was maintained (dashed line). C: low-amplitude,
long-duration EPSP.
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FIG. 8. Part of the dendritic tree of a lucifer yellow-
injected multipolar cell. The soma was sectioned at the
arrow. X800.

also possible that some fraction of the hy-
perpolarization seen following callosal stim-
ulation resulted from inhibitory synaptic ac-
tivity, but further tests will be required to
determine the exact contribution of this syn-
aptic input.

Since layer V neurons that projected axons
across the CC were mainly pyramids (33), it
was of interest to compare the properties and
responses of these antidromically activated
(AA) with nonantidromically activated
(NAA) neurons. NAA neurons may have
been pyramids with axons that either did not
pass through the CC or did so and the axon
was not included in the slice. NAA neurons
probably also included large multipolar neu-
rons (32), since these cells were identified by
injection with lucifer yellow (Fig. 8) and were
observed to respond to CC stimulation.
Some of these cells had axons that projected
collaterals throughout layer III, which is
characteristic of large multipolar neurons,
AA neurons had more negative RMP than
did NAA cells (—68 versus —55 mV, respec-
tively) and higher Ly values (2.11 % 0.57 ver-
sus 1.00 £ 0.04, respectively). p was also
higher for AA than for NAA neurons (4.9
versus 0.85), indicating a larger dendritic-to-
somatic conductance for pyramidal cells. AA
neurons also had EPSPs that were of shorter
duration (24 versus 40 ms) and lower am-
plitude (12 versus 17 mV). The lower am-
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plitude EPSPs were partially accounted for
by the fact that many neurons that had an-
tidromic spikes also produced AHPs in re-
sponse to CC stimulation, while only one
NAA neuron had an AHP. Finally, the
shorter duration EPSP of AA cells evoked
only half the number of spikes as did the
EPSPs of NAA cells (1.57 = 0.48 versus 3.0
+ 0.45 spikes, respectively).

It can be seen in Table 1 that EPSPs
evoked in anterior cortical cells were twice
as long in duration as were those in posterior
cells: 50 + 3.57 versus 26 =+ 1.56 ms, respec-
tively. The amplitude of EPSPs in anterior
cells were also almost twice as high as in pos-
terior cells: 20 =+ 1.0 versus 11.5 + 0.79 mV,
respectively. Since these means included a
number of different types of EPSPs, a com-
parison of subthreshold, biphasic EPSPs was
made using Rall’s (20) EPSP time to peak
and half-width measurements. Figure 7B in-
dicates how these measurements were made:
time to peak began at the point of EPSP de-
flection from RMP and continued to peak
EPSP amplitude, while half-width was the
duration of the EPSP at its half-maximum
amplitude. Two anteriorally located neurons
had a mean biphasic EPSP amplitude of 30.2
mV, time to peak of 9.5 ms, and a half-width
of 19 ms, while two posterior neurons had
a mean biphasic EPSP amplitude of 24.5
mV, time to peak of 6.2 ms, and a half-width
of 16 ms. Thus, this subpopulation of EPSPs
in anterior neurons were higher in amplitude,
longer in duration, and reached peak ampli-
tude more slowly than did those in posterior
cortex. Comparison of time to peak for all
EPSPs also showed that EPSPs of anterior
neurons reached peak amplitude more slowly
(11.6 £ 2.2 ms) than did those in posterior
cells (8.2 = 0.8 ms). It might have been ex-
pected that longer duration EPSPs in anterior
neurons would result in a greater number of
synaptic-evoked action potentials in anterior
than in posterior cells. However, the maxi-
mum number of synaptic-evoked spikes (to-
tal number minus antidromically activated
spikes) was only slightly greater in anterior
than in posterior neurons (2.7 versus 2.3, re-
spectively).

