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Direct Electrical Connections Between Transient
Amacrine Cells in the Catfish Retina

Abstract. Transient amacrine cells were identified by their intracellularly recorded
response to flashes of light. These cells typically respond with a transient depolariza-
tion, often followed by a steady-state response during the stimulus. When two
electrodes were placed in different transient amacrine cells, current of either polarity
passed through one electrode produced a steady-state voltage change that was
recorded by the electrode in the nearby cell. Following identification of the
physiological type, transient amacrine cells were injected with horseradish peroxi-
dase and the tissue was processed for light and electron microscopy. Both conven-
tional chemical synaptic junctions and gap junctions were found to connect

amacrine cells.

Gap junctions have been found in both
the outer and inner plexiform layers of
the retina in several species (/). In the
inner plexiform layer, amacrine cells
form electrical junctions with bipolar
cells (2). There are only two reports of
gap junctions between amacrine cells: in
the cat retina, between connected type
A, (bistratified, narrow field) cells (2),
and in the inner plexiform layer of the rat
retina (3). However, physiological iden-
tification of these amacrine cells remains
uncertain. Jensen and DeVoe (4) de-
scribed a physiological type of amacrine
cell which is probably similar to the
transient amacrine cell discussed here.
On the basis of dye coupling with other
zells, they suggested that this type of cell

A

might be electrically coupled to other
amacrine cells. We report a class of
amacrine cell which makes electrical
connections with other physiologically
identified amacrine cells.

Eyecup preparations of catfish retinas
were continuously superfused with moist
oxygen (5). Microelectrodes filled with
2M potassium citrate with or without
horseradish peroxidase (HRP; 4 percent,
weight to volume) were used to record
from amacrine cells. After the electro-
physiological experiment the retina was
processed according to the procedure
described by Christensen (6).

In some experiments two separate mi-
croelectrodes were used to record from
individual transient amacrine cells locat-

Fig. 1. (A and B) Voitage pulse
applied to cell (top trace), volt-
age response from coupled cell
(middle trace), and voltage re-
sponse with electrode just out-
side the cell (bottom trace).
(C) Intracellular response re- B
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corded with two separate elec-
trodes, from transient ama-
crine cells during a flash of
light. Length of bar indicates
duration of light (0.5 second).
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ed near one another. Figure 1C shows
the responses of the two cells during a
flash of light. Both responded transiently
during the turning on and off of the
stimulus. There was no steady-state re-
sponse. The top traces in Fig. 1, A and
B, show a depolarizing and a hyperpolar-
izing step applied to one of these cells.
The voltage response recorded from the
other cell is shown in the middle traces.
When the recording electrode was locat-
ed just outside the cell in the extracellu-
lar space, only the capacitative transient
responses were recorded (bottom
traces). This suggests that these cells are
electrically coupled, since there is no
rectification to the passage of current.
We conclude that transient amacrine
cells form a space that has a low internal
resistance but a high resistance with re-
spect to the rest of the retinal space.
Furthermore, displacement of the intra-
cellular potential by a few millivolts does
not bring about the cell’s characteristic
transient response. This suggests that
the transient response is not produced by
this pathway (at least not directly). On
the other hand, current of similar ampli-
tude applied to horizontal cells did cause
transient responses in this type of ama-
crine cell.

A recording from another transient
amacrine cell is shown in the inset to
Fig. 2. The initial response was a rapid
depolarization followed by a steady-state
response. When the stimulus was turned
off the phasic depolarization was repeat-
ed. This cell was injected with HRP and
processed for electron microscopy. Fig-
ure 2 presents a drawing of the cell as
seen in a flat-mount preparation. This
cell has the same general morphology as
transient amacrine cells labeled with
Procion yellow (7).

