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ABSTRACT: The present study used brain slices to investigate
interneuronal communication in the isthmo-optic nucleus in
pigeons. Electrical stimulation of the isthmo-optic tract generated a transmembrane potential in isthmo-optic cells that was
obtained by subtracting the extracellular potential from the
intracellular potential. This transmembrane potential resulted in
enhancement of excitability and/or in production of spikes in 42
(63%) cells. In most cases, proximal axons marked in brain
slices by Lucifer yellow were too short to reach the stimulation
site, indicating that spikes were evoked by electrical field effect
or ephaptic interaction produced by nearby cells whose axons
were activated by stimulation. Eleven (16%) cells discharged a
spikelet, or spike that was abolished by hyperpolarizing current
injection leaving a spikelet. Markings of five of these cells all
indicated the presence of dye-couplings, each of which consisted of a pair of cells. Fourteen (21%) cells only produced
antidromic spikes with a short and constant latency. Four of
these cells were marked and their axons passed through the
stimulation site, implying that their nearby cells’ axons might be
cut too short to be electrically stimulated or they were in a
sparse-cell area. The present results provide electrophysiological and neuroanatomical evidence that both electrical field
effect and electrical coupling may play important roles in interneuronal communication within the pigeon isthmo-optic nucleus. These findings are supported by anatomical arrangement of densely packed cells and their oriented dendrites in this
centrifugal nucleus. © 2000 Elsevier Science Inc.

cause it may be involved in synchronous or epileptiform activity of
cortical neurons. Moreover, the fact that pyramidal cells in the
hippocampus are densely packed and their primary dendrites in
parallel meets an anatomical criterion for generating electrical field
effect [34].
These anatomical features also exist in the isthmo-optic nucleus
in ground-feeding birds such as pigeons. It receives input primarily
from the ipsilateral tectum [6,27,38,43] and projects to the contralateral retina [41,42,44], terminating in either “convergent” or
“divergent” modes on amacrine cells and/or displaced ganglion
cells [5,10,25,29,44]. This retinopetal nucleus consists of two
parallel layers of densely packed cells, whose dendrites orient into
and intermingle in neuropil between the opposing layers [3,13,16,
21,26]. Previous studies have indicated the existence of the attachment plaques [2] and gap junctions [21,22] between some isthmooptic cells. Therefore, the present study was undertaken to reveal
the possible roles of electrical coupling and electrical field effect
in interneuronal communication within the pigeon isthmo-optic
nucleus.
MATERIALS AND METHODS
The experiments were performed on brain slices of 22 adult
pigeons (Columba livia) of either sex and 310 – 480 g body weight
(b.wt.) following guidelines regarding the use of animals in neuroscience research approved by the Society for Neuroscience. The
animal was anesthetized with ketamine hydrochloride (40 mg/100
g b.wt.), and then decapitated. The brain was immediately removed from the skull, and washed in ice-cold Krebs-Ringer solution containing (in mM) NaCl, 124; KCl, 5; CaCl2, 2; MgSO4, 2;
KH2PO4, 1.25; NaHCO3, 26; glucose 10 [14], oxygenated with a
mixture of 95% O2 and 5% CO2. A midbrain tissue block including the isthmo-optic nucleus (ION) and the isthmo-optic tract was
trimmed and glued on the stage of a Vibroslice (Campden Instruments Ltd., 752M; LE12 7IZ, UK). Slices containing the ION and
the tract were sectioned sagittally at 350 m in thickness, and then
transferred from a storage container into the recording chamber
(BSC-HT; Medical System Corp., Greenvale, NY, USA) perfused
at a rate of 2 ml/min with Krebs-Ringer solution bubbled with a
mixture of 95% O2 and 5% CO2. The slices were incubated at
30°C for 60 min.
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INTRODUCTION
It has been generally accepted that communication between neurons is mediated either by chemical synapses via transmitters and
receptors, or by electrical synapses through gap junctions. Several
lines of evidence have also shown that transient electrical field
produced by population spikes can change the excitability of
synaptically unconnected neurons [9,17,18,30,33,34,40]. This type
of interneuronal communication has been referred to as electrical
field effect or ephaptic interaction [19]. Though early studies were
performed on interaction between axons positioned side by side,
increasing number of studies have been devoted to electrical field
action in the mammalian hippocampus [17,23,30,33,34,40], be-
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FIG. 1. (A) Transmembrane potential (TMP, 3) of an isthmo-optic cell was obtained by computer
subtraction of the extracellular potential 2 from the intracellular potential 1 following electrical stimulation
(0.1 mA in intensity, 30 s in duration) to the isthmo-optic tract. (B) A combination of depolarization (a)
produced by subthreshold depolarizing current injection (0.2 nA, c) and TMP induced by electrical
stimulation to the tract (b) elicited a spike from the cell at threshold of 6.9 mV (b). Three sweeps were
superimposed. Arrowheads point to electrical artifacts. Scales: (A) 2 mV, 0.5 ms; (B) 10 mV, 10 ms.