The higher amplitude and longer duration
EPSPs of neurons in anterior cingulate cortex
could have been accounted for in many ways:
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more negative RMP of anterior neurons,
presence of hyperpolarizations in posterior
cells, greater recurrent excitation in anterior
cortex by antidromic activation, greater vari-
ation in conduction velocities for axons of
anterior cells, greater multisynaptic excita-
tion in anterior cortex, different transmitter
and/or postsynaptic receptor properties, and/
or greater numbers of callosal synapses
formed with anterior neurons. Since the cal-
losal and intracortical transmitters of these
neurons are not known, these two options
could not be assessed, while the others were
partially addressed. First, although anterior
neurons had slightly higher RMP than pos-
terior cells (—64 + 2.4 versus —59 = 0.91
mV, respectively), it was unlikely that this
difference accounted for EPSP amplitude
differences, since there was an extremely low
correlation between RMP and maximum
EPSP amplitude (correlation coefficient,
r=0.12). Second, hyperpolarizing afterpo-
tentials did reduce the maximum amplitude
of EPSPs in posterior neurons but, if neurons
that were hyperpolarized at any CC stimu-
lation strength were removed from the sam-
ple, EPSPs in anterior neurons were still al-
most twice the amplitude of the remaining
posterior cells. Thus, anterior cells had a
maximum EPSP amplitude of 21 mV, while
posterior neurons that did not produce an
observable hyperpolarization had EPSPs of
13 mV in amplitude. Neurons in posterior
cortex that responded to CC stimulation with
a long-latency hyperpolarization had a max-
imum EPSP amplitude of only 9.4 mV.
Third, recurrent excitation by antidromic
activation was probably minimal in both cor-
tices, since low-amplitude CC stimulation
could be applied, which evoked only anti-
dromic activity and failed to produce longer
latency excitatory responses. It could not be
determined whether high levels of CC stim-
ulation resulted in antidromic excitatory re-
sponses. Fourth, it was unlikely that varia-
tion in callosal axon diameter could account
for the 25 ms longer EPSP duration observed
in anterior cells, since the latencies for all
antidromic spikes only varied from 2 to 6
ms. Fifth, since there were significantly more
synapses formed by callosal axons with an-
terior than with posterior pyramidal neurons,
as described in the next section, this partic-
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FIG. 9. A pair of layer V pyramidal neurons from anterior (area 24) and posterior (area 29) cingulate cortex.
Insets are low-magnification drawings of the Golgi-impregnated neurons and their position in cingulate cortex
(dashed lines are located at the top of layers II, V, and VI). Arrows at the high-magnification drawings point to
places where degenerating callosal axon terminals formed asymmetric synapses with these neurons. The asterisk
is a point where one terminal formed two synapses, while A, B, and C are places where synapses are presented in
Fig. 10.

ular feature of anterior cingulate cortex may Synaptic termination of callosal axons

have accounted for the higher amplitude The number of degenerated axon termi-
EPSPs. nals in anterior cingulate cortex following a
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FIG. 10. Examples of synapses formed by degenerating callosal axon terminals. A-C were located at the levels
indicated in Fig. 9. A: axospinous. B: axodendritic. C: axospinous. D: synapse formed with an unimpregnated
nonpyramidal cell body. dt, degenerating axon terminal; s, spine head; D, dendrite; S, soma. X25,000.
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callosal lesion has been demonstrated to be
approximately 5-6 times greater than in pos-
terior cingulate cortex, and the terminals
were found distributed throughout all layers
in anterior cortex but were present mainly
in layers V and VI of posterior cortex (33).
The present analysis was undertaken to de-
termine whether layer V pyramidal neurons
received monosynaptic callosal afferents and
whether the number and spacial distribution
of synapses formed by callosal afferents with
these pyramids reflected the overall number
and laminar distribution just cited.

A survey of degenerating axon terminals
indicated that most synapses formed by cal-
losal afferents were asymmetric and with
spines, while fewer were formed with smooth
dendritic processes. Pyramidal neurons
formed many synapses with degenerating cal-
losal axon terminals. Comparison of callosal
afferent termination with anterior and pos-
terior neurons was made by evaluating layer
V pyramidal neurons that had approximately
the same-diameter somata and apical den-
drites as well as a similar density of spines
on the apical dendrites. Since posterior cor-
tex was thinner than anterior cortex (0.6 ver-
sus 1.2 mm, respectively, between pia and
white matter for plastic-embedded material),
the length of the apical dendrites were con-
sistently greater in anterior cortex.

Figure 9 presents drawings of two of the
Golgi-impregnated pyramidal neurons, which
were subsequently evaluated ultrastructur-
ally. The pyramid in anterior cortex had a
longer apical dendrite and passed through
layers that contained a higher density of cal-
losal terminals than did the pyramidal neu-
ron from posterior cortex. Thirty-two syn-
aptic contacts were formed by callosal ter-
minals with the apical and basal dendrites of
the anterior neuron (at arrows in Fig. 9),
while only five synapses were formed with
the apical and basal dendrites of the posterior
neuron. Of the synapses formed with pyra-
midal cells, 95% were axospinous and 5%
were axodendritic. Examples of these axospi-
nous and axodendritic synapses are pre-
sented in Fig. 10. It may be possible to ex-
trapolate the actual number of callosal syn-
apses formed by these neurons according to
a procedure presented in the DISCUSSION.