Figure 3 shows light and electron mi-
crographs of the cell whose drawing is
presented in Fig. 2. Figure 3A is a light
micrograph of a 10-um section that was
cut in the radial plane. The arrowheads
indicate portions of HRP-labeled den-
drites in the inner plexiform layer. Fig-
ure 3B is a low-power electron micro-
graph of the cell. Part of the HRP-labeled
dendrite is indicated, and the double
arrows show the location of a gap junc-
tion (illustrated in Fig. 3F at higher mag-
nification). The postsynaptic element
must be an unlabeled amacrine cell pro-
cess because of the conventional chemi-
cal synaptic contact this process makes
with another unidentified cell (circled).

Figure 3, C and D, shows serial elec-
tron micrographs of the circled area in
Fig. 3B. The dendrite designated by amc
is the same one that makes a gap junction
contact with the HRP-labeled dendrite.
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Fig. 2. Drawing of an HRP-injected transient
amacrine cell. The distal retina is to the right
and ganglion cell layer is to the left. Inset
shows intracellular response of the cell to a
flash of light. Length of the bar indicates
duration of the light (1 second).

In Fig. 3C this dendrite forms a small
chemical synaptic contact with an un-
identified postsynaptic process. The ab-
sence of a ribbon structure at the presyn-
aptic membrane identifies the presynap-
tic element as an amacrine cell process
(8). In Fig. 3D a bipolar axon terminal
forms a ribbon synapse with the ama-
crine cell and the unidentified process.
This synaptic arrangement forms a typi-
cal dyad (9). Figure 3E shows a different
portion of a dendrite from this same cell;

Fig. 3. (A) Light mi-
crograph of the retina
in transverse section.
(B) Low-power elec-
tron micrograph of a
thin section. Scale
bar, 1 pm. (C and D)
Serial electron micro-
graphs showing that
the postsynaptic pro-
cess indicated by amc
in (B) is an amacrine
process. Scale bar,
0.5 pm. (E) Portion of
an HRP-labeled den-
drite from the same
cell. A gap junction is
indicated with arrows
and a chemical syn-
apse with an asterisk.
Scale bar, 0.5 pm. (F)
High-power electron
micrograph showing
the gap junction from
the area indicated by
the arrowheads in
Fig. 3B. Scale bar, 0.1
wm. Abbreviations:
opl, outer plexiform
layer; ipl, inner plexi-
form layer; bip, bipo-
lar cells; de, dendrite;
r, ribbon synapse.

the arrowheads indicate the location of a
gap junction. This section was tilted in
the microscope to make the membrane
of the conventional chemical synapse
visible. Because of the intense reaction
product, synaptic vesicles are barely vis-
ible, although the synaptic membranes
are apparent.

Transient amacrine cells are identified
by their rapid transient response when a
light is turned on and off. They may or
may not respond with a maintained
steady-state potential. Structural input
to this class of amacrine cell from the
distal retina occurs through bipolar cells.
Current application indicates that hori-
zontal cells may also form direct or indi-
rect connections with transient amacrine
cells. Transient amacrine cells make
chemical or electrical synaptic junctions
with each other and form chemical syn-
apses with bipolar, amacrine, and gangli-
on cells (8).

It is difficult to determine from these
results the contribution from gap junc-
tions or chemical synapses to either the
dynamic or steady-state components of
the synaptic potential generated during a
photic input. One might conclude that
during a step of current applied to one
cell, a steady voltage change would re-
sult in the other cell. This is implied by
the results shown in Fig. 1, A and B.
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Nevertheless, a photic input did not pro-
duce the steady-state depolarization in
either of these cells (Fig. 1C). Increasing
the resistance of the gap junctions would
be a mechanism for turning off current
flowing through them. This can be done
if the channels are voltage-dependent.
Such channels have been described for
gap junctions in other preparations (10),
However, the results shown in Fig. 1, A
and B, suggest that these junctions do
not rectify, at least not on a time scale of
about 10 msec, since equal and opposite
current steps in one cell produce equal
and opposite voltage changes in the oth-
er. Perhaps these channels require a
longer time to develop voltage-depen-
dent inactivation.