Under an operating microscope, the isthmo-optic fibers in sagittal sections gather around the ION, bundling into the isthmo-optic
tract rostrally and traveling rostrodorsally to the nucleus. A bipolar
tungsten electrode with poles 400 m apart was placed across the
tract and 1000 –1500 m distance from the nucleus. Rectangular
pulses of 10 –30 s in duration and 0.01– 0.8 mA in intensity were
delivered for electrical stimulation. For intracellular recording and
staining, a micropipette filled with either 3 M potassium acetate or
a 5% solution of Lucifer yellow (dilithium salt; Sigma Chemical
Co., St. Louis, MO, USA) in 1 M LiCl [30] was used. The
electrode tip was broken to about 0.5 m by touching it against the
edge of a glass slide with a micromanipulator under a microscope.
The micropipette was advanced into the nucleus in slices under
microscopic control. Isthmo-optic neurons were impaled by applying brief positive current pulses (4 nA in intensity, 0.3 s in
duration). Intracellular impalement was signaled by a sudden direct current (d.c.) drop of 40 – 80 mV. Following electrical stimulation to the tract, intracellular potential was recorded and then
extracellular field potential recorded after the electrode was just
pulled outside the cell. These potentials were amplified, stored on
magnetic tapes (TEAC RD-135T Data Recorder; TEAC Corp.,
Tokyo), and then analyzed. Transmembrane potential (TMP) was
obtained by subtracting the field potential from the intracellular
potential [18,34] with a computer program. In some experiments,
the dye was injected by passing negative current of 2– 4 nA
through the electrode for 1–10 min. One injection of Lucifer
yellow was made in each slice. After 0.5–2 h survival, the slices
were removed from the recording chamber, fixed in 8% paraformaldehyde and kept in a refrigerator overnight. The slices were
rinsed with physiological saline and then placed in 100% dimethylsulfoxide (DMSO) for 20 min [12]. The DMSO-mounted slices
containing Lucifer yellow-marked ION cells were coverslipped
and observed or photographed with a fluorescence microscope.

RESULTS
Sixty-seven isthmo-optic cells were intracellularly impaled and
examined for actions of electrical field and electrical coupling on
the cells’ excitability. Their resting membrane potential was negative 56.2 ⫾ 9.5 mV (n ⫽ 67). Following antidromic stimulation
to the isthmo-optic tract, intracellular potential and extracellular
field potential were recorded from these cells. Transmembrane
potential was obtained by subtracting the field potential from the
intracellular potential [18,34], showing that it was a depolarizing
potential in nature (Fig. 1A). Therefore, in cases that subthreshold
depolarization was reached by injecting positive current (0.01–1
nA, n ⫽ 19), superimposed TMP that was caused by subthreshold
current stimulation to the tract (0.05– 0.2 nA, n ⫽ 19) could elicit
a spike (Fig. 1B). In 42 of the 67 (63%) cells, TMP did not occur
when stimulation current intensities ranged from 0.01– 0.02 mA,
but it occurred and increased in amplitude from 2.0 –9.8 mV, as
current intensities increased from 0.03– 0.1 mA. Further increase
in stimulation current intensities resulted in generating TMP that
was large enough to produce spikes. Their latencies were shortened from 1.2– 0.5 ms (n ⫽ 42) as current intensities increased
from 0.05– 0.5 mA. Increasing stimulation intensities to 0.2– 0.8
mA produced antidromic spikes characterized by constant short
latencies (0.25 ⫾ 0.05 ms, n ⫽ 8) (Fig. 2). The spikes induced by
TMP were abolished by hyperpolarizing current injection (0.20 ⫾
0.12 nA, n ⫽ 19), whereas the antidromic spikes by larger
hyperpolarizing current (0.93 ⫾ 0.49 nA, n ⫽ 7). Five of seven
cells marked by the dye possessed axons of 100 –300 m long and
their perikarya were 1230 –1930 m distant from the stimulation
site, convincingly indicating that the spikes (latencies ⫽ 0.5–1.0
ms, current intensities ⫽ 0.1– 0.5 mA) in these cells were induced
by electrical field effect or ephaptic interaction generated by
nearby cells whose axons were antidromically activated (Fig. 4C,
Bc). Two others’ axons were long enough to reach the stimulating
electrode. They not only produced TMP-induced spikes (laten-
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FIG. 2. Latencies of spikes of an isthmo-optic cell excited by the electrical
field were shortened as current intensities of electrical stimulation increased
from 0.025 to 0.1 mA (g– e). Further increase of current intensities to 0.1– 0.5
mA produced antidromic spikes with a short and constant latency (a– d).
Arrowhead points to electrical artifact. Scales: 10 mV, 1.0 ms.