Although most degenerating terminals
formed synapses with spines and smooth
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dendrites, an occasional asymmetric synapse
was formed with a neuronal soma (Fig. 10D).
Since the somata of pyramidal neurons did
not form asymmetric synapses, it was con-
cluded that these callosal synapses were
formed with nonpyramidal neurons. The dis-
tribution of callosal terminals that form syn-
apses with the dendrites of Golgi-impreg-
nated nonpyramidal neurons has not been
evaluated.

DISCUSSION

Afferent axons from contralateral cortex
and their termination sites were preserved in
bilateral, coronal slices of cingulate cortex.
Layer V neurons responded to electrical
stimulation of the corpus callosum much as
cells of other cortices in vivo. Thus, anti-
dromic spike conduction velocities ranged
between 0.3 and 0.8 m/s, which was within
the range reported for visual callosal axons
in rabbit (0.3-12.9 m/s, Ref. 27). The pri-
mary response of neurons in cat motor and
sensory cortices was excitatory (14, 28), with
EPSP rise times of 1.3 and 14 ms for pyra-
midal tract neurons (19) compared to a range
of 4-18 ms for cingulate neurons. The main
differences with neocortical callosal-evoked
responses were the higher amplitude EPSPs
and limited IPSP activity of cingulate cells.
Neocortical neurons had EPSPs that were
less than 5 mV in amplitude, that evoked
only one spike (5, 14) and these cells pro-
duced varying amounts of inhibition (3, 19,
28). There are two possible explanations for
these findings: the extrinsic and/or intrinsic
circuitry of cingulate cortex may differ from
that of other cortical structures or prepara-
tion of the slice may alter connections that
remain intact in vivo.

Since layer V pyramidal neurons in cin-
gulate cortex project axons across the corpus
callosum (33), it was reasonable to presume
that antidromically activated (AA) neurons
were pyramidal cells. Comparison of the
membrane properties and responses of py-
ramidal and nonpyramidal neurons in the
hippocampus with cingulate cells further sug-
gests that AA neurons were pyramids and
that nonantidromically activated (NAA) cells
included nonpyramidal neurons. Hippocam-
pal pyramids had a more negative RMP than
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did interneurons (—70 versus —51 mV, re-
spectively; Ref. 25), which was also true in
cingulate cortex (—68 versus —55 mV, re-
spectively), although this may reflect mem-
brane injury. Hippocampal pyramids had a
higher dendritic-to-somatic conductance ra-
tio (p = 5 for pyramids versus p = 2.2; Ref.
29), which was the case for cingulate neurons
(p = S for AA cells versus p = 0.9 for NAA
cells). Also, electrotonic lengths of AA cells
were greater than those for NAA cells in cin-
gulate cortex (Ly = 2.11 versus 1.00, respec-
tively). Finally, hippocampal interneurons
produced bursts of action potentials to or-
thodromic activation, suggesting that exci-
tation may have been greater in the periso-
matic region (25, 29). In cingulate cortex, a
greater number of spikes occurred in non-
antidromic cells and asymmetric (i.e., excit-
atory) synapses were observed between cal-
losal axon terminals and the somata of non-
pyramidal cells. The major difference between
hippocampal interneurons and cingulate cor-
tex NAA cells was that hippocampal cells
produced IPSPs in response to orthodromic
stimulation, while only one NAA cell in cin-
gulate cortex had a possible IPSP.

A consistent finding in the present analysis
was the differences in callosal-evoked EPSP
amplitudes and shape indices in anterior and
posterior cingulate cortex. The higher am-
plitude and longer duration EPSPs that oc-
curred in anterior neurons could have been
accounted for by the passive membrane
properties of these cells, the number and dis-
tribution of callosal synapses, and/or intrin-
sic, multisynaptic connections. Since the pas-
sive membrane properties (e.g., RMP, 7, Ly)
of layer V AA and NAA neurons did not
differ substantially in anterior and posterior
cortices, it must be concluded that the cal-
losal and intrinsic circuitry of cingulate cor-
tex were responsible for differences in EPSP
responses. Redman and Walmsey (22) have
shown in cat spinal motoneurons that EPSP
shape indices reflect anatomical differences
in the distribution of afferent axons. Ana-
tomical observations of the present analysis
indicated that anterior cingulate cortical py-
ramidal neurons had longer apical dendrites
and that some callosal synapses were formed
at a greater distance from the somata than
in posterior cortex. However, it was also
found that as many as 6 times more synapses
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were formed with the dendrites of anterior
than posterior pyramids. Increased EPSP
amplitude due to activation of greater num-
bers of synapses would also influence the
shape indices. In addition, while there is no
direct evidence yet, it must be considered for
long dendritic processes that there may have
been active processes like voltage-dependent
channels for the flow of inward and outward
currents, which amplify the signal from den-
dritic regions and, therefore, alter the passive
spread of the potential. Therefore, a strict
interpretation of EPSP shape indices in terms
of the electrotonic location of synapses would
not be possible in cingulate cortex. Although
the presence of DAPs, AHPs, and a variable,
disynaptic inhibitory response also restricted
the utility of these shape indices, it was gen-
erally true that CC stimulation activated
more callosal synapses with anterior cortical
neurons, thus lengthening time to peak and
half-width measurements as well as increas-
ing EPSP amplitude.