In other central neurons where gap
junctions couple cells synaptically there
is a definite direction to the flow of
electrical information between pre- and
postsynaptic cells. In such examples
there is mismatching of impedance when
current is applied to an element of rela-
tively higher input impedance. In the
case of amacrine cells, it is difficult to
consider one cell as presynaptic to an-
other because they appear to be recipro-
cally interconnected. Since the synaptic
contacts are between dendrites of ap-
proximately equal diameter, such imped-
ance mismatching probably does not oc-
cur and is unlikely to contribute to
changes in the size of the postsynaptic
potential.
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Vibratory Communication Through Living Plants by a

Tropical Wandering Spider

Abstract. Female Cupiennius salei pheromone on banana and Agave plants elicits
patterned oscillations by the male. Resulting pulse trains of vibrations through the
leaf average 76 hertz. The brief vibratory response by the otherwise immobile female
hidden up to at least 1 meter away on another leaf guides the male across the plant to
her location. Reciprocal signaling continues in the presence of random noise that

masks the male’s airborne sounds.

Cupiennius salei Keyserling (Cteni-
dae) is a nocturnal wandering spider
(body length, 27 to 40 mm; weight of
female, 2.8 to 4.6 g) that lives on banana
(Musa sapientum) and Agave (I, 2). Al-
though the male is known to signal me-
chanically, only the airborne sounds of
palpal drumming have been noticed (2).
We report the existence of low-frequen-
¢y vibrations, produced in both sexes by
oscillations (abdomen and legs), whose
airborne components are much less audi-
ble to the human ear than the higher
frequency (> 125 Hz) percussive ones.
We found that the low-frequency signals
of Cupiennius are transmitted over sur-
prisingly large distances through the
plants and are important in bringing the
sexes together (3).

Pots containing Musa and Agave
plants were placed in sand-filled bins to
reduce the ambient vibrations of the lab-
oratory. After restricting a female Cu-
piennius to one leaf blade for 1 to 3 days
with a plastic bag, we removed both the
bag and the female. A male placed on

Fig. 1. Experimental setup used for studying
communication through a banana plant in
Cupiennius. The male begins courtship on a
pheromone-covered leaf blade [with a vibra-
tion pickup (P) near the base] and then must
select the correct petiole to reach a stationary
female hidden on another leaf. In some trials a
plastic bag enclosed the female’s leaf blade.
Mean length of leaf blades is 62 cm.
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this leaf usually began courtship in re-
sponse to the pheromone secreted by the
female (4). In later experiments a visual-
ly hidden female was present on another
leaf of the plant (with or without an
enclosing bag) before and during the time
that the male was on the plant (Fig. 1).

The sequence of behaviors that
brought the male to the female included
(i) pheromone deposition by the female;
(ii) vibration production by the male on
the pheromone-laden leaf; (iii) vibration
production by the female on another
leaf; and (iv) reciprocal signaling as the
male departed from the pheromone-lad-
en leaf and selected the correct leaf to
reach the female. The attractiveness of
the female’s vibratory response was
shown by the male’s resistance to our
occasional attempts to block his depar-
ture from the pheromone-rich leaf.

The use of the female’s vibratory sig-
nal by the male for orientation was re-
vealed by an experiment based on the
banana plant’s structure. After climbing
down the petiole to the region where all
the petioles diverge radially from the
‘‘stem,” the male had to choose the
correct path from among five other peti-
oles in the first five tests and from four
petioles in the second five tests. The
male signaled repeatedly while remain-
ing at the central point, his outstretched
legs touching several petioles. In seven
of the ten tests males correctly selected
the petiole of the leaf on which the
hidden female rested (5). A substrate
signal may be superior to airborne sound
in facilitating such a choice because of
the probably discontinuous increase in
strength when the correct petiole is con-
tacted (6).

During courtship the male’s legs oscil-
lated rapidly while remaining in contact
with the leaf. Such behavior is similar to
that recently described for the sparassid
spider Heteropoda venatoria (7). Early
in courtship the mean interval between
bouts of signaling was 34 + 11.9 seconds
(N = 15), as timed from the end of one
bout to the end of the next. (The sharply
defined terminal pulses were better for
this measurement than the less regular
initial pulses.) After the first few re-
sponses by a receptive female, the inter-
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