cies ⫽ 0.5– 0.8 ms, intensities ⫽ 0.05– 0.1 mA), but also antidromic potentials (0.25– 0.32 ms, 0.2– 0.5 mA) following electrical
stimulation to the tract.
Eleven of the 67 (16%) cells fired spikes and/or spikelets
following electrical stimulation to the tract. Among these, seven
cells produced spikes (50.0 ⫾ 27.6 mV, n ⫽ 7) which were
abolished by hyperpolarizing current injection (0.50 ⫾ 0.27 nA,
n ⫽ 7), with occurring spikelets (25.6 ⫾ 6.8 mV, n ⫽ 7). These
spikelets were abolished by larger hyperpolarizing current injection (0.99 ⫾ 0.88 nA, n ⫽ 7). Four others only produced spikelets
(18.0 ⫾ 2.4 mV, n ⫽ 4), which were abolished by hyperpolarizing
current injection (0.79 ⫾ 0.24 nA, n ⫽ 4). As shown in Fig. 3,
electrical stimulation of 0.1– 0.3 mA produced a spike which was
abolished by hyperpolarizing current injection, with occurring a
spikelet. The spikelet was eliminated by larger hyperpolarizing
current. This cell was marked by the dye, showing that it was a
twin-cells [21]. One of the cells had an axon of 700 m long and
the other’s axon was 1700 m long, passing through the stimulation site (Figs. 4A,Ba,b). Three cells producing both spikes and
spikelets and two cells with spikelets only were marked by the dye,
and they all showed dye-couplings, each of which was composed
of a pair of cells. One of the double cells had a short axon
(250 –700 m) and the other had a long axon (1300 –2000 m),
with perikarya being 1300 –1600 m distant from the stimulation
site.
In the remaining 14 (21%) cells, only antidromic potentials
were recorded following electrical stimulation to the tract. Their
latencies were short (0.29 ⫾ 0.11 ms, n ⫽ 14) and did not change
as current intensities increased from 0.01 to 0.8 mA. A combination of subthreshold stimulation (0.01– 0.1 mA) to the tract with
subthreshold depolarizing current injection (0.1– 4 nA) did not
evoke spikes other than antidromic potentials. These potentials
were abolished by hyperpolarizing current injection (0.93 ⫾ 0.49
nA, n ⫽ 7), but no spikelets occurred. Dye-markings of four of
these cells showed that they had axons reaching the stimulation
site. These cells might have nearby cells whose axons were cut too
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FIG. 3. Effect of hyperpolarizing current injections (intensities in nA on the
left scale) on spikes (S) and spikelets (s) evoked by electrical stimulation
(0.5 mA, 10 s) to the isthmo-optic tract. At 0.40 nA, a spike abolished and
spikelet occurred. The spikelet was eliminated by a larger hyperpolarizing
current injection. These responses were recorded from an isthmo-optic cell
that was dye-coupled with another cell shown in Fig. 4. Arrowhead points
to electrical artifact. Scales: 10 mV, 2 ms.