Studies of the distribution of callosal af-
ferents on cortical pyramids using transneu-
ronal degeneration techniques have sug-
gested that these synapses were formed with
the spines of oblique dendritic processes,
while thalamic afferents terminated with
spines of the primary apical dendrite (8, 9,
30). Although callosal synapses probably are
formed primarily with apical dendrites, mor-
phological observations of the present study
indicated that callosal synapses are not seg-
regated to any one apical dendritic com-
partment in anterior cingulate cortex. In con-
trast, posterior cingulate cortex receives most
contralateral input in layers V and VI (33),
and so it was not surprising that these pyr-
amids received most callosal synapses on the
proximal apical dendrites.

Although Golgi-degeneration procedures
have limited quantitative value (see METH-
oDS), it would still be of interest to estimate
how many synapses are formed by callosal
axon terminals with pyramidal neurons, since
these synapses were activated during electri-
cal stimulation of the CC in vitro. It was pre-
viously demonstrated that anterior cingulate
cortex received as many as 6 times more cal-
losal axon terminals than did posterior cin-
gulate cortex (33). The present study ex-
tended this finding to show that the same
proportion of synaptic contacts was made
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directly with anterior and posterior pyrami-
dal neurons. In Fig. 9, for example, there
were 5 synapses formed with the posterior
pyramid and 32 formed with the anterior
cell, both of which were impregnated from
the same brain. The anterior pyramid re-
ceived most terminals in layers II and III, but
the spines of branches of the apical dendrite
were poorly impregnated such that some of
the degenerated terminals in these layers that
probably formed synapses with this neuron
were missed (i.e., approximately six synapses,
given the density of synapses formed with the
well-impregnated dendrite). There were also
a number of cut oblique branches on both
cells, which may have resulted in an under-
estimate of as many as 20%, since this is the
percentage of synapses that were formed with
intact oblique dendrites. Thus, as many as
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46 degenerating callosal synapses were prob-
ably formed with the anterior pyramid while
6 were probably formed with the posterior
cell. Finally, comparison of electron micro-
scopic degeneration and autoradiographic
procedures has indicated that degeneration
methods consistently underestimate by one-
third the number of afferent synaptic con-
tacts formed (6, 15). Therefore, the number
of degenerating callosal synapses should be
multiplied by 3, suggesting that the anterior
pyramid probably formed at least 138 syn-
apses with callosal axon terminals while the
posterior neuron formed 18.

Figure 11 is a schematic summarization
of some of the conclusions of this study. It
is proposed that dendrites of pyramidal neu-
rons receiving callosal afferents can be lumped
electrically in an equivalent cylinder model
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FIG. 11. Summary of some anatomical and electrical properties of layer V neurons. The CC afferent originates
from many contralateral neurons and terminates widely as an excitatory (filled circles) current source. Antidromically
activated (AA) neurons had a longer electrotonic length (Ly = 2.1) and a larger dendritic-to-somatic conductance
ratio (p = 5) than did neurons that failed to produce antidromic spikes (NAA, Ly = 1.0, p = 0.9). Posterior NAA
neurons are presented as having inhibitory (open circles), perisomatic connections with AA neurons, although small
pyramids with different connections may also have been included in this sample. It is also possible that a similar
inhibitory connection is present between anterior NAA and AA neurons (dashed line), although this has not yet
been demonstrated. Responses are examples of averaged subthreshold, biphasic EPSPs that were not associated with

overt IPSP activity.
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of similar properties. Stimulation of the CC
activates excitatory synapses in all dendritic
compartments of anterior pyramidal cells
(i.e., AA neurons) so that the callosal afferent
system acts as a widely distributed current
source, while fewer and more proximally lo-
cated synapses would discharge posterior py-
ramidal cells. Although the NAA neuron cat-
egory was probably a mixed population of
pyramidal and multipolar cells, they are pre-
sented as an interneuron forming axosomatic
synapses with AA neurons. This model pro-
vides a preliminary picture of the density and
distribution of callosal synapses with cortical
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