short to reach the stimulation site or be in a sparse-cell area of the
nucleus.
DISCUSSION
The present study indicates that electrical field effect and
electrical coupling via gap junction play important roles in communication between isthmo-optic neurons in pigeons. These interactions are of fundamental significance to the centrifugal or retinopetal system, because of a 1:1:1 relationship between tectal cells
projecting to the ION, retinopetal cells and their retinal target cells
[22,36,38,43,44]. Orthodromic [1,31,33] and antidromic [31,33,
34] activation of neuronal pathways can produce intracellular
potentials in the recorded neurons and electrical field potentials in
the extracellular space, thereby resulting in transmembrane potentials that are obtained by subtracting the extracellular potential
from the intracellular potential [18,34]. The present study shows
that TMP produced by electrical stimulation of the isthmo-optic
tract can enhance the excitability of isthmo-optic neurons or discharge spikes. These ephaptic spikes are characterized by the
following properties: (1) They could be produced by a combination of TMP with subthreshold current depolarization, or by suprathreshold electrical stimulation to the tract; (2) their latencies
are reduced as current intensities increase. Following larger current
stimulation, isthmo-optic cells produce antidromic spikes with a
short and constant latency. Antidromic and ephaptic spikes can be
eliminated by hyperpolarizing current injection. However, in some
cases, spikelets occur after ephaptic spikes are eliminated by
hyperpolarizing current. These spikelets also can be abolished by
further increase in hyperpolarizing current intensities.
Dye-markings show that proximal axons of cells firing spikes
to the tract stimulation are usually shorter than the distance from
the perikarya to the stimulation site. This implies that electrical
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FIG. 4. Microphotographs (A,C) and their drawings (B) of three isthmo-optic cells marked with Lucifer yellow. Dye-coupled cells in A were
drawn in Ba,b and single cell in C corresponded to Bc. Cell a had a long axon passing through the electrode site (arrow) but cell b had a short
proximal axon. The axon of cell c took a hairpin-loop way to the isthmo-optic tract. Electrophysiological recordings of the dye-coupled cells (a,
b) are shown in Fig. 3. Arrowheads point to axons. Scale bars: 100 m.

field effect and/or electrical coupling via gap junction play important roles in activating isthmo-optic cells. The cell that discharges
both spike and spikelet or spikelet alone is always dye-coupled
with another cell, as shown in the present study. It is, therefore,
most likely that the spikelet may originate from the dye-coupled
cell [23,24] and induce a spike in the recorded cell by itself [24] or
with co-action of depolarizing TMP. The spike can be delayed by
hyperpolarizing current, revealing a small depolarization that is
suggested to be coupling potential [24]. It, of course, can not
exclude the possibility that these full-sized spikes are antidromic
ones and spikelets may be axon hillock potentials. Small potentials
or spikelets are also present in various brain regions of adult and
developing mammals, and they may result from the existence of
gap junction [8,11,23,32]. Gap junction can be modulated by
transmitters [32,39]. Nitric oxide is likely to be a transmitter in the
centrifugal pathway [28] and isthmo-optic cells contain nitric
oxide synthase [Xiao, Lázár, Xu, and Wang, unpublished data].
Therefore, it appears that nitric oxide would modulate interneuronal communication within the nucleus. Recent studies have shown
that electrical coupling via gap junction, but not electrical field
effect or ephaptic interaction, underlies synchronizing high frequency oscillations in the rat hippocampus slices [8], though the
field effect may play a role in epileptiform discharge propagation
in the rat piriform cortex [7]. Some isthmo-optic cells only produce
antidromic spikes characterized by short and constant latencies.
This phenomenon may be explained by suggesting that proximal
axons of these cells are long enough to reach the stimulation site,
but their neighboring cells are not excited because of their short
proximal axons, or these cells are actually in a cell-sparse region
without significant electrical field effect or ephaptic interaction.
Anatomically, like the mammalian hippocampus [9,18], the

pigeon ION is also a favorable model for studying electrical field
effect, because it consists of two parallel layers of densely packed
cells, whose dendrites orient into and intermingle in neuropil
between the opposing layers [3,13,16,26]. This organization is
feasible for the current to flow inward at one point and outward at
another of the same cell [34]. The present results show that TMP
created within the nucleus by electrical stimulation to the tract
could be large enough to fire isthmo-optic cells. Furthermore, there
exist the attachment plaques [2], which are probably dye-couplings
between the ION cells [21]. These suggest that isthmo-optic neurons may be synchronously excited through electrical field effect
and electrical synapses. Taken together with the previous studies
showing that the optic tectum directly excites the ION [22], which
in turn enhances visual responses of retinal ganglion cells [4,15,
33] and modulates tectal activity [20], it is postulated that birds
such as pigeons can promptly provide, through this centrifugal
system, early warning of predators [15,35], or rapidly switch its
visual attention to threatening objects [4,20,37].